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Exploring the spectrally selective absorbers with high optical performance and excellent thermal stability is crucial to improve the conversion efficiency of solar energy to electricity in concentrated solar power (CSP) systems. However, there are limited reports on the selective solar absorbers utilized at 900oC or above. Herein, we developed a selective absorption coating based on the ultra-high temperature ceramic ZrC and the quasi-optical microcavity (QOM) optical structure, and experimentally achieved the absorber via depositing an all-ceramic multilayer films on a stainless steel substrate by magnetron sputtering. The prepared multi-layer selective absorber demonstrates an excellent high solar absorptance of ∼0.964 due to the multi absorptance mechanisms in the QOM, and a relatively low thermal emittance of ∼0.16 (82°C). Moreover, the coating can survive at 900oC in vacuum for 100 h with a superior spectral selectivity of 0.96/0.143 (82°C) upon annealing, resulting from the introduction of ultra-high temperature ceramic ZrC in the QOM structure. Under the conditions of a stable operating temperature of 900°C and a concentration ratio of 1,000 suns, the calculated ideal conversion efficiency using this absorber can reach around 68%, exceeding most solar selective absorbers in previous reports.
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INTRODUCTION
Over the past decades, to alleviate the increasingly severe fossil energy crisis, the capture and utilization of abundant solar energy have evolved into a hot research topic (Wu et al., 2021; Jiasheng 1996; Weinstein, Loomis, and Chen 2015). The photothermal conversion is a potential way to efficiently utilize the solar energy among various solar energy utilization methods including photoelectric (Chirumamilla et al., 2021; Wei et al., 2020; Wang S. et al., 2021), photothermal conversion (Hoch et al., 2016; Azad et al., 2016) and photobiological conversion (Rosenbaum et al., 2005; Turon et al., 2021). Compared with commercialized photovoltaic technologies, concentrated solar power (CSP) systems can overcome the problem of intermittent sunlight, but the high cost still hinders the large deployment (Yushchenko et al., 2018). The solar selective absorption coatings (SSACs), the core component of the CSP system, can substantially improve the solar to power conversion efficiency and enable the reduction of the levelized cost of energy (LCOE) of CSP systems (Kan et al., 2021) when the reliable operating temperature can reach or even exceed 750°C (Wang X. et al., 2021). Furthermore, the ultra-high solar absorptance in solar spectrum range and low thermal emittance in the thermal infrared regime are beneficial to realize high efficiency and low LCOE of CSP system (Vidal and Klammer 2019).
Various attempts (He et al., 2021a; Yang et al., 2020; He et al., 2021b) have been made but fulfilling the reliable operation of the absorber at high temperatures remains a challenge. So far, cermet-based absorbers composed of high-loss and refractory metals such as W, Ni, and Ta and the ceramic matrix have been extensively excavated (Liu et al., 2019; Ning et al., 2016; Cao et al., 2014). However, the thermal diffusion behavior of metal atoms at high temperatures will affect the light absorption of the coating and lead to optical degradation of the absorber. The strategy of metal alloying can effectively suppress the thermal diffusion phenomenon and then boost the stability of the absorber. Yang et al. utilized the TiW-SiO2 as absorption layers to prepare SSACs on the quartz substrate. The experimental results showed that incorporating the second phase Ti could effectively improve the stability of the absorber (Yang et al., 2021). In addition, a series of binary alloys (WTa, WNi, TiC, etc) based selective absorbers were proposed and their stable operating temperatures were further enhanced (Cao et al., 2015a; Cao et al., 2015b; Wang et al., 2017; Wu et al., 2020). However, the reliable stable temperatures of these absorbers are below 750°C due to the limination of intrinsic material properties. In recent years, all-ceramic based absorbers have shown great potential for high-temperature applications, especially for absorbers with transition metal nitrides (Li et al., 2021; Meng et al., 2017; Liang et al., 2018) and their ceramic composites (Meng and Zhou 2019; Zhang et al., 2016; Cao et al., 2017) as the main absorption units realized by different optical designs and absorption mechanisms. Together with transition metal nitrides, transition metal carbides and borides also belong to the UHTCs, which are endowed with high melting temperature (≥3,000°C), good thermal and electrical conductivity (Chen et al., 2021), and chemical inertness (Tang and Hu 2017; Fahrenholtz and Hilmas 2017). Gao et al. utilized the UHTCs as the main absorption unit to design the selective absorbers, which can only maintain thermal stability below 600°C in vacuum (Gao et al., 2019b). The sophisticated optical design may hold promise in maximizing the material’s advantages at high temperatures. Wu et al. raised a QOM structure based on W-SiO2 cermet, which can enable the near-perfect light absorption by the interaction of multiple absorption mechanisms (Wu et al., 2019). However, the stable operating temperature is only 600oC. It is a feasible way to enhance the working temperature through incorporating the UHTCs in the QOM structure.
