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Abstract 

Application of transparent silica aerogels in low-temperature solar thermal systems has led to 

major improvements in performance. In high temperature concentrating solar thermal (CST) 

systems, aerogels have yet to demonstrate the necessary scalability, stability, and performance to 

support their widespread deployment. Here, large-area transparent refractory aerogel tiles are 

synthesized and shown to achieve a record-high receiver figure-of-merit (FOM) at high 

temperatures. The work leverages a scaled-up process for sol-gel synthesis to control the density 

of the aerogels for improved solar transmittance and adapts a previous atomic layer deposition 

(ALD) technique with the aid of predictive reaction-transport modeling. After aging for 10 days 

at 700 ºC, the large-area tiles exhibit a solar-weighted transmittance of 95.6% and a thermal 

emittance of 0.31, corresponding to a figure-of-merit (FOM) of 80% at 100 suns and 700 ºC. The 

observed sintering rates at 700 ºC are comparably low to earlier one-inch aerogels, suggesting 

long-term stability under relevant operating conditions. The study indicates that refractory aerogels 

are scalable materials for efficient photothermal conversion at high temperatures. 

 

Keywords: aerogels, solar thermal, concentrating solar power, solar industrial process heat, 

atomic layer deposition, selective receiver  
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1. Introduction 

Concentrating solar thermal (CST) is a promising solution to decarbonize industrial process 

heat and baseload electricity generation. Next-generation CST designs aim to operate at 

temperatures in excess of 550 °C to enable more efficient supercritical CO2 (sCO2) power cycles 

[1] and meet the demands for high-grade solar industrial process heat (SIPH) [2,3,4,5,6,7,8]. 

Among various collector technologies, linear concentrating systems such as parabolic trough 

collectors are appealing due to their high optical efficiencies and low capital costs compared to 

analogous two-axis concentrating systems such as solar power towers [9,10]. Furthermore, linear 

systems are modular and capable of supplying outputs as low as ~100 kWth. A primary challenge 

with linear CST is achieving efficient solar-to-thermal conversion at high temperatures because of 

the limited solar flux incident on the receiver surface (30-60 kW/m2), which is of comparable 

magnitude to the blackbody emissive power of ~50 kW/m2 at 700 °C. To limit thermal losses, 

commercial systems use selective absorbers and operate in vacuum, which prevents degradation 

of the absorber coating and minimizes convective losses. At higher temperatures, however, there 

is a lack of stable, high performance selective coatings [11,12]. Furthermore, operating under high 

vacuum adds cost and can lead to shortened lifetimes. 

 

Solar-transparent aerogels have the potential to improve the efficiency and operational stability 

of CST systems [13,14,15,16,17,18,19,20,21,22,23]. As illustrated in Fig. 1a, aerogels are highly 

porous, low-thermal conductivity materials that transmit the incident solar flux and insulate the 

hot absorber surface (or cavity). In addition to minimizing convective and conductive losses, they 

leverage a greenhouse trapping mechanism to reduce radiative heat losses, which involves 

absorption and re-emission of thermal radiation at progressively lower temperatures. The aerogel 

approach offers two distinct advantages compared to vacuum-based selective absorbers. First, 

aerogels can enable the use of non-selective absorbers such as black paints or blackbody cavities 

that are more stable at high temperatures and in air [24]. Second, silica aerogels can eliminate the 
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need for high vacuum, allowing operation of solar receivers at near-ambient pressures or extending 

the receiver lifetime. 

 

One challenge with silica aerogels is that they sinter at higher temperatures, which typically 

limits their use to below 600 °C [25,26]. To improve the thermal robustness of aerogels, research 

efforts have aimed at modifying the solid framework through templating or the addition of 

secondary phases[23,27,28,29,30,31,32,33,34,35]. Specifically, our previous work introduced a 

process to conformally modify the interior surfaces of silica aerogels with alumina using a single 

cycle of atomic layer deposition (ALD) operated in a quasi-static mode (QSM)[31]. Compared to 

native silica aerogels, the resulting alumina-silica aerogels (named refractory aerogels) exhibited 

similarly high solar transmittance and improved high temperature stability up to 800 °C[23].  

 

Another important challenge with aerogels is maintaining the optical and thermal properties of 

aerogels at sufficiently large scales for integration in CST systems. Prior studies using refractory 

aerogels have been limited to aerogels measuring one-inch in diameter, which is too small for 

application in utility-scale CST. Each absorber tube segment in a linear CST plant is typically 4 m 

long and 70 mm in diameter [36]. To cover the solar-incident area of the absorber tube with aerogel 

segments, the characteristic length scale of the aerogel tiles should be at least 10 cm. The main 

challenge when producing larger silica aerogel tiles is that they are highly brittle materials. As the 

size increases, brittle fracture occurs more easily because for a given body force, the resulting 

maximum bending moment will be higher for a larger sample. Larger aerogels therefore become 

increasingly difficult to handle during processing, which requires the design of special molds and 

racks to successfully create and transport crack-free tiles within the dimensional tolerance. Efforts 

to improve the fracture strength of silica aerogels have resulted in reduced transmittance/clarity or 

increased thermal conductivity [32,35,37,38,39,40,41]. Furthermore, applying ALD at these scales 

can also be challenging due to the high surface areas and the effectively ultra-high aspect ratios of 
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the pores that are inherent to the materials. This can lead to substantial ALD precursor waste and 

long process times, adding significant expense to the manufacturing process [42]. 

 

Here, we demonstrate large-area refractory aerogel tiles that are stable at high temperatures 

and achieve a record-high solar thermal figure-of-merit (FOM). In doing so, the work establishes 

de-risked processing techniques for both the aerogel synthesis and subsequent ALD modification. 

