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Supplementary Note #1: Conformal and uniform alumina coating via ALD 
We use the same ALD exposure recipe from our previous paper to deposit a uniform and conformal single-
cycle layer of alumina on the aerogel monoliths.1 ALD deposition of Al2O3 films on aerogels was performed 
in a custom hot-walled, cross-flow ALD reactor.2 Trimethylaluminum (TMA, min. 97%, Sigma Aldrich) 
and deionized (DI) water were used as ALD precursors. Both precursors were kept at 37 °C, and the reactor 
temperature was maintained at 150 °C. In our exposure recipe, there are two steps in every cycle: exposure 
and purging. During the exposure step, the vacuum valve is closed, the Ar flow rate is reduced to 10 sccm, 
and the ALD precursor is pulsed into the chamber. We allow 400 s for the ALD precursors to diffuse into 
the aerogel monolith. For the purging step, the vacuum valve is reopened and the Ar flowrate is increased 
to 70 sccm. This step lasts 800 s. 
 
Before depositing Al2O3, the aerogels were held at a vacuum pressure of 600 mTorr under constant Ar 
purging for at least 1 hour at 150 °C to ensure removal of excess water and other adsorbed species. We then 
performed 5 DI pre-cycles to saturate the aerogel monolith to ensure hydroxyl termination on the aerogel 
surface. We performed 12 TMA cycles and then 12 DI cycles. We show that we conformally coated the 
aerogel by using energy dispersive x-ray spectroscopy (EDX) to measure the atomic percentages of silicon, 
oxygen, and aluminum (Fig. S1). 
 

Figure S1. EDX spectroscopy. (a) Location of EDX scan with respect to the aerogel monolith. (b) Atomic 
percentages of silicon, oxygen, and aluminum on the refractory aerogel. (c,d) SEM images of the refractory aerogel 
before (c) and after (d) aging. 
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Supplementary Note #2: Effect of a superficial coating 
When insufficient time is given for the ALD precursors to diffuse in and out of the porous aerogel, alumina 
builds up on the surface clogging pores and preventing a conformal coating. The superficial coating 
decreases solar transmission. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S2. Effect of a superficial coating. (a) EDAX scan showing the buildup of alumina on the outer edges of the 
aerogel. (b) Solar transmittance of the superficially coated aerogel and the conformal refractory aerogel from the main 
text. 
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Supplementary Note #3: XRD of the refractory aerogel 
X-ray diffraction spectroscopy (Fig. S3) confirms that both the silica and refractory aerogel are amorphous, 
even after aging. 
 
 

Figure S3. XRD of the refractory aerogel. The absence of sharp peaks confirms the material’s amorphous structure. 
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Supplementary Note #4: Determination of the porosity and thermal conductivity 
To calculate the porosity of the aerogels, we compute the volume of the solid network. We divide the 
relative mass components of each silica and alumina by their respective amorphous densities (2.2 and 3.0 
g/cm3, respectively). In our calculations, we use the mass of the aged aerogels because the initial aerogels 
contain significant amounts of water which will produce an artificially high density for the aerogels. For 
the refractory aerogels, the relative mass of alumina in the aerogels was calculated from the mass gained 
from the ALD process. 
 
We recorded the room-temperature thermal conductivities with the transient plane source method using a 
commercial instrument (TPS, HotDisk) equipped with a thin spiral-resistor source/sensor (5465, HotDisk). 
The raw conductivities determined by the software were corrected using a polynomial correlation proposed 
by Zheng et al3 for highly insulating samples. 
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Supplementary Note #5: EDAX line scans of aged aerogels 
We measure the atomic percentage profile with respect to position for the aerogels both before 
and after aggressive aging (Figure S4). The atomic profiles remain unchanged within 
experimental error. 

Figure S4. Atomic percentages from EDX line scans of the refractory aerogels before and after aging. 
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Supplementary Note #6: Effect of ALD deposition on solar transmission 
The ALD coating decreases the total transmittance of the aerogel. Hemispherical reflectance data suggests 
the decrease in solar weighted transmittance (SWT) below 1200 nm is mainly due to scattering (Fig. S5). 
The increase in hemispherical reflectance indicates more back scattering from the refractory aerogel. 

Figure S5. Solar weighted hemispherical transmittance and reflectance of aerogels below 1200 nm. The increase 
in hemispherical reflectance indicates the decrease in transmission is due to increased scattering. For wavelengths 
above 1000 nm, the attenuation is due to absorption as reflectance accounts for < 1%.  
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Supplementary Note #7: Effect of high-emissivity paint  
We painted the SiC hot stage surface with a commercially available high-emissivity paint (Aremco HiE-
Coat 840-CM). The heat flux through the aerogels was marginally different after painting because the 
aerogels are mostly opaque in the infrared. Thus, increasing the emissivity of the hot stage has a small effect 
on the overall heat losses. 

 
Figure S6. Comparison of aerogel heat losses with and without high emissivity paint. 
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Supplementary Note #8: Infrared absorption properties of the aerogels 
Even after exposure to elevated temperatures, the refractory aerogels continue to be hydrophilic. After 
exposed to elevated temperatures, the refractory aerogels readily readsorb atmospheric water (Fig. S7a). 
Thermogravimetric analysis (TGA) further confirms this (Fig. S7b). Initially, the silica aerogel contains 
~15% water by mass. After aging though, the mass change of the silica aerogel is effectively zero. As for 
the refractory, it still has ~5% mass in water weight after aging (initial refractory curve omitted for clarity).  