Herein, to overcome the thermal diffusion of metal atoms in the QOM structure at high temperature, we proposed a spectrally selective solar absorber based on the QOM optical structure and UHTCs. Combined with the optical properties of the materials, the solar selective absorbers with an ultra-high absorptance were obtained by the precise optimization design of the optical structure. Moreover, the prepared absorbers exhibit excellent thermal stability up to 900°C in vacuum, which is attributed to the introduction of ZrC in the QOM structure and the optimal design of ZrC in the composite ceramic layer. Near-perfect absorption over the broad solar spectrum and relatively low mid-IR emission could guarantee an ideal conversion efficiency of 68% in the CSP system. This developed strategy will also pave the way to designing the other ultra-high temperature absorbers.
MATERIALS AND METHODS
A commercial software (Essential Macleod) was used to optimize the optical structure. The different thresholds and weighted coefficients within the optimization region of 0.25–2.5 μm were set to realize the high solar absorptance. The optical constants of the individual layer involved in the optical design were measured by a spectroscopic ellipsometer (J. A. Woollam Co, Inc.). The designed ZrC-based spectral selective absorbers (CAA) were prepared by a high vacuum multi-target magnetron sputtering system (Beijing Technol Co. LTD, JCPY650) equipped with three high purity targets. Prior to the deposition, the polished stainless (SS304) substrates were cleaned successively with acetone and alcohol. More details about the used materials have been tabulated in the Table 1. All the coatings in this paper were carried out in an Ar environment under a pressure of 0.4 Pa using a radio frequency (RF) power at room temperature after the substrate bias cleaning for 10 min in the main chamber with the based pressure of below 4 × 10–4 Pa. By adjusting the sputtering power of ZrC target, three ZrC-Al2O3 composite ceramic layers (C1, C2, and C3) with different volume ratios of ZrC in composite layer were prepared via co-sputtering of ZrC and Al2O3. More details about the deposition parameters were summarized in Table 2.
TABLE 1 | The basic information about the used targets and substrate in the QOM-based absorber (CAA).
[image: Table 1]TABLE 2 | The deposition parameters of the coatings including composite ceramic layers (C1, C2, and C3) with different ZrC volume ratios in Al2O3, ZrC infrared (IR) layer, Al2O3, SiO2, and CAAa.
[image: Table 2]The annealing tests were performed in a vacuum tube furnace at different target temperatures for 100 h with a heating rate of 5°C/ min. The vacuum pressure is about 4 × 10–2 Pa. The ultraviolet-visible-near infrared (0.28–2.5 μm) reflection spectra of the coatings were measured by a spectrophotometer (Agilent Cary 5,000) equipped with an integrating sphere, while the mid-IR reflection spectra in the wavelength range of 2.5–20 μm were collected by a Fourier transform infrared spectrometer (Nicolet IS50) equipped with a Pike Au integrating sphere at room temperature. The solar absorptance (α) and thermal emittance (ε) were calculated by the weighted integration of reflection spectra with the standard solar spectra and the black body emissive spectra, respectively (Wang J. et al., 2021).
The surface topographies were detected by an atomic force microscope (Oxford Instruments Asylum Research, Inc.) with a scanning area of 5 μm × 5 μm. The phase analysis of the samples was characterized by Raman spectra collected on a Raman spectrometer with a 532 nm laser excitation (Renishaw in Via) and XRD patterns obtained by a Rigaku diffractometer (LX-57B) with Cu-Kα radiation (40 kV, 200 mA, λ = 0.15406 nm).
RESULTS AND DISCUSSION
Optical Simulation and Absorption Mechanism Analysis of Solar Selective Absorption Coatings
To optimize the optical response of the CAA structure, we first measured the optical constants (n and k) of the materials used in the structure, as shown in Figure 1. The Cauchy dispersion model was picked to fit the transparent material SiO2, while Gen-Osc dispersion model including Cody-Lorentz and Gaussian oscillators was used to analyze the metallic ZrC and cermets (C1, C2, and C3). The larger extinction coefficient of ZrC confirms the intrinsic absorption due to the in-band contribution and the interband contribution of electrons (Okuhara et al., 2018). The SiO2 demonstrates a near-constant refractive index and a near-zero extinction coefficient, which determines it can be used as the top anti-reflection coating. The composite ceramic layers (C1, C2, and C3) with different volume ratios of ZrC in Al2O3 matrix possess the optical constants with the values between SiO2 and ZrC and present an increasing trend from 1.98 (C1) to 2.27 (C3), which indicates a substantial controlling space on the optical property via the modulation of the volume ratios of ZrC and Al2O3.