Various aerogel densities are explored to optimize solar thermal performance. Optical and thermal 

characterization indicates that the refractory aerogel tiles exhibit higher solar transmittance 

combined with similar thermal emittance and long-term stability as the benchmark one-inch 

aerogels. Given their scale, stability, and solar thermal performance, the aerogel tiles shown here 

have potential for widespread application in high temperature solar thermal systems. 

 

 

Figure 1. Mechanism of solar heat trapping using transparent aerogels and large area tiles for 

concentrating solar thermal (CST) applications. (a)  Transparent aerogels transmit sunlight to heat a 

black absorber (or blackbody cavity) and limit thermal losses out of the receiver. (b) Image of a transparent 

aerogel tile used in this study, measuring 7 cm by 15 cm. 
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2. Aerogel fabrication 

Two densities of aerogel tiles are prepared and investigated in this study. The initial densities 

(prior to ALD) of the low density (LD) and medium density (MD) aerogels are 65 and 140 kg/m3, 

respectively. The relevant properties of these aerogels are compared against our earlier benchmark 

high density (HD) refractory aerogels which had an initial density of 160 kg/m3. All three aerogels 

(LD, MD, HD) use the same synthesis chemistry but the ratios of the four reagents 

(tetramethylorthosilicate, concentrated ammonia, deionized water, and methanol) in the gelation 

stage are controlled to tune the density and optimize transmittance. By increasing the relative 

concentration of the silica precursor to the other reagents, the bulk and skeletal density of the 

material increases. Subsequent critical point drying and annealing results in shrinkage of the tiles, 

which leads to additional bulk density increase [26,43,44].  Large aerogel sheets (13 x 19 inch) are 

first synthesized using a proprietary process developed at AeroShield Materials based on aerogel 

manufacturing processes tailored to produce high-transparency sheets [26,44]. This process 

leverages a 500-liter critical point drying (CPD) system. The aerogels, immersed in methanol, are 

placed into the CPD at room temperature and pressure. The system is pressurized to 1500 psi with 

CO2 over 3 h while maintaining room temperature. After pressurization, methanol is purged from 

the system and replaced with CO2 continuously while raising the temperature to 50 °C. The CO2 

exchange process continues until the methanol content in the CPD is reduced to below 0.5%. 

Lastly, the system is depressurized at 50 °C over a period of 5 h. An extended description of the 

working mechanism of the CPD system is provided in Supplementary Note #1. These sheets are 

laser cut into aerogel tiles measuring 7 x 15 cm, as shown in Fig. 1b, which are suitable dimensions 

for integration into a standard 70-mm parabolic trough receiver.  

 

To stabilize the aerogels at high temperatures, we adapt our previously developed QSM-ALD 

process [42] which introduces an alumina-based coating. Leveraging QSM-ALD, the surface of 

aerogel tiles is modified using a single cycle of ALD. Varying the precursor exposure time during 
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the modification process enables improved tunability of throughput and raw material (ALD 

precursor) use [42].  Unlike previous techniques to thermally stabilize aerogels, such as mixing 

refractory oxide precursors during gelation [32,33,34] or during supercritical drying [35], QSM-

ALD minimally decreased solar transmittance in the benchmark HD aerogel. This is a consequence 

of the conformal, uniform nature of the ALD surface modification and the formation of a 

transparent aluminum silicate phase. 

 

 

Figure 2. ALD infiltration depth of partially modified aerogels as a function of various process 

parameters. (a) Schematic showing the cross-section of a partially modified aerogel. The location of the 

linescan and precursor infiltration direction is shown. (b) EDS linescan showing the percentage of Al, Si, 

and O through the aerogel cross-section. (c) Variation in exposure time per dose while keeping the number 

of doses constant, and (d) variation in number of doses while keeping exposure time constant. The 

experimental infiltration depths for (c) and (d) are for MD aerogels and were measured using optical 

microscopy (details in Supplementary Note #4). The parameters used for modeling are shown in 

Supplementary Note #2. 
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To predict the required conditions for conformal modification of the aerogel tiles, we first 

calibrate our QSM-ALD process model (further details on the model can be found in Ref. [42]) 

using small (~12 x 12 x 4 mm) LD and MD samples. In addition to working with lower density 

aerogels compared to the previous HD samples, we also moved the ALD process to a reactor with 

a chamber volume 4.5 times larger to allow sufficient room for the larger aerogels tiles to be placed 

in the ALD chamber [42]. The model is calibrated by varying the exposure time per dose and the 

number of doses before dosing the counter reactant. The exposure time represents the time that the 

ALD chamber is isolated from the downstream vacuum pump and upstream gas flows, following 

dosing of the precursor. By measuring the infiltration depth (Fig. 2) with respect to these two 

parameters and considering the pore size and specific surface area (see Experimental Section for 

details), the model is calibrated to these experimental data using the tortuosity as a fitting parameter 

[42].  

 

The infiltration depth is evaluated using cross-sectional scanning electron 

microscopy/energy-dispersive X-ray spectroscopy (SEM/EDS) and/or nondestructively using 

optical microscopy (see Experimental Section and Supplementary Note #4 for details). For model 

calibration, small LD samples were analyzed via SEM/EDS (Supplementary Note #5), while MD 

samples were analyzed via optical microscopy (Fig. 2c,d). In the EDS line-scans, the distance of 

the approximately constant Al signal intensity away from the aerogel surface corresponds to the 

infiltration depth of the ALD modification (Fig. 2b). Within each SEM/EDS linescan for LD 

aerogels, the atomic percentage (at%) of Al for each data point deviated from the mean value by 

approximately ±2.5 at% at most. This uniformity demonstrates that despite the high aspect ratios 

of aerogels, the self-limiting nature of the ALD reaction is reasonably well maintained [42]. Fig. 

2c and 2d show that the modeled and experimental data (in this case collected via optical 

microscopy) for the MD samples agree (results for the LD samples are shown in Supplementary 
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Notes #2 and #5). The general trends are captured by the model in the case of both the LD and MD 

aerogel types, demonstrating that the QSM-ALD model can be applied to lower density aerogels 

in addition to the benchmark HD aerogels. 

