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Microwave-assisted hydrothermal synthesis followed by high-temperature (1050 °C) calcination was used to
prepare pure and cerium-doped zinc orthosilicate (Zn,SiO4) pigments. Nanoscale Zn,SiO4 and Ce-Zn,SiO4
powders were blended with potassium silicate (K»,SiO3) and then applied to the aluminum substrate to obtain
thermoregulating coatings. Electron beams with different energies were used to irradiate nanoscale pigment
powders and coatings. X-ray diffraction (XRD), scanning electron microscopy (SEM), and transition electron
microscopy (TEM) were used to characterize the phase composition, morphology, and atomic-level structure of

materials. The diffuse reflectance and absorption measurements of materials before and after irradiation in-
dicated that Ce-Zn,SiO4-based coatings exhibit better radiation resistance compared to pure Zn,SiO4. Simple
and straightforward preparation, as well as high radiation resistance, make Ce-Zn,SiO4-based thermoregulating
coatings excellent candidates for space vehicles.

1. Introduction

Ceramic pigments (ZnO, TiO,, Y503, stabilized-ZrO,) with high re-
flectivity in the solar spectrum and high emissivity in the infrared range
mixed with binder phases (epoxies, acrylics, silicones, polyurethanes)
are applied on the external surfaces of spacecraft or satellites to
maintain the thermal balance and provide stable power consumption
for the instruments on board [1]. These coatings are subjected to high
fluxes of radiation (electrons, protons, ultraviolet, X-rays) and me-
chanical damage from space debris as well as extreme thermal cycling
[2-7]. High energy electron and proton fluxes combined with short-
wavelength (< 230nm) solar radiation generate atomic oxygen by
dissociation of the double bond in oxygen molecules at low Earth orbits
[1,8]. Such harsh conditions significantly influence the thermal and
optical properties of coatings and may result in substantial mechanical
damage [1].

The ideal coatings should have high melting points, low thermal
conductivity, excellent chemical stability, no phase transitions at the
operating temperatures, a coefficient of thermal expansion similar to
the substrate, and high adhesion to the substrate. The absorption
coefficient of solar radiation (o) and the light reflectance of the coat-
ings are essential characteristics of absorption and heat emission for
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spacecraft surfaces. Coatings with a; ~10-30% and reflectance of
~0.8-0.9 can efficiently remove the excess heat from the surface of a
spacecraft. Thermoregulating coatings with white pigments ZnO, TiO,,
Y-03, and stabilized-ZrO, satisfy these requirements [5,9]. However,
the pigments in the coatings are affected by proton or electron radia-
tion, while the organic binders undergo degradation with ultraviolet
irradiation [1-7].

This work reports on a new method to develop zinc orthosilicate
(Zn,Si0,4) - potassium silicate (K>SiO3) composites with high electron
radiation tolerance and reflectivity for solar light. Zn,SiO4 exists in a-
and [-crystalline phases [10]. -Zn,SiO, is metastable and transforms
into the a-phase at high temperatures. a-Zn,SiO, exhibits no solid-state
phase transitions below its melting point of 1550 °C and is a suitable
phosphor host-matrix that possesses excellent luminescent properties in
the blue, green, and red spectral regions [11-17]. Mn-doped zinc sili-
cate (Zn,SiO4: Mn?™") has been used extensively in industry for manu-
facturing lighting devices since the 1930s [10]. This ceramic material is
also being considered for use in lithium-ion batteries [18-20], as well as
for making pigments [21-24] and adsorbents [25-27].