[image: Figure 1]FIGURE 1 | Refractive index (n) and extinction coefficient (k) of ZrC, SiO2, and ZrC-Al2O3 ceramic composites (C1, C2, and C3) with different volume ratios.
The QOM optical structure on the stainless-steel (SS) substrate with the coatings of ZrC/C3/ZrC/C3/SiO2 from the bottom layer (layer 1) to the top layer (layer 5) was designed and shown in Figure 2A. The calculated reflectance spectra of the layer-added coatings (Figure 2A) demonstrate that the individual ZrC (layer 1) possesses moderate absorption due to the intrinsic spectral selectivity, and the absorption increases with adding more layers except for the bottom two layers (layer 1–2), which is ascribed to the introduction of ZrC middle layer (layer 3) enhancing the reflection on the coatings without another Z3 layer (layer 4) and the top ARC layer (layer 5). Eventually, the CAA (layer 1–5) exhibits a low reflectance of less than 5% in the wavelength range of 0.3–1.38 μm, indicating a superior absorptance. Therefore, we deposited the optimized CAA on the SS304 substrate, and the corresponding optical image and the reflectance spectra were shown in Figure 2B. The coating displays a blue appearance and a pretty low reflection across the solar spectrum range matched well with the calculated data. Multiple absorption mechanisms in the QOM structure contribute to the low reflectance in the solar spectrum region, while the bottom ZrC leads to high infrared reflectance, which jointly determines the excellent selective absorption of the prepared CAA coating. The reflectance minimum at 0.62 μm is attributed to the destructive interference of the interfaces (Qiu et al., 2020). In order to further analyze the absorption mechanism of the CAA, we calculated the electromagnetic loss distribution of the designed optical structure at three specific wavelengths λ = 0.62 μm, λ = 1.11 μm and λ = 2.5 μm, and visualized in Figure 2C. It can be noted here that the overall loss of electromagnetic wave is distributed in the main absorption structure of C3/ZrC/C3, especially in the middle ZrC layer, and with the increase of incident wavelength, the electromagnetic wave would penetrate into the underlying layer resulting in the partial loss in the bottom ZrC layer.
[image: Figure 2]FIGURE 2 | (A) Simulated reflectance spectra of the layer-added coatings and the schematic of the optical structure. (B) The measured a reflection spectrum (gray line) the optical image of the CAA coating together with solar spectrum (AM 1.5, polychromatic block). (C) The distribution of electromagnetic power loss of the CAA at the wavelengths of 0.62, 1.11, and 2.5 μm, where λ = 0.62 μm is connected with the reflectance minimum.
High-Temperature Properties of Selective Absorption Coatings
Enhancing the operating temperature of the spectrally selective absorber used in the CSP system would boost the conversion efficiency of solar energy to electricity. The as-deposited absorbers were treated in vacuum at different temperatures, and the reflectance spectra of the coatings before and after annealing were shown in Figure 3A. Compared with the CAA before annealing, only negligible variations are observed in its reflectance spectra before the cutoff wavelength after annealing at 800°C and 900°C for 100 h, which testifies the superior thermal stability of the CAA even upon annealing in 900oC. Moreover, the calculated α and ε82 °C of the CAA before and after annealing were summarized in Figure 3B. The CAA upon annealing still possesses a pretty high solar absorptance greater than 0.96. The improved reflectance of the CAA upon annealing in the thermal IR range is beneficial to the suppression of thermal emittance, which is due to the better crystallinity of the bottom infrared reflection layer ZrC after annealing. So, thermal emittance decreases from 0.160 to 0.143 with the increase of the annealed temperature. The photothermal conversion efficiency (ηthermal) of solar-to-heat and the total efficiency (ηtotal) of solar-to-electricity based on the CAA were calculated under different operating temperatures and optical concentrations using the following Eqs 1–3:
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where TW is the working temperature of the coating, TAmb the ambient temperature, C the optical concentration factor, σ the Stefan-Boltzmann constant, and B (λ,T) the black body emissive power at a certain temperature and wavelength. It should be noted here that the ε in Eqs 1, 2 is calculated by Eq. 3 considering the temperature dependence of thermal emission. As shown in Figure 3C, the photothermal conversion coefficient increases with elevating the temperatures and can reach up to 91.4% under 1,000 suns and at 900°C, indicating the potential applications at high-temperature CSP system. Figure 3D depicts the total conversion efficiency including the photothermal conversion of the CAA and an ideal Carnot efficiency under different working temperatures and optical concentrations. There is an optimal total efficiency at the same optical concentration. A record-high total efficiency of 68% (1,000 suns) can be achieved at a reliable stable temperature (900oC) of the CAA.