 
Figure 3. Uniform ALD modification of aerogel tiles. (a) SEM image of the cross-section of a large MD 

aerogel tile that was conformally modified using a single ALD cycle. The red arrow shows the location of 

the EDS linescan in (b). (b) EDS linescan showing the percentage of Al, Si, and O through the aerogel 

cross-section. The noise near the bottom of the cross-section is an artifact of the uneven fracture surface at 

that location. 

 

 

We use the calibrated process model to identify the process conditions for QSM-ALD on 

the aerogel tiles (which are larger by a factor of ~30 in volume compared to benchmark HD 

aerogels) for complete modification with moderate throughput and raw material usage (see 

Supplementary Note #6). To this end, we implemented a strategy of varying the exposure time per 

dose with respect to dose number [42] to help mitigate precursor waste (1% for LD samples and 

7% for MD samples) and excessively long process times (12 h for LD samples and 23 h for MD 

samples). This strategy allows for high levels of precursor utilization compared to using static, 

short exposure times, while minimizing the increase in process time associated with static, long 

exposure times (comparisons are shown in Supplementary Note #6). We note that these 

modifications were performed using lab-scale instruments; on an industrial scale the process times 

will be significantly shorter.  
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Fig. 3 shows an example linescan of an aerogel tile following ALD modification. Despite the 

large size of the tiles, the infiltration is both complete and uniform through the high aspect ratio 

(up to ~78000:1) of the tiles, as supported by the Al signal (Fig. 3b). The uniform modification of 

silica aerogel tiles with such high aspect ratios would be difficult or impossible to achieve using 

traditional line-of-sight techniques such as sputtering or evaporation. The ability to maintain 

complete, uniform ALD modification on significantly larger substrates is a promising result for 

further scale-up of refractory aerogel synthesis using the QSM-ALD process. 

 

3. Solar Thermal Performance and Stability 

Figure 4. Changes in macroscopic aerogel dimensions and solar transmittance due to aging at 700°C 

in air. (a)     Change in the length of aerogel tiles at 700°C (in air) for the low density (LD) and medium 

density (MD) aerogels with an ALD coating (solid) and without (dashed). Coated LD and MD tiles exhibit 

comparably low shrinkage rates to those of the benchmark high-density (HD) aerogels (see also Table 1). 

Note, ALD itself has a negligible effect on the macroscopic dimensions of the aerogel such as length.  (b) 

The hemispherical transmittance of the coated MD and HD aerogels is high and improves after 700°C 

aging. Data obtained using a UV-Vis with an integrating sphere. The AM1.5D spectrum is shown for 

reference. 

 

 

The performance and stability of the large-area aerogel tiles are evaluated by measuring 

the aerogel dimensions, mass, optical transmittance, and thermal resistance before and after heat 

treatment at 700 °C in air. Fig. 4a shows the change in the length of the aerogel tiles at 700 °C. 
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Without the ALD modification step, the length of the aerogels decreases by almost 20 % upon 

aging for 10 days at 700 °C. In contrast, the lengths of the LD and MD refractory aerogels (coated 

with ALD) decrease by 10.2 % and 7.0 % upon aging, respectively, and approach a linear shrinkage 

rate of 0.111 ± 0.021 %/day and 0.098 ± 0.003 %/day. These results indicate that the ALD 

treatment improves the high temperature stability of both the LD and MD aerogels. Furthermore, 

the shrinkage rates of the LD and MD aerogels are comparable to that of the HD benchmark (0.085 

± 0.025%/day). Longer experiments are needed to assess the feasibility and lifetime of this material 

in practical applications. Lastly, we note that the chemical changes imparted by ALD process help 

preserve the morphological characteristics of the aerogels after high temperature annealing, which 

is critical to their optical and thermal performance. Our previous study demonstrated that 

refractory aerogels maintain a larger specific surface and similar solar transmittance compared to 

pure silica aerogels after high-temperature aging [46]. Higher porosity is correlated with larger 

surface areas and smaller particle sizes, which are desirable for suppression of non-radiative heat 

losses and improved optical clarity. More details about these changes can be found in 

Supplementary Note #7. 

Fig. 4b shows the hemispherical solar transmittance of the aerogel tiles. Following ALD 

and 700 ºC aging, the coated LD and MD aerogels exhibit solar transmittances of 95.7 % and 95.6 

%, respectively, which is higher than the benchmark HD aerogel (94 %). This result demonstrates 

that high solar transmittance can be achieved at relevant scales for CST using the processes 

described in the previous section. The transmittance decreases by 2-3 % after the ALD treatment 

but partially recovers after aging at 700 ºC as shown in the Fig. 4b. This recovery effect in 

refractory aerogels is analogous to the favorable restructuring identified by Strobach et al. when 

silica aerogels are annealed at lower temperatures [44]. Complete UV-Vis-NIR and FTIR spectral 

curves before and after heat treatment of refractory and silica aerogels are provided in 

Supplementary Note #10. 
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To assess the high-temperature thermal resistance of the large-area aerogels, we used a 

previously reported technique [22,23] to directly measure heat loss under application-relevant, 

high-temperature conditions. Specifically, the aerogel is placed between two high-emissivity 

surfaces maintained at 700 °C and 25-35 °C while the heat losses are measured using calorimetry. 

The apparent thermal emittance (𝜀𝑎𝑝𝑝) is calculated by dividing the measured heat losses by the 

blackbody emissive power at 700 °C. Table 1 shows that the emittance decreases from 0.36 to 0.31 

to 0.30 as the density increases from low (LD) to medium (MD) to high density (HD). These results 

indicate that the large-area tiles can maintain comparable intrinsic thermal resistance to the 

benchmark aerogels. The density-dependent trend is observed because higher density aerogels (of 

the same thickness) have larger infrared absorption coefficients and are thus more insulating to 

thermal radiation, which is a dominant mode of heat transfer at higher temperatures. In this regime, 

the optical path length of thermal photons is proportional to the product of density and thickness.  