Zn,SiO4-based ceramics is conventionally produced by solid-state
reactions of well-mixed ZnO and SiO, powders at temperatures of
1100-1500 °C for periods ranging from 2 to 4h [24,28,29]. Solid-state
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synthesis results in large irregular particles with a broad size distribu-
tion (1-10 pum). Solvothermal synthesis methods result in the formation
of a-Zn,Si04 nanorods at temperatures below 370 °C. The crystallinity
of these products, however, is considerably lower than those prepared
by solid-state reactions [19,20,26,30,31]. Supercritical water condi-
tions (temperatures above 370 °C and pressures higher than 22.1 MPa)
enable the synthesis of a-Zn,SiO,4 at shorter reaction times than sol-
vothermal methods [32,33]. The sol-gel formulations allow for the
preparation of fine particles with controlled shape and narrow size
distributions under atmospheric pressure and room temperature con-
ditions [16,22,34-37]. The products, however, should be calcinated at
temperatures higher than 800 °C to provide the formation of highly
crystalline materials.

Investigations of different pigments with high radiation resistance
and new formulations that allow the elimination of organic binders is
the goal of this study with the expectation of significant improvements
in the service life of thermoregulating coatings on spacecraft. This work
reports a simple preparation of Zn,SiO4-based thermoregulating coat-
ings with a silicate (K,SiO3) binder. A microwave-assisted hydro-
thermal synthesis was used to prepare pure and ceria-doped Zn,SiO4
nanoscale pigments for coatings. Both the pigments and the coatings
were irradiated using high energy electron beams and characterized to
evaluate the effect of radiation on the structure and properties of ma-
terials.

2. Experimental
2.1. Synthesis and processing

Na,SiO3 and K3SiO3 reactants (with 99% purity) are used for the
synthesis of Zn,SiO4-based pigments and binders for thermoregulating
coatings. Aqueous solutions of zinc chloride (ZnCl;, 99.5%) and
Na,SiO3; with 1.0 mol/1 concentrations were mixed and irradiated in a
MS-6 “VOLTA” microwave oven (2.45 GHz frequency) for 1.5-3.5h.
The maximum temperature during the synthesis was measured to be
~240°C. Cerium (III) nitrate hexahydrate (99.0%) was added to the
solutions for the preparations of 3% by weight Ce-Zn,SiO4 pigments.
This concentration was selected to ensure doping the material and not
to form a second phase. After microwave irradiation, the precipitates
were filtered and washed with warm deionized water to remove NaCl
by-products and then dried at 110 °C. The pigment powders were cal-
cined at 1050 °C in a muffle furnace for 1h. The developed synthesis
procedure is reproducible. Each type of material was prepared at least
in three different batches. The phase composition and morphology of
batches were shown to be identical. To prepare thermal barrier coat-
ings, a mixture of pigment and binder (solution of K,SiO3; with silica
modulus of 3.3-3.8 and density 1.17-1.18 g/cm®) with 1:1 wt ratio was
stirred in a planetary mixer with agate balls for 1 h to obtain a homo-
geneous slurry. The slurry was applied to aluminum (grade 3003) disks
then allowed to solidify at room temperature to obtain ~150 pm thick
coatings.

2.2. Irradiation

Pallets (~3 mm thick discs with a diameter of 20 mm) made from
compressed pigment powders were irradiated with high-energy elec-
tron beams. The irradiation of pigment pellets and thermoregulating
coatings was performed at the Alikhanyan National Science Laboratory
using the 75 MeV LUex linear electron accelerator. Electron beams of 5
and 20 MeV energies and fluence of 107 electrons/cm ™2 were used.
This corresponds to an exposure of more than 15 years in the Earth's
radiation belt. The average flux density of electrons was kept at ap-
proximately 10'?2cm ™25~ to avoid heating the samples during irra-
diation.
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2.3. Characterization