[image: Figure 3]FIGURE 3 | (A) Reflection spectra of the coatings before (gray line) and after annealing in vacuum at 700oC (orange line), 800oC (yellow line), and 900oC (green line) for 100 h. (B) The solar absorptance and thermal emittance of the absorber under different heat treatment conditions. (C) Temperature-dependent photothermal efficiency with different optical concentrations. (D) Temperature-dependent total efficiency with different optical concentrations. The vertical red dotted line represents the temperatures of 900oC.
Surface Morphology and Phase Analysis
In order to thoroughly comprehend the evolution behavior of the coating at high temperatures, the three-dimensional surface topography of the CAA before and after annealing at different temperatures was obtained and demonstrated in Figure 4. The grooves structure of the as-deposited CAA coating, shown in Figure 1A is attributed to the polished SS304 substrate and disappears after thermal treatment. Compared with the substrate, the roughness of the deposited coating increases but also remains at a low level of 1.62 nm, indicating excellent uniformity. As seen from Figure 4B to Figure 4D, when the coating CAA was respectively annealed at 700°C, 800°C, and 900°C for 100 h, the agglomeration phenomena appear and intensify with increasing the annealing temperature, together with the roughness increasing from 1.62 to 11.3 nm. More details on the coating roughness were summarized in Table 3. The change of the surface topography would affect the optical absorption of the absorber to a certain extent.
[image: Figure 4]FIGURE 4 | Three-dimensional AFM images of the absorber CAA before annealing (A) and after annealing at 700oC (B), 800oC (C), and 900oC (D) in vacuum for 100 h.
TABLE 3 | Surface roughness of the absorber treated at different temperatures in vacuum.
[image: Table 3]XRD was used to disclose the phase changes of the absorber CAA after long-term annealing at different temperatures. Figure 5A demonstrates XRD spectra of the CAA before and after heat treatment at 700°C, 800°C, and 900°C for 100 h. The pristine CAA (gray line) does not show any characteristic peaks of the coatings, except the peaks at 44°, 52°, and 77° connected with the traditional austenitic stainless steel substrate (Gualtieri and Bandyopadhyay 2017). In addition, a new peak was found at 33° on the annealed sample, which can be indexed to the ZrC (Schonfeld et al., 2017). The better crystallization of ZrC in the absorber upon annealing could be the reason for decreased thermal emittance in the annealed coatings compared with the pristine one. Similar to XRD patterns, the Raman spectra of the deposited coating do not show the sample signal peaks. However, after the heat treatment, the characteristic peaks of amorphous carbon (D and G peaks) appear at 1,358 cm−1 and 1,581 cm−1 (Gao et al., 2019a). The carbon aggregation from the substrate gradually strengthens with increasing the annealing temperatures. However, the aggregated carbons would not have a significant effect on the optical performances due to the introduction of the ultra-high temperature ceramics ZrC and the novel QOM structure. It can be predicted that choosing the stable dielectric substrate in the structure would further improve the thermal stability of the absorber at higher temperatures.
[image: Figure 5]FIGURE 5 | XRD patterns (A) and Raman spectra (B) of CAA coatings deposited on stainless steel substrates before and after annealing at different temperatures in vacuum.
CONCLUSION
In summary, we designed and fabricated a heat-resisting and high-performance solar selective absorber CAA based on the ultra-high temperature ceramic ZrC on polished SS substrates. The as-deposited absorber exhibits outstanding spectral selectivity with a high absorptance of 96.4% and an IR emittance of 16%, which may be attributed to the sophisticated optical design coupled with multiple absorption mechanisms in the QOM structure and the introduction of ZrC. The absorbers can survive at 900°C for 100 h in vacuum, indicating superior thermal stability. The solar absorptance of the absorbers goes through a negligible change and remains at above 96% upon annealing, while thermal emittance decreases due to the better crystallization of ZrC beneficial for the suppression of heat loss. The photothermal efficiency of the absorber can reach 91.4% at the reliable operating temperature of 900°C and 1,000 suns. Eventually, a record-high total efficiency of 68% can be achieved when considering the ideal Carnot efficiency.
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