     Table 1. Summary of properties of the three aged refractory aerogels. The figure of merit 

(FOM) is a measure of the thermal efficiency of the receiver (see Equation (1)). 
 

Property Units 
Low 

density 

(LD) 

Medium 

density 

(MD) 

High 

density 

(HD) 

Initial density, silica kg/m
3
 65 ± 2 140 ± 1 160 ± 2 

Post-ALD density kg/m
3
 81 ± 2 175 ± 2 231 ± 3 

Aged density kg/m
3
 111 ± 4 216 ± 2 333 ± 9 

Linear shrinkage rate %/day 0.111 ± 

0.02 
0.098 ± 

0.01 
0.085 ± 

0.02 

Solar transmittance % 95.7 ± 

1.1 95.6 ± 1.0  94.0 ± 

1.0 
Apparent emissivity 

(700°C) 
- 0.36 ± 

0.01 
0.31 ± 

0.01 
0.30 ± 

0.01 

FOM (700°C, 50 suns) % 60 ± 1 65 ± 1 64 ± 1 

FOM (700°C, 100 suns) % 78 ± 1 80 ± 1 79 ± 1 
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To evaluate the measured properties in the context of CST, we used the figure of merit 

(FOM) for a solar receiver, 𝜂, given by: 

𝜂 = 𝜏𝑎𝑒𝑟𝑜𝑔𝑒𝑙𝛼𝑎𝑏𝑠 −
𝜀𝑎𝑝𝑝𝜎𝑇4

𝐻𝑠
 (1) 

where 𝜏𝑎𝑒𝑟𝑜𝑔𝑒𝑙  is the solar-weighted transmittance of the aerogel, 𝛼𝑎𝑏𝑠 is the solar absorptance of 

the absorber, 𝜎 is the Stefan-Boltzmann constant, 𝑇 is the temperature of the absorber, 𝐻𝑠 is the 

solar irradiance incident on the receiver (AM 1.5D). This framework allows for a direct 

comparison of aerogels with selective surface absorbers. 𝜏𝑎𝑒𝑟𝑜𝑔𝑒𝑙  is assumed to be unity in the 

analysis of selective absorbers since aerogels are not used in conjunction. For aerogel-based 

receivers, we assume 𝛼𝑎𝑏𝑠 = 1 since there are a variety of broadband absorbers or blackbody 

cavities which have near-unity absorptance throughout the solar spectrum [47,48,49].  

 

Fig. 5 summarizes the solar thermal performance of the aerogels investigated here.  

Selective absorbers whose emittances are characterized at >700 °C are also included for 

comparison. The horizontal axis is the thermal resistance which is given by 1 − 𝜀𝑎𝑝𝑝. The y-axis 

shows the first term in Equation (1) (𝜏𝑎𝑒𝑟𝑜𝑔𝑒𝑙𝛼𝑎𝑏𝑠) which represents the fraction of the solar flux 

incident on the receiver that is absorbed. In terms of receiver efficiency, higher solar absorption 

and higher thermal resistance are desired (towards the upper right corner). We note that there are 

limited examples of materials measured at such high temperatures. Most experimental 

measurements of absorber emissivity are performed near room temperature which underestimates 

their high-temperature emittance. For this reason, we restrict our summary to materials that have 

been measured at temperatures 700 °C or above.  
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Figure 5. Solar thermal figure-of-merit comparing selective absorbers (squares) and aged 

refractory aerogels (circles).[50], [51] Only materials that have been experimentally evaluated at 

temperatures at least 700 °C are shown. Efficiency contour plot at 700 °C and 50 & 100 Suns. We 

note that the slope of the efficiency contours are a function of irradiance and absorber temperature 

(see SI note 7). 

 

Fig. 5 presents a contour plot showing 𝜂 at T = 700 °C and 𝐻𝑠 = 50 Suns. These irradiance 

conditions are representative of parabolic troughs once optical focusing losses and non-ideal 

irradiance conditions are considered. At these moderate irradiance conditions, the highest 

performing materials are the refractory aerogel tiles developed here. Not only are they the highest 

performing, but the aerogels in this study have undergone some of the most extensive thermal 

aging processes (240 h at 700 °C in air). The medium density (MD) refractory aerogel has the best 

combination of transparency and thermal resistance resulting in 𝜂 = 65 % at 700 °C and 50 Suns. 

If we assume an irradiance range of 75-100 Suns, which could be achieved with very large aperture 

troughs operating at peak irradiance (1000 W/m2 direct normal incidence), 𝜂 at 700 °C increases 

to 73-80 %. Table 1 summarizes these FOMs alongside measured stability, optical, and thermal 

properties. 
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Beyond the aerogel performance and scale demonstrated here, improvements in thermal 

resistance can further increase the efficiency of aerogel-based receivers. One promising approach 

is to incorporate transparent conducting oxide (TCO) nanoparticles (NPs) into the aerogel 

framework to selectively suppress thermal radiation [52]. This technique has the potential to 

increase thermal resistance to ~0.85. Furthermore, integration and testing in industry relevant 

receivers is an important next step toward implementation of transparent refractory aerogels in 

CST. 

