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HIGHLIGHTS
Enhanced thermal stability of transparent silica aerogel via Al,O3 ALD coating

Optimization of Al,Os ALD needed to balance transmission and thermal properties

ABSTRACT

An optically transparent and thermally insulating (OTT]) silica aerogel demonstrates promising results for
various solar thermal applications, particularly concentrated solar power systems. Higher system
efficiency can be achieved by integrating OTTI materials by reducing heat loss at higher receiver
temperature. However, the thermal stability of OTTI aerogels has been one of the limiting factors. Here,
we report that Al,Oz atomic layer deposition (ALD) enhances the thermal stability of silica aerogel. The
more layers of Al,Oz ALD coating on silica aerogels, the higher the thermal stability. However, more
layers of Al,Os ALD coating compromises transmittance of silica aerogel due to increasing the size of
scattering centers. Therefore, optimization of Al2Os3 ALD coating needs to be performed to enhance
performance for a solar thermal system. The demonstrated ALD-coated aerogel provides a potential
pathway to further improve the efficiency and reduce the cost of state-of-the-art concentrating solar power

(CSP) systems.
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1. INTRODUCTION

Global annual energy consumption is equivalent to one-hour solar irradiation on Earth.! This abundance
makes solar energy a promising renewable energy source. Solar energy can be converted into electricity
via photovoltaic (PV) cells or into useful thermal energy via concentrating solar power (CSP). CSP
systems collect solar radiation onto an absorbing receiver to generate usable thermal energy. While PV
is the dominant solar energy conversion technology, CSP promises low-cost and high-efficiency thermal
storage that can provide energy throughout a 24-hour cycle.? However, the cost of electricity generated
using CSP is still limited by low overall efficiency. As higher operating temperatures of the CSP receiver
and power cycles are achieved, a significant increase in overall efficiency is possible by enabling the use
of power towers for solar collection and supercritical CO2 cycles for electricity generation.® However, it
is critical to minimize thermal losses at these high temperatures to realize high-efficiency solar collection
and electricity generation using CSP. Optically transparent and thermally insulating silica aerogel can help
reduce heat loss from the high-temperature receivers substantially and significantly improve CSP

efficiency with minimal cost impact or design change.*®

Silica aerogel is an optically transparent and thermally insulating porous material. Its unique nanoporous
structure allows a large fraction of solar irradiation to travel through the aerogel, resulting in high
transmittance while suppressing solid conduction, gas phase convection, and infrared radiation (IR). The
combination of both high transmittance and low thermal conductivity is extremely rare in nature, which

makes silica aerogel a promising candidate for various solar related applications including solar thermal



converters and efficient building windows.®° However, despite the advantages of superior optical and
thermal properties of silica aerogel, its solar related applications remain limited due to the lack of thermal
stability of silica aerogel. A general shrinkage of pores and overall volume is attributed to the condensation
reaction and structural relaxation above the critical temperature (~400 °C).1! As temperature increases,
the viscosity of the aerogel particles decreases, which results in irreversible particle aggregation and
densification.!? Consequently, changes in pores, particles and overall volume have a significant effect on
the optical and thermal properties of the aerogel. While studies have shown that silica aerogel annealed
up to 600 °C will reach a steady-state nanostructure within 30 days of continuous annealing, the material
still shows shrinkage around 10 % in length before reaching a stable end-point.® Therefore, the
deployment of traditional silica aerogel requires careful consideration for application at high temperatures,

and has been limited in use due to thermal stability related concerns.

In this work, we demonstrate enhanced thermal stability of transparent silica aerogel by Al.O3 atomic
layer deposition (ALD). Noticeable structural change on Al,O3 ALD coated aerogel was observed at and
above 700 °C. The more layers of Al,O3z ALD coating on silica aerogels, the higher thermal stability.
However, these layers of Al,Os ALD coating reduced solar transmittance of silica aerogel due to
increasing the size of scattering centers. Both operating temperature and transmittance are important
factors in determining the receiver efficiency. Therefore, we optimized the Al.Os ALD coating to enable
the best performance of solar thermal systems. The development of high temperature stable aerogel
promises new applications that require high transparency and thermal insulation, such as transparent doors
of high-temperature furnaces/ovens, transparent insulation for certain sections of tubes that carry high-

temperature fluid and space shuttle cockpit windows.