The crystallinity and phase compositions of the materials were in-
vestigated by X-ray diffraction (XRD) analysis with Ni-filtered CuKa
radiation (D8 Advance, Bruker), operated at 40 kV and 40 mA with a
step size of 0.025° and a counting time of 5s for the angular range of
20-70° (26). Nitrogen adsorption isotherms of the synthesized and
calcined pigment powders were measured using an AccuSorb 2100E
instrument (Micromeritics) at —196 °C. The samples were degassed at
250°C for 12h under reduced pressure before measurements. The
specific surface area of samples was calculated from the adsorption
curve according to the Brunauer-Emmett-Teller (BET) method.
Scanning (SEM) and transmission electron microscopes (TEM) were
used to characterize the composition and morphology of the products as
well as their atomic structure. Microstructural analysis was conducted
in a field emission SEM Magellan 400 (FEI) microscope. A Titan (FEI)
TEM with a resolution of 0.136 nm in scanning TEM mode and an in-
formation limit of about 0.1 nm at high-resolution TEM mode was also
used. Diffuse reflectance/absorption of the coatings was measured
within the range of 200-950 nm. Optical absorption/diffuse reflectance
measurements of pigment powders and coatings were performed using
a UV-Visible - Near-IR (Jasco) spectrometer.

3. Results and discussions
3.1. Synthesis of pigments

Fig. 1 shows the XRD patterns for Zn,SiO, pigment powders pre-
pared with 1.5 and 3.5h of microwave irradiation. The material pre-
pared with 1.5h of irradiation exhibits broad diffraction peaks of a-
Zn,Si04 (PDF card # 37-1485) rhombohedral structure with a space
group of R-3, and cell constant a =b = 1.395nm, ¢ = 0.9312nm
(Fig. 1a). The XRD pattern also contains peaks for SiO, (PDF card #14-
0653) and ZnO (PDF card #65-3411) phases along with some uni-
dentified weak lines. The positions of the ZnO peaks are shifted by
~0.8° to a lower angular range indicating non-equilibrium defective
structures. The intensities of diffraction peaks for the a-Zn,SiO, sample
after 3.5h of microwave-irradiation are significantly higher (Fig. 1b).
The positions of ZnO peaks are shifted by 0.6°, but the intensity ratio of
those lines has changed in comparison to the previous sample. XRD
patterns of materials prepared after 3.5 h of microwave irradiation also
exhibit less intense peaks for SiO, and the unidentified phase. Adding
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Fig. 1. XRD patterns of Zn,SiO4 (a, b) and Ce-Zn,SiO,4 (c) synthesized under
microwave irradiation at durations of 1.5 (a) and 3.5h (b, c).
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Fig. 2. SEM images of Zn,SiO4 (A, B) and Ce-Zn,SiO4 (C, D) synthesized under microwave irradiation for durations of 1.5h (A) and 3.5h (B-D).
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Fig. 3. XRD patterns of Zn,SiO4 (a) and Ce-Zn,SiO4 (b) samples calcined at
1050 °C as well as Ce-Zn,SiO,4 subjected to 20 MeV electron irradiation with
10'7 electron/cm ~ 2 fluence (c).

Ce to the synthesis process (3.5 h of microwave irradiation) reduces the
amount of unreacted ZnO and SiO, and increases their conversion to
Zn,Si0O4. The introduction of Ce also helps to eliminate the unidentified
phase.

BET measurements indicate the surface area for Zn,SiO, pigments
were 18 and 14 m?/g for 1.5 and 3.5h of microwave irradiation, re-
spectively. The Ce-Zn,SiO,4 product prepared with 3.5h of irradiation
also exhibits similar BET surface area (13 mz/g). Fig. 2 shows the
morphology of Zn,SiO, and Ce-Zn,SiO4 samples prepared by micro-
wave irradiation with a duration of 1.5 and 3.5h. Fig. 2A shows that
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after 1.5h of microwave irradiation, the product contains three dif-
ferent morphological features: rice-like aggregates with sizes of
300-500 nm, agglomerates of fine (~100nm) particles and large
(500-1000 nm) irregular crystals with a smooth surface. Close inspec-
tion suggests that the rice-like particles are bundles of nanorods con-
sisting of Zn, Si, and O, as revealed by local elemental analysis (not
shown). The nanoparticle agglomerates primarily contain Zn and O;
while the larger irregular crystals contain Si and O. The results of local
microanalysis suggest that the rice-like particles are Zn,SiO4, whereas
nanoparticles and larger crystals are ZnO and SiO,, respectively. More
prolonged microwave irradiation (3.5 h) results in significant growth of
the rice-like aggregates (Fig. 2B), while nanoscale particles and the
larger irregular crystals almost disappear from the product. Fig. 2C
indicates that cerium doping helps to obtain products with more uni-
form morphology. A closer look at the aggregates reveals that the na-
norods have a ~50 nm diameter and 100-150 nm length (Fig. 2D). This
image also suggests that nanorods nucleated at the same origin then
vertically grew during microwave-assisted synthesis. SEM imaging
suggests that adding Ce helps the growth of Zn,SiO, nanorods along a
preferential orientation.