 

4. Conclusions 

This work demonstrated the feasibility of fabricating large-area refractory aerogels with high-

temperature stability and high solar thermal performance at a relevant scale (7 x 15 cm) for 

application in CST systems. Through calibration measurements using a larger reactor (than in our 

previous work), our previously reported ALD process model is shown to agree with experimentally 

measured infiltration depths in aerogel pieces with varying densities. Larger aerogels tiles are 

modified using a variable exposure time technique to enable the tuning of total process time and 

raw material use. The resulting 700 °C-aged refractory tiles exhibit high-temperature stability 

consistent with earlier small-scale benchmark samples. An intermediate initial density of 140 

kg/m3 is shown to optimize solar thermal performance, resulting in a receiver figure-of-merit of 

80 % at 700 °C and under 100 Suns irradiance, a record high at such conditions. The outcomes of 

this work indicate that refractory aerogels can achieve high solar thermal performance at relevant 

scales and conditions for implementation in CST applications.  
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5. Experimental Section 

5.1  Atomic Layer Deposition 

ALD modification of aerogels was performed using a custom-built, cross-flow ALD 

reactor (chamber volume: ~1200 cm3) [42]. Trimethylaluminum (TMA, min. 97%, Sigma-

Aldrich) and deionized (DI) water were used as precursors. In all cases, a single ALD cycle was 

performed. The reactor temperature was fixed at 150 °C, and the precursor cylinders were kept at 

room temperature. The pneumatic valve actuation time of 2.5 s and 1.5 s for TMA and DI water, 

respectively. Purging was performed using ultra-high-purity Ar (99.999%). Prior to the ALD 

process for industrial-scale aerogels, the AMs were held under vacuum in the ALD chamber for at 

least 2 h at 150 °C under constant Ar purging at 70 sccm to remove excess water and other adsorbed 

species. For small aerogel pieces for calibrating the ALD model, 1 h was used instead. This was 

followed by 50 DI water doses using an exposure time of 30 s and a purge time of 60 s to ensure 

hydroxyl termination. For small aerogel pieces, 5 DI water doses were used instead. An additional 

300 s purge time was used after the last DI water dose prior to the first TMA dose. During 

deposition, an equal number of TMA and DI water doses were used.  

A multidose-QSM-ALD strategy was used for modifying the aerogel tiles (details in 

Supplementary Notes #2 and #6). Details for this method can be found in our previous publication 

[42]. For modifying industrial-scale aerogel tiles, the exposure time was varied from 30 s to 120 s 

with respect to dose number (Supplementary Note #6). In all cases, purging between doses was 

performed using Ar with a flow rate of 70 sccm for twice the duration of the exposure time. Details 

about precursor pulsing, temperature control in the reaction chamber, and precursor partial 

pressure/ALD growth uniformity can be found in Supplementary Note #6. 

5.2  Infiltration Depth Measurements 

SEM/EDS linescans were collected using a TESCAN MIRA3 FEG SEM. Measurements 

were collected along a cross-section through the center of each aerogel, which was made by 

creating a fracture surface using a razor blade. Optical microscopy (Keyence VHX-7000 4k) was 
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used in some cases to nondestructively evaluate the infiltration depth, by measuring the distance 

from the edge of the aerogel to the location of the change of optical contrast. SEM/EDS and optical 

microscopy average infiltration depth measurements were evaluated for the same sample and 

found to be similar (within ~20 μm, see Supplementary Note #4).  

     3636 

5.3  Experimental heat loss measurements 

The large 7 cm x 15 cm aerogel tiles are cut down further to ~1-inch squares that fit within 

our thermal heat loss testing setup. The aerogels are placed on a high-emissivity hot stage in a 

vacuum environment. A commercially available heat flux sensor is covered with blackbody tape 

to ensure all radiative contributions are collected. The heat flux is then measured at steady state 

while the hot stage is at 700 °C.  
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Supplementary Note #1: CPD System Process Details 

Fig. S1 shows typical target temperature and pressure profiles of a critical point drying run. The 

aerogels are loaded into the CPD at room temperature and pressure. The CPD system is sealed and 

purged of air by pressurizing CO2 to 50 psi and then venting to atmospheric pressure three times. 

Note that the system is not filled with excess methanol, i.e., the methanol in the aerogel tiles is the 

only methanol in the system and the rest of the space is filled with gas before pressurization. The 

system is then pressurized to 1500 psi with CO2 pumped from dewars into the vessel through the 

lid over the course of 3 h, keeping pressurization rate less than 10 psi/min, while maintaining room 

temperature. The CO2 entering the vessel is first passed through a heat exchanger to set the inlet 

temperature. Due to the relatively large volume of the CPD vessel compared to the total aerogel 

tile volume in the vessel, the methanol content in the vessel after pressurization is complete is 

typically less than 10 %. Once at pressure, CO2 is continuously pumped into the system while 

maintaining pressure at 1500 psi by venting the system from the side opposite the CO2 inlet. During 

this CO2 exchange, CO2 is provided at a rate of approximately 
𝑉𝑜𝑙𝑢𝑚𝑒𝐶𝑃𝐷 [𝐿𝑖𝑡𝑒𝑟𝑠]

𝑃𝑢𝑚𝑝 𝑅𝑎𝑡𝑒 𝐶𝑂2  [
𝐿𝑖𝑡𝑒𝑟𝑠

ℎ
]

≈ 2 ℎ in order 

to fully displace the vessel volume every two hours. During this exchange, a recirculating heater 

provides hot water to the CPD vessel jacket to raise the internal temperature of the system to 50°C 

at a rate of approximately 0.15 C/min. The CO2 exchange continues until the methanol content in 

the CPD falls below 0.5 % methanol, which is monitored via the system vent. This typically 

requires four full displacements of the vessel volume and requires a total of 8 h of CO2 exchange. 

After the target methanol content is reached, the system is depressurized over 5 h at a rate of 

approximately 5 psi/min while maintaining a temperature of 50 °C. The system is not automated. 

Therefore, these rates are approximate and can vary by up to 10-20 % each batch. At this level of 

run variation, we do not observe significant variation in aerogel tile quality.  



 

Figure S1. Typical CPD run profile consisting of pressurization, CO2 exchange, and depressurization 

stages. 