2. EXPERIMENTAL

We synthesized transparent silica aerogel using conventional metal-alkoxide polymerization. Hydrolysis
reaction and condensation reactions are key to controlling the particle and pore size of the aerogel. To
obtain highly transparent aerogel, small and uniformly distributed particles and pore sizes are preferred.
Tetramethyl orthosilicate (TMOS, 131903, Sigma Aldrich) was used as the silica precursor. To control
both the hydrolysis and condensation reaction rate, an ammonia solution (NHs, 2.0 M in methanol,
341428, Sigma Aldrich) was used as the catalyst. TMOS was diluted with methanol (MeOH, 322415,
Sigma Aldrich) since it does not react with TMOS and ensures suitable miscibility with water. The diluted
TMOS solution was mixed with NH3z and water. Our optimized chemical ratio to synthesize OTT] silica
aerogel was NH3: TMOS:water:methanol = 0.004:1:4:6.% The mixed solution was placed in a transparent
container. Upon the completion of gelation (~5 minutes), the gel was aged at various temperature (25, 40,
50 and 60 °C) for various aging time (1, 3, 5, 7 and 14 days) to strengthen the silica backbone network
within the gel. After aging, the mother solvent, mostly MeOH and water, was replaced with ethanol
(EtOH, 89234-848, VWR) as it is miscible with liquid CO>. The conventional critical point drying (CPD,
model 931, Tousimis) method was used to dry the wet gels. Decreasing capillary pressure during the CPD
process is the key to minimize cracks of the aerogels. Therefore, we used a minimal bleed rate at 100
psi/hr to decrease the CPD chamber pressure from ~ 1300 psi to ambient pressure. Al.Os ALD on
synthesized silica aerogel was performed on a F200, Cambridge Nanotech Fiji. The aerogels were
mounted on an 4 inch Si(001) wafer and then heated to 250 °C with N> flow rate at 20 sccm. The two half-
reaction steps consisted of injecting desired times H2O or AI(CHa)z (trimethylaluminum (TMA)). To
complete a cycle of Al>O3 coating, 8 times of 0.03 s H2O pulse and 1.5 s purge were applied, followed by
8 times 0f 0.09 s TMA pulse and 3 s purge. ALD growth cycles of 10, 25, 50 and 100 were used to prepare

the Al,O3 coated silica aerogels. After the initial characterizations including small angle x-ray scattering



(SAXS) and UV-vis NIR, the samples were placed in an oven for annealing to examine the thermal
stability of the samples at desired temperature. Temperature ramping rate was 10 °C/min. Upon the
completion of annealing, we carefully removed the sample from the oven and placed it in a ceramic dish
to cool to room temperature. The annealed samples were re-characterized to monitor optical and structural
changes after the annealing process. We used image analysis (ImageJ software) to measure the dimensions
of aerogels before and after the annealing process.'® Adsorption-desorption isotherms for nitrogen at 77
K were aquired by a surface analyzer (NOVA Touch LX2, Quantachrome). The specific surface area and
pore size distribution of the solid were based on the multipoint Brunner-Emmett-Teller theory (BET) and
nonlocal density functional theory (NLDFT). We measured the total hemispherical transmittance
(250~2500 nm) of the samples using a spectrometer (Cary 5000 UV-vis NIR, Agilent). The scattering
length distribution and the average scattering radius size were characterized by using small angle x-ray
scattering (SAXSLAB instrument) with a Cu K-alpha x-ray source. To ensure the best fit of the
transmission and reflection data, we probed the center of the synthesized aerogels. This technique reduced
edge defect effects and maintained measurement integrity. We used SAXSGUI software to deduce the

scattering patterns and used MCSAS software to estimate the mean scattering radius.®’