3.2. Processing and irradiation

High-temperature calcination was used to achieve the complete
conversion of reactants and improve the crystallinity of products. The
XRD pattern from the calcined Zn,SiO4 sample prepared by 3.5h of
microwave irradiation indicates that calcination has little effect on the
reaction of ZnO with the SiO, byproduct (Fig. 3a). The calcined product
contains both those impurities along with a small amount of an uni-
dentified phase. The calcination of the Ce-Zn,SiO4 sample contributes
towards the full conversion of intermediate products to a-Zn,SiO4
(Fig. 3b). All the diffraction lines are indexed to the pure phase of
a—Z7Zn,Si04 with rhombohedral structure, and no peaks from other
phases can be detected. An XRD pattern of calcined then electron beam
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Fig. 4. SEM images of Zn,SiO4 (A) and Ce-Zn,SiO4 (B) samples calcined at 1050 °C as well as Ce—Zn,SiO4 subjected to 20 MeV electron irradiation with 107

electrons/cm ~ 2 fluence (C).

irradiated material (20 MeV and 107 electron/cm ~2 fluence) indicates
that it maintains the o—Zn,SiO4 structure, but some broadening of
diffraction peaks occurs (Fig. 3c).

BET measurements show that calcined and irradiated powders have
~1m?/g surface area. SEM imaging (Fig. 4A) shows that the calcined
Zn,SiO4 (prepared by 3.5h microwave irradiation) sample consists of
sintered particles with a broad size distribution (100-2000 nm). Cal-
cined Ce-Zn,SiO, samples (prepared by 3.5h microwave irradiation)
composed of sintered near-spherical particles form agglomerates with
sizes of 500-1000 nm (Fig. 4B). The sizes of individual particles vary in
the 200-300 nm range. We can suggest that the sintering of nanorods
aggregates (Fig. 2C) results in the formation of sintered particle ag-
glomerates. Fig. 4C shows that the electron-irradiated (20 MeV 107
electron/cm ™2 fluence) Ce—Zn,SiO4 sample exhibits a similar micro-
structure compared to the sample before irradiation (Fig. 4B).

To investigate the radiation resistance of Ce-Zn,SiO,4, samples were
subjected to TEM analysis. Fig. 5A and B shows bright-field TEM images
of selected particles before and after irradiation (20 MeV electron ir-
radiation with 10'7 cm ™2 fluence), respectively. These images display
particles with sizes as large as 300 nm for both samples. The particles
after irradiation show some grains with sizes less than 100 nm. High-
resolution EDS analysis in various parts of these particles indicates

Ce-ZnzSi0y4

diated Ce-Zn,Si04

1Irra

similar silicon/zinc ratios suggesting that irradiation does not induce
any segregation processes. Selected area diffraction patterns (Fig. 5B
and C) for both particles reveal sharp diffraction rings. The indexed
electron diffraction pattern suggests that both materials exhibit the
structure of zinc orthosilicate. High-resolution TEM images for samples
before and after irradiation are also presented in Fig. 5. Both TEM
images display that the samples have a highly crystalline structure.
Both images also show the high-resolution structure of nanoparticles
with a d-spacing of ~0.7 nm which corresponds to the (110) crystal-
lographic orientation of the Zr,SiO,4 phase. The results of TEM analysis
indicate that high-energy electron irradiation is not damaging the
crystalline structure of Ce-doped Zn,SiO4 material.