 

Figure S2. 500-liter CPD system used to synthesize aerogel sheets   



Supplementary Note #2: ALD Model Parameters and Variables 
 
Table S1: ALD parameters used for QSM-ALD model inputs. Relevant equations and other variables can 

be found in our previous publication.       

iThis was estimated by varying the exposure time and number of doses before dosing the counter reactant 

in the ALD chamber and evaluating the infiltration depth for HD-BM samples, which have known 

properties.[1] The initial TMA partial pressure at the start of each dose was fit to the infiltration depth data.  

iiThe size of each tile used for the analysis varied slightly. Details on the sample size for each condition are 

listed in Table S2.  

iiiSee Supplementary Note #3 for the calculation of SSASiO2 

ivN2 sorption measurements were taken as described in our previous publication [1]. The Barrett-Joyner-

Halenda (BJH) method was used to calculate pore size distributions based on the adsorption branch of the 

isotherm. The adsorption branch was used as opposed to the desorption branch to limit the effects of 

mechanical deformation of the aerogels, which is more significant in the desorption branch, on the analysis 

[2]. While it is known that gas sorption measurements have limitations for characterizing the structure of 

aerogels [2], it provides a reasonable input for fitting the transport model for ALD modification. The surface 

area available for ALD was calculated via mass gain, rather than using Brunauer–Emmett–Teller (BET) 

surface area analysis (Supplementary Note #3). 

vWhile this tortuosity is likely an underestimation, it allows for a reasonable fit to the experimental data 

(Supplementary Note #5).       

 

Symbol Description Value - LD Value - MD Units 

t Model time step 1*10-4 s 

T Deposition temperature 423 K 

V Volume of the chamber 1.2*10-3 m3 

S Precursor saturation dose (TMA) 5.3*1018 1/m2 

MA Molar mass of TMA 72.09 g/mol 

P Initial pressure of TMA in the 

chamber after a pulsei 

6.5 Torr 

A0 Projected surface area of tilesii 5.4-6.3*10-4 4.1-4.4*10-4 m2 

SSASiO2 Specific surface area (per gram of 

silica)iii 

573           529      m2/g 

d Pore diameteriv 36*10-9 32*10-9 m 

B Initial volumetric surface area 3.7*107 7.4*107 m2/m3 

φ Aerogel porosity 98 95 unitless 

τ Tortuosity (fitted) 1.0v      2.1           unitless 



Table S2: Approximate dimensions and infiltration depths of aerogels used for each ALD condition. 

Infiltration depths for LD samples were measured using SEM/EDS, while MD samples were measured 

using optical microscopy.  

  

Sample No. 

Doses 

Exp. 

Time 

(s) 

A0 

(*10-4 

m2) 

Infil. 

Depth 

(μm) 

Sample No. 

Doses 

Exp. 

Time 

(s) 

A0 

(*10-4 

m2) 

Infil. 

Depth 

(μm) 

LD-1 1 122.5 5.4 880 MD-1 1 122.5 4.4 390 

LD-2 2 122.5 6.1 1130 MD-2 3 122.5 4.4 730 

LD-3 3 122.5 6.3 1500 MD-3 5 122.5 4.2 950 

LD-4 3 17.5 6.1 560 MD-4 5 32.5 4.1 490 

LD-5 3 62.5 6.2 1020 MD-5 5 62.5 4.2 750 



Supplementary Note #3: Calculation of initial specific surface area 

For input into the ALD model, the surface area per gram of silica prior to ALD modification 

(SSASiO2) is estimated using the ALD mass gain. This is a representative measure of the surface 

area that is modified via ALD and is more relevant for ALD modeling purposes. Additionally, this 

avoids some of the potential complications involving N2 sorption measurements and BET surface 

area analysis, which can introduce inaccuracies [2,3]. 

The initial mass of aerogel samples was measured using an analytical balance following drying 

under vacuum for at least 1 h at 150 °C to remove adsorbed water. After removal from the ALD 

chamber, the measurement was performed 1-2 min to limit water adsorption. The ALD-modified 

aerogel mass was measured similarly. Mass gain measurements were performed using fully 

modified samples.  

 

Table S3. Aerogel mass gain measurements for large aerogel tiles. In both cases the mass gain 

percentages were consistent to within ±1.0% for each sample. 

Sample Type and Number Average Mass Gain (%) Number of Samples 

LD 26.2 2 

MD 24.2 13 

 

SSASiO2 was calculated using Equation S1 [1]: 

𝑆𝑆𝐴𝑆𝑖𝑂2 =
𝑀𝐺(%)

𝐺𝑃𝐶 ∗ (1 𝑐𝑦𝑐𝑙𝑒) ∗ 𝜌𝐴𝑙2𝑂3 ∗ 100%
 (S1) 

where MG(%) is the percentage mass gain, GPC is the growth per cycle on planar SiO2 [1.4 

Å/cycle], and ρAl2O3 is the bulk density of ALD Al2O3 [3.24 g/cm3]. Measurement details and more 

in-depth discussion can be found in our previous publication [1]. The calculated values for SSASiO2 

for both LD and MD samples can be found in Supplementary Note #2.  



Supplementary Note #4: Estimating infiltration depth using optical 

microscopy 

 

The infiltration depth can be estimated using optical microscopy by evaluating the location where 

an interface is visible, which is possibly due to a change in the refractive index of the aerogel in 

the ALD-modified region (Fig. S2c). Evaluating the infiltration depth optically has the benefit of 

being non-destructive and faster measurement time. To evaluate the accuracy of evaluating the 

ALD infiltration depth using optical microscopy, compared to elemental linescans collected via 

SEM/EDS, the infiltration depth was evaluated in multiple positions in a sample. Table S4 shows 

the evaluated infiltration depths for SEM/EDS and optical microscopy for a single sample, while 

Fig. S2 shows an example of each measurement. As shown in Table S4, the infiltration depths as 

measured by the two techniques are similar.  