3. RESULTS AND DISCUSSION
3.1 The shrinkage of aerogel

We optimized the synthetic recipe to produce large transparent aerogel (~130 cm?) without noticeable
cracks as shown in Figure 1a. Minimizing mechanical stress during the synthesis was the key to minimize
the cracks. Its solar-weighted transmittance was measured to be approximately 96% at 8 mm thickness,

which is higher than that of glass (~ 92%) as shown in Figure 1b. The extraordinary high transmittance of



silica aerogel was due to the low extinction in the solar band resulting from scattering in the visible and
ultraviolet wavelengths.'* Since the scattering coefficient is proportional to the third power of the diameter
of the scattering centers (i.e., combination of particles and pores), keeping uniform and minimal sizes of
similar particles and pores is critical.'® The synthesized silica aerogel demonstrated narrow pore size
distribution (d, = ~8.4 nm in Figure 1c), uniform pores (inserted SEM image in Figure 1c) and particles

(TEM image in Figure 1d). The resulting wavelengths exhibited weak scattering in the shorter bands.
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Figure 1. (a) Image of a transparent silica aerogel (thickness: 8 mm, area: ~130 cm?). (b) Direct-hemispherical transmittance
spectrum (blue solid) of an 8 mm thick aerogel sample measured by a UV-vis—NIR spectrophotometer and an FTIR
spectrometer. Transmittance of the soda-lime glass slide at 2 mm thickness (black dotted) is also shown for comparison. Sharp
peaks in the aerogel spectrum between 1 and 3 pm originate from absorption by water molecules and silanol groups present on
the surface of silica particles. (c) Pore size distribution based on N, adsorption-desorption isotherm. Insets: SEM images of a

transparent aerogel. (d) TEM image of a transparent aerogel showing its particle size of ~2.3 nm particle.
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Figure 2. (a) Images of silica aerogel before and after annealing at 600, 800 and 1000 °C. (b) Relative length shrinkage of
aerogel aged at various temperatures (25, 40, 50 and 60 °C in black, red, yellow and blue, respectively) as annealed between
400 and 1000 °C for 1 day. (c) Relative length shrinkage of aerogel aged at 60 °C for various time (1, 3, 5, 7 and 14 days in

black, red, yellow and blue, respectively) as annealed between 400 and 1000 °C for 1 day.

However, as shown in Figure 2a, the silica aerogel shrinks as a result of the condensation reaction and
structural relaxation above ~ 400 °C, which limits its use for high-temperature applications. High
temperature exposure decreases the viscosity of the silica particles resulting in a change in size of both
particle and pores of silica porous network. To strengthen the gel network and minimize the shrinkage,
aging conditions including aging temperature and period were optimized. During the aging of the gel, a
process of dissolution and reprecipitation, called coarsening, causes growth of necks between particles,

increasing strength and stiffness of the gel.*® Differences in solubility between surfaces with different radii



of silica particle curvature drives the coarsening process which is a function of the aging temperature.?%2
We synthesized multiple silica aerogel using the optimized chemical ratio mentioned in the experimental
section above. Wet silica gels were prepared in small plastic vials (~1 inch). The gels were aged at various
temperature between 25 °C and 60 °C for 24 hours and various aging times between 1 day to 14 days at
60 °C, followed by solvent exchange and drying. Figure 2b and 2c show the relative length measurement
results annealed at various temperature from 400 °C to 1000 °C for 24 hours. The x-axis shows annealing
temperature, and y-axis shows relative length change (L/L,) where L and L, is the length of aerogel after
and before the annealing. The relative length is the average of the measured results, and the error (shown
by the shaded regions) was based on the standard deviation of the measurements. The results demonstrate
that the higher aging temperature and the longer aging time, the less shrinkage due to increasing strength
and stiffness of the gel. No further noticeable enhancement was observed after 14 days. In addition, 60 °C
was the highest aging temperature since the boiling temperature of methanol, which is the major solvent
of the initial solution, is 64.7 °C. Therefore, the Al.O3 ALD coating was applied to aerogels aged at 60 °C

for 14 days to maximize the strength of the silica network.