3.3. Optical properties

To further evaluate the radiation resistance of the materials, the
optical properties of Zn,SiO4 and Ce-Zn,SiO4 powders and coatings
before and after electron irradiation were investigated using diffuse
reflection/absorption spectroscopy. Since silicates have a complex
structure, it is difficult to determine the defects responsible for the
formation of various irradiation-induced color centers. Point defects
generated upon exposure to irradiation serve as traps for electrons and

Fig. 5. Bright-field TEM images (A,B), selected area electron diffraction patterns (C,D) and high-resolution TEM images (E,F) of Ce-Zn,SiO4 before and after

irradiation with 20 MeV electron beam and 10'7 electrons/cm ~2 fluence.
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Fig. 6. Diffuse reflectance spectra of Zn,SiO4 (A) and Ce-Zn,SiO, (B) pigments and coatings before and after electron irradiation (5MeV and 107 electrons/cm?).

holes and become color centers. Electrons and holes fill these centers
leading to an increase in the optical density of silicates. Optical density
depends on the irradiation dose rate as well as on the isothermal an-
nealing rate of the color centers.

Fig. 6A presents diffuse reflectance spectra for Zn,SiO4 compressed
powders and coatings in the 350-950 nm region. The reflection spectra
exhibit high reflectance values (above 0.93) of the powder before and
after electron irradiation. The reflectance spectrum of the Zn,SiO4
coating on an Al substrate also exhibits similar characteristics to the
powder sample. After electron irradiation (5MeV), the reflectance of
the Zn,SiO4 coating decreases to 0.75-0.85 in the 500-950 nm wave-
length range, suggesting that high-energy electron irradiation causes
significant damage to the Zn,SiO, coatings.

Fig. 6B shows the diffuse reflectance spectra for Ce-Zn,SiO,4 coat-
ings before and after electron irradiation with the same irradiation
conditions. This figure shows that irradiation weakly influences the
optical characteristics of Ce-Zn,SiO,4 coatings. The diffuse reflectance
spectra for the coating before and after irradiation is practically the
same. A slight decrease in reflectance can be seen only within the
400-600 nm range.

The UV-Vis-NIR absorption spectra for Ce-Zn,SiO, pigments before
and after irradiation show intense absorption bands in the 200-360 nm
range (Fig. 7). The spectra of the irradiated pigments also exhibit some

100 - -
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. 601
-t
6’”
40-
20
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Fig. 7. UV-Vis-NIR absorption spectra of Ce-Zn,SiO,4 pigments before and after
irradiation (5 MeV and 10'7 electrons/cm?).
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increased absorption in the 400-600 nm range. We can suggest that
such small increases in absorption are attributed to the generation of
small amounts of intrinsic point defects such as zinc and oxygen va-
cancies and their complexes (Frenkel pairs of Zn;" - V,", and O;" - Vo',
electron and hole centers) upon irradiation. These results show that Ce-
doping significantly increases the radiation resistance of the Zn,SiOy-
based pigments. The Ce-doping helps to produce a highly crystalline
nanoscale zinc orthosilicate structure. It also stabilizes the crystal
structure, most likely due to the difference between the electric field of
Ce®**/Ce** and Zn?* cations. Such a difference could result in the
reduction of the total energy of the lattice, thus making it more stable
under the high-energy electron irradiation.

4. Conclusions

e Microwave-assisted hydrothermal synthesis methods allow the
production of pure and Ce-doped Zn,SiO4. Ce-doping reduces the
amount of unreacted ZnO and SiO, and increases their conversion to
Zn,SiO,4, as well as helps to obtain products with more uniform
morphology.

The short calcination step applied to the synthesized nanostructured
products allows the preparation of highly crystalline Zn,SiO4 and
Ce-Zn,SiO, pigment powders, which can be blended with potassium
silicate and then applied to aluminum substrates to function as
thermoregulating coatings.

UV-VIS-NIR absorption/reflection measurements of the electron-ir-
radiated materials indicate that Ce-Zn,SiO, exhibits better radiation
resistance compared to pure Zn,SiO,.
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