 

Table S4. Infiltration depth measurements using SEM/EDS and optical microscopy. The sample 

surface column indicates which side of the aerogel tile is evaluated.  

 

 

Sample 

Surface 

Technique Number of 

Measurements 

Mean and Standard Deviation of 

Infiltration Depth (mm) 

 

Bottom 

SEM/EDS 4 1.78 ± 0.04 

 Optical Microscopy 11 1.80 ± 0.02 

 

Top 

SEM/EDS 4 1.53 ± 0.03 

 Optical Microscopy 11 1.54 ± 0.01 



 
Figure S2. Infiltration depth as evaluated using SEM/EDS and optical microscopy. (a) Example SEM 

image of the cross-section of the edge of an aerogel tile. The arrow shows the location of the EDS linescan 

in (b). (b) EDS linescan showing the percentage of Al, Si, and O through the aerogel cross-section. (c) 

Optical microscopy image demonstrating the change in contrast in the ALD-modified region, and the 

resulting measurement of infiltration depth. 

  



Supplementary Note #5: QSM-ALD model results for LD aerogels 

     

 

Figure S3.  Experimental and modeling results for LD aerogels. The parameters used for modeling are 

shown in Supplementary Note #2. The error bars are representative of the standard deviation from 3-6 

measurements in each case. (a) Variation in exposure time per dose while keeping the number of doses 

constant, and (b) variation in number of doses while keeping exposure time constant.  

 

The experimental and modeling results for LD aerogels are shown in Fig. S3. The      

underestimated value for the fitted tortuosity (1.0) is likely due to slight inaccuracies in the N2 

sorption results, which is known to lead to somewhat erroneous results when insufficient time is 

given for equilibration. Additionally, the BJH method, commonly used to determine pore sizes, is 

known to underestimate aerogel pore volume in some circumstances due to macropores not being 

included in the BJH analysis or lack of N2 condensation in the pores. Other possible reasons for 

this discrepancy include inaccuracies in the surface area (which is calculated using the mass gain, 

see Supplementary Note #3), inaccuracies in the experimentally measured infiltration depth, or 

simplifications associated with the model assumptions [1]. Investigating these possible reasons 

will be performed in a future study. Regardless of the origin, the modeled data reasonably captures 

the trends in the infiltration depth.   



Supplementary Note #6: Process parameters for ALD modification of scaled-

up aerogel tiles 

The precursor flow is controlled by a pneumatic valve (Cv = 0.27), which is pulsed for a fixed 

length of time while the chamber is held under passive vacuum. The pulse times were selected for 

each reactant based on a set of experiments to determine the pulse time at which the amount of 

precursor dosed reached a plateau. The carrier gas flow rate is set by a mass flow controller (MFC). 

Temperature is controlled by a PID controller monitoring temperature at the base of the chamber 

and on the chamber lid, as well as at the inlets and outlets of the reactor. The chamber is held at 

150 °C during the course of the process, and the inlet and outlets are held at 140 °C.  

The reaction chamber uses a cross-flow design and growth uniformity of the ALD process was 

validated to be within 5 % on silicon wafers. During the aerogel reaction process, the chamber is 

isolated with pneumatic valves at the manifold inlet and reactor outlet and held under passive 

vacuum. In our previous work, it was shown that the Knudsen diffusion coefficient within the 

aerogel pores is much smaller than the bulk diffusion coefficient in the ALD reactor, which 

suggests that the precursor partial pressure in the chamber is relatively uniform relative to the 

precursor partial pressure profile within the pores [1]. 

  



Table S5: Process parameters and modeled results (infiltration depth, percentage of unreacted precursor, 

and total process time) for an example sample from each sample type. Details on the multidose-QSM-ALD 

method can be found in our previous publication [1]. Three deposition conditions are shown for each sample 

for comparison. The deposition conditions with a * indicate the recipe that was implemented. A0 in each 

case was 150 x 70 mm. 

Sample 

Type 

Deposition 

Conditionsi 

Predicted 

Infiltration Depth 

(mm) 

Unreacted 

Precursor (%)ii 

Process Time 

(h)iii 

LD* 20 doses, 30 s exp. +  

20 doses, 60 s exp. +  

28 doses, 120 s exp. 

2.8 1 12 

LD 86 doses, 30 s exp. 2.8 9 8 

LD 68 doses, 120 s exp. 2.8 1 17 

MD* 50 doses, 30 s exp. +  

50 doses, 60 s exp. +  

59 doses, 120 s exp. 

2.7      7 23 

MD 260 doses, 30 s exp. 2.7 19 16 

MD  143 doses, 120 s exp. 2.7 3 32 

 
iFor deposition conditions with variable exposure times, the exposure time was increased when the modeled 

percentage of unreacted precursor for an individual dose increased beyond ~2.5% (LD samples) or ~12.5% 

(MD samples).  

iiThis assumes that the aerogel is twice the thickness of the predicted infiltration depth, i.e. the aerogel is 

not fully modified until the last dose. In reality, there is some overshoot in the infiltration depth to ensure 

complete modification. This was necessary due to variations in sample thickness, which were difficult to 

measure and account for due to the fragility of the aerogels.  

 iiiThe purge time is double the exposure time, and the same number of doses and purging procedure were 

used for the DI water doses as the TMA doses. Additionally, this includes a 2 h wait time before starting 

any doses, as well as the 50 initial DI water doses (details in Experimental Section).   



Supplementary Note #7: Density and porosity changes at high temperatures 

 

Using the shrinkage data from Fig. 4a in the main text, the density and the porosity of the aerogels 

during the aging process are estimated. ALD increases the density of the aerogels by ~25 % due 

to the increase in mass. After aging for just 2 – 4 days at 700 °C, however, the density of the 

unmodified aerogels exceeds that of the refractory aerogels because of their higher densification 

rate. A similar trend holds for the porosity (Fig. S4b).  