We synthesized a large monolithic aerogel (similar to the one in Figure 1a) with the optimized aging
process. We used a laser cutter (Zing 24 Laser, Epilog) to obtain identical silica aerogel samples prior to
Al,03 ALD coating. Figure 3a shows images of silica aerogel samples (< 4 cm?) before and after Al,O3
ALD coatings at 10, 25, 50 and 100 cycles. For the samples with ALD coatings at 10 and 25 cycles, there
was no significant change in the visual appearance of the Al>Os coated samples. For the samples with
ALD coatings at 50 and 100 cycles, more cracks and less transparency became noticeable. Figure 3b
shows images of pristine and Al2O3 coated silica aerogels after annealing at 600°C for 14 days. While
there was shrinkage in the pristine silica aerogel, the Al,O3 coated silica aerogels showed negligible

shrinkage after the annealing. The annealing process between 400 C~ 600 °C caused stress to release and



a phase transition resulting in a decrease in refractive index of the coated Al,O thin film.?2 Consequently,

as shown in Figure 3b, we observed that the transmitance of the Al>Os3 coated silica aerogel increased after

annealing at 600 C.
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Figure 3. (a) Images of silica aerogel before and after Al,Oz; ALD coatings at 0, 10, 25, 50 and 100 cycles. The scale bar is 2
cm. (b) Images of pristine and Al,O3 coated silica aerogels after annealing at 600 C. (c¢) N adsorption-desorption isotherms of
the aerogel with and without Al,O3 ALD coatings (0, 10, 25, 50 and 100 ALD cycles in red, yellow, blue, green and purple,

respectively). (d) Multipoint BET surface area analysis of the aerogel over ALD cycles.



The N2 adsorption-desorption isotherms of pristine and Al.O3 coated aerogels are shown in Figure 3c. All
isotherms were type IV which indicates that the mesopores did not change after the Al.O3 ALD coating.
In addition, the BET specific surface area of the coated samples were estimated using the multipoint BET
method (Figure 3d). It demonstrated that the surface area of the coated samples remained relatively
constant even after the Al.Os ALD coating. The Al.O3 coating can affect surface area by filling the pores
of hirachical porous structure which decreases the surface area or it can thicken the primary silica particles
whichs results in an increase in surface area. The relatively unaffected surface area suggests that both

effects were not significant and the pores of the samples stayed open during the Al2O3 ALD coating.

3.2 Enhanced thermal stability

Figure 4a shows the relative length change over various annealing temperatures (25 °C, 400 °C, 600 °C,
800 °C and 1000 °C) for 14 days. As-synthesized silica aerogels showed noticeable shrinkage as a result
of the condensation reaction and structural relaxation above ~ 400 °C. On the other hand, silica aerogel
with Al,O3 ALD coating did not show visible shrinkage up to ~ 600 °C for 14 days. Negligible shrinkage
of aerogels annealed less than 600 °C is attributed to minimal pore radius change. In addition, Figure 4b
shows pore radius change of Al203 ALD coated aerogels over various annealing temperatures (400 °C -
1000 °C). With the obtained experimental SAXS patterns by way of the SAXSGUI and MCSAS software,
we determined the effective scattering radius, the mean particle, and the pore sizes of the interconnected
particle network. We performed SAXS measurements of pristine and Al,O3 coated aerogels before and
after annealing at various temperatures. Aerogel samples annealed at less than 600 °C showed pore radius
changes less than 0.12 nm. On the other hand, noticeable pore radius change was observed in the samples
annealed more than 800 °C, which agrees with the significant shrinkage of the samples as shown in Figure

4a. Therefore, these annealing studies demonstrated the enhanced thermal stability provided by Al>.O3

10



ALD coatings on the silica aerogel. The more layers of Al,O3z ALD coating on silica aerogels, the less
shrinkage and smaller pore radius change observed as shown in Figure 4a and 4b. The rate of change in
pore radius increased with annealing temperature. On the other hand, the rate of change in pore radius

changes decreased with more Al>O3 ALD coatings.

However, there exists a tradeoff since enhancing thermal stability via layering with the Al,O3 ALD coating
compromises transmittance of the silica aerogel. Figure 4c shows direct-hemispherical transmittance (250
nm ~ 2500 nm) of aerogels with and without the Al,Os ALD coating. The more layers coated, the less
transmittance. The water affinity of both silica and alumina leads to water molecules bound to the surface
of the samples, resulting in absorption peaks in Figure 4c. The inset of Figure 4d demonstrates that
transmittance of Al.Os ALD coated aerogels is inversely proportional to the number of ALD coatings. 25
and 100 layers of Al,O3 ALD coatings resulted in ~1.7 % and ~9.4 % decrease in transmittance,
respectively. To gain insight into the decrease in transmittance, the optical cumulative loss rate (% / nm)
was determined by differentiating spectral cumulative loss (%) across relevant wavelengths (nm). The

optical cumulative loss was calculated as,

A A h
fos AML5() dX — [,- AM1.5(0) T ()dA

[)® AM15(2) dA

cummulative loss =

where A is wavelength (nm), AM 1.5 solar spectral irradiance at air mass 1.5, and T is hemispherical
transmittance. Both AM 1.5 and t™ are a function of A. The cumulative loss rate indicates that the majority
of optical attenuation is due to scattering as shown in Figure 4d. While adsorption is the dominant
extinction mechanism for longer wavelengths (> ~1200 nm), scattering is the dominant one for shorter
wavelengths (< ~1200 nm, visible and UV). The cumulative loss rates peak at wavelengths less than 1000

nm, and therefore indicating the dominance of scattering.

11



a
100 { @~ eenumprnsasarnnss iz B 2atie
'"t:?“ e
.. o,
= B,
z® - s
3 . \
S 9 L !
S N )
o 3 \
€ 85 Al,O, . ",
v LW |
£ go{ ~®- Nocoating % »
® 10 Cycles % ‘
" -®- 25 Cycles \
751 .o~ 50 Cycles %
-®- 100 Cycles “
70 ' — : v +
0 200 400 600 800 1000
Annealing Temperature (C°)
C
100
90 4
z
g 80|
£
&
c 701
& —— No coating
A 10 cycles
604| —— 25Cycles
- 50 Cycles
~ 100 Cycles Aeflector
Aerogel
50 ¥ ¥ ¥ ¥
500 1000 1500 2000 2500

Wavelength (nm)

b 17594

-~ 400C
15.04 < > ~&- 500C
B e * - 600C
< 1254 =a -e- 700C
& ~*- 800C
E 10.04 X -o- 900C
o ‘ -+~ 1000C
3791
2 | .
« 501
g [ —
| e
L4 r £ 3 QP e s ]
- . Peres >
.04 SEEEEISI L <2
;_" - o —
10 25 50 100
ALD Cycles
—— No coating - 25Cycles - 100 Cycles
10 Cycles — 50 Cycles
0.020
100
£ £ ..
£ 00154 a 91 &
# s .
o =
b+ 90 4
P ; ‘e
¢ 0.0104
3 85 v - . -
o 25 50 75 100
% ALD Cycles
= 0.0054/
E )
=]
o
0.000 4 \

500

1000

Wavelength (nm)

Figure 4. (a) Relative length of shrinkage of the aerogel with and without Al,O3; ALD coatings (0, 10, 25, 50 and 100 ALD

cycles in red, yellow, blue, green and purple, respectively) as annealed between 400 and 1000 °C for 14 days. Direct

measurement of the area of each sample was used to estimate length changes between different annealing temperatures. (b)

Pore radius changes of aerogel with and without Al,O3 ALD coatings as annealed at various temperatures (400, 500, 600, 700,

800, 900 and 1000 °C in black, red, yellow, blue, green, purple, and light-blue, respectively). (c) Spectral transmission (250 ~

2500 nm) of transparent aerogels with and without Al,O3 ALD coatings (0, 10, 25, 50 and 100 ALD cycles in red, yellow, blue,

green and purple, respectively). The more ALD coating, the less transparent. (d) Spectral cumulative loss rate (250 ~ 2500 