Figure S7. Hydrophilic nature of refractory aerogels. (a) Transmission between 3 – 5 µm increases during exposure 
to high temperatures as water is driven off the aerogel surface. However, it immediately begins to readsorb water and 
return to a state of large infrared attenuation. (b) TGA of silica and refractory aerogels of interest. (c) DRIFTS 
measurements of the aged aerogels. 
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Supplementary Note #9: RTE-HTE modeling 
Both the heat transfer equation (HTE, Equation S1) and the radiative transfer equation (RTE, Equation S2) 
are required to accurately describe a system where conduction and radiation are important. 
 

∇ ∙ (𝑘𝑘∇𝑇𝑇) = ∇ ∙ 𝑞𝑞𝑟𝑟 
 

(S1) 
𝑑𝑑𝐼𝐼𝜈𝜈
𝑑𝑑𝒔𝒔

= −𝛽𝛽𝜈𝜈𝐼𝐼𝜈𝜈 + (1 − 𝜎𝜎𝜈𝜈)𝛽𝛽𝜈𝜈𝐼𝐼𝜈𝜈 +
𝛽𝛽𝜈𝜈𝜎𝜎𝜈𝜈
4𝜋𝜋

� 𝐼𝐼𝜈𝜈(𝒔𝒔𝑖𝑖)𝑑𝑑Ω𝑖𝑖
4𝜋𝜋

 (S2) 

 
The RTE is computationally expensive to solve since it is an integro-differential equation. To speed up the 
calculation, we split the thermal radiation spectrum into 12 bands and averaged the inputs for each band 
(Fig. S8). The scattering albedo, 𝜎𝜎𝜈𝜈, is the fraction of attenuation resulting from scattering. For wavelengths 
between 1 – 2 μm, we use a value of 0.5. Since scattering is negligible for wavelengths above 2 μm, we 
used a value of zero.4 These values are consistent with previous literature.5 A value of zero means all the 
attenuation is due to absorption. We choose 1 μm as the lower limit and 100 μm as the upper limit of our 
calculations because only 0.02% of the 700°C Planck’s blackbody emission spectrum lies outside of this 
spectral range. 

Figure S8. (a) Extinction coefficient of silica aerogels. The literature values (dashed blue line) and the averaged 
values for each band (orange line). (b) Simulated temperature profile of a silica aerogel on the 700 °C hot stage in 
vacuum. 
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Supplementary Note #10: Review of high-temperature spectrally selective materials 
Despite its importance, selective absorbers and coatings are not commonly characterized at temperatures 
500°C and above. To allow for comparison with other selective materials, we use the definition of spectral 
selectivity, (𝛼𝛼𝑒𝑒𝑒𝑒𝑒𝑒/𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒), where  𝛼𝛼𝑒𝑒𝑒𝑒𝑒𝑒 is the effective solar absorptance and 𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒 is the effective emittance. 
For selective surfaces, 𝛼𝛼𝑒𝑒𝑒𝑒𝑒𝑒 and 𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒 are simply its solar absorptance and thermal emittance, respectively. 
For the refractory aerogel, 𝛼𝛼𝑒𝑒𝑒𝑒𝑒𝑒 is equal to its solar transparency since we assume the aerogel is used in 
tandem with a near-blackbody absorber. Lastly, 𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒 for the refractory aerogels is computed from the 
following relation: 𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑄𝑄𝐵𝐵𝐵𝐵⁄  where 𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 is the experimental heat loss value and 𝑄𝑄𝐵𝐵𝐵𝐵 is the 
emissive power of blackbody at the corresponding temperature. 

 
Figure S9. Spectral selectivity of high temperature selective materials. 
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Supplementary Note #11: Solar to electricity efficiency  
Current CSP plants operate steam Rankine cycles at ~400°C which have a heat-to-electrical 
efficiency (𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) of approximately 31% while supercritical CO2 cycles at 700°C have an 
efficiency of ~47%.13 Additionally, state-of-the-art selective surfaces (SS) have a receiver 
efficiency (𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑒𝑒𝑟𝑟) of about 84% at 400°C.5 Neglecting any additional losses from operating at 
higher temperatures, the receiver-side efficiency (RSE) of a supercritical CO2 power cycle with a 
refractory aerogel (RA) is ~36% compared to ~26% for current steam Rankine cycles with 
selective surfaces (Equation S3). 
 

𝑅𝑅𝑅𝑅𝑅𝑅 = 𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∗  𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (S3) 
  

𝑅𝑅𝑅𝑅𝑅𝑅(𝑆𝑆𝑆𝑆, 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, 400°𝐶𝐶) = 𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑆𝑆𝑆𝑆, 400°𝐶𝐶) ∗  𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(400°𝐶𝐶)  
𝑹𝑹𝑹𝑹𝑬𝑬𝟒𝟒𝟒𝟒𝟒𝟒°𝑪𝑪 = (𝟎𝟎.𝟖𝟖𝟖𝟖) ∗ (𝟎𝟎.𝟑𝟑𝟑𝟑) = 𝟐𝟐𝟐𝟐% 

 
 

  
𝑅𝑅𝑅𝑅𝑅𝑅(𝑅𝑅𝑅𝑅, 𝑠𝑠𝑠𝑠𝑂𝑂2, 700°𝐶𝐶) = 𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑅𝑅𝑅𝑅, 700°𝐶𝐶) ∗  𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(700°𝐶𝐶)  

𝑹𝑹𝑹𝑹𝑬𝑬𝟕𝟕𝟕𝟕𝟕𝟕°𝑪𝑪 = (𝟎𝟎.𝟕𝟕𝟕𝟕) ∗ (𝟎𝟎.𝟒𝟒𝟒𝟒) = 𝟑𝟑𝟑𝟑% 
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