Alumina-coated aerogels exhibit enhanced resistance to high-temperature structural changes. BET 

measurements have shown a larger specific surface area and higher porosity following intensive 

heat treatments compared to pure silica aerogels [4]. UV-Vis-NIR and FTIR analyses showed a 

minimal increase in light scattering after aging, indicating suppression of particle and pore growth. 

These effects were attributed due to the modified surface chemistry consisting of Al-O-Si moieties, 

as confirmed through XPS. 

 

Figure S4. Aerogel density (a) and porosity changes (b) at 700 °C. The unmodified silica aerogels are 

initially lower density (higher porosity) but become higher density (lower porosity) than their ALD-

modified counterparts (higher lines).   



Supplementary Note #8: Temperature and irradiance dependent FOM 

Our previous work details a simplification of the figure-of-merit which we summarize here. 

Equation 1 from the main text (reprinted below) can be reduced to Equation S2: 

𝜂 = 𝛼𝑎𝑏𝑠𝜏𝑔𝑙𝑎𝑠𝑠𝜏𝑎𝑒𝑟𝑜𝑔𝑒𝑙  −
𝜀𝑎𝑝𝑝𝜎𝑇4

𝐻𝑠
 (1) 

𝜂 = 𝛼𝑎𝑏𝑠𝜏𝑔𝑙𝑎𝑠𝑠𝜏𝑎𝑒𝑟𝑜𝑔𝑒𝑙 − 𝜀𝑎𝑝𝑝𝛷  (S2) 

where 𝛷 is the relative temperature. 𝛷 is defined as: 

𝛷 =
𝜎𝑇4

𝐻𝑠
=

𝜎𝑇4

𝑄𝑠𝑜𝑙𝐶
 (S3) 

Equation S3 highlights a useful relationship. The scaling associated with a lower concentration 

ratio is effectively the same as increasing the operating temperature of the receiver. Either change 

increases the relative amount of thermal losses compared to incoming sunlight.  

 

Fig. S5 shows how the absorber temperature affects the slope of the efficiency lines. At higher 

solar irradiance, 𝐻𝑠, it is easier to achieve a higher figure-of-merit, so the minimum material 

properties are lower. Alternatively, better aerogel properties are needed at lower irradiance. Linear 

concentrators have a wide range of concentration ratios from 30 to 100. If we assume an irradiance 

of 75 Suns, 𝜂 at 700 °C increases to 73 %. Alternatively, 𝜂 drops to 50 % at 35 Suns. Fig. S5 

reveals another important aspect of solar receiver design. The figure-of-merit cannot exceed the 

transmittance of an aerogel (or solar absorptance of a SA) even if there is perfect thermal 

resistance. Since our aerogels are very transparent (~96 %), they have broad appeal in CST since 

they can operate efficiently at high irradiances and lower temperatures, which is illustrated by the 

decreasing slope of the contour lines in Fig. S5. In solar power towers, for example, aerogels may 

decrease the number of heliostats required while maintaining conversion efficiency. 



 

Figure S5. Contours of 70 % efficiency at varying temperatures. The lower the temperature 

(or higher the concentration ratio), the smaller the slope of the efficiency contour. Either lowering 

the temperature or increasing the concentration lowers the relative temperature, having a similar 

impact on receiver performance. 
 

  



Supplementary Note #9: Extended heat treatment of aerogel tiles  

Fig. S6 shows the decreasing length of aerogel monoliths over a 20-day heat treatment. The study 

includes a pre-treatment for 2 days at 800 °C and a heat treatment at 700 °C for the remaining 18 

days. These samples are not from the same batch as the those discussed in the main text but exhibit 

a similar post-ALD density of 140 kg/m3.  

These data show a similar linear shrinkage rate as the MD refractory aerogels of 0.098 % per day 

(Table 1). If this shrinkage rate is assumed to remain constant, the aerogel tiles would shrink to  

80% of their installed length after ~5,000 h of continuous operation at 700 °C. This period 

corresponds to approximately 1.7 years, assuming the solar receiver operates 8 hours a day. After 

this period, the aerogel receiver would likely require maintenance to close the gaps between 

neighboring aerogel tiles caused by the shrinkage (the receiver performance is assumed to be 

proportional to the receiver area covered by the aerogel tiles).  

It is important to note that this lifetime estimate is a lower bound. Strobach et al. conducted a long-

term annealing study on aerogels at elevated temperatures and showed that the densification rate 

of silica aerogels at 600 °C after 50-100 days is an order of magnitude lower than during the first 

10-20 days [5]. We similarly expect the shrinkage rate of refractory aerogels at 700 °C to slow 

down and result in an order of magnitude longer lifetime than the conservative estimate described 

above. 



 

Figure S6. Length change of aerogel tiles over a 2-day pre-treatment at 800 °C (in air) and an 18-

day period at 700 °C (in air). The shaded area highlights the period of the pre-treatment at a higher 

temperature. Medium density (MD) aerogels with an ALD coating (solid) and without (dashed). 

 
 

  



Supplementary Note #10: Optical Property Measurements of Aerogels 

Transmittance of the aerogels was measured with a UV-Vis-NIR and FTIR spectrophotometers. 

Aged silica and refractory aerogels have similar solar-weighted transmittances. Refractory 

aerogels have increased water absorption in the infrared due to the aluminum sites. 

 

Figure S7. Hemispherical transmittance of the coated (refractory) and uncoated (silica) aerogels 

obtained using a UV-Vis-NIR equipped with an integrating sphere. The AM1.5D spectrum is 

shown for reference. High density (HD); medium density (MD). 

 

 
 

Figure S8. Hemispherical transmittance of the coated (refractory) aerogels and uncoated (silica) 

samples obtained using a FTIR spectrophotometer. Data shown for medium density (MD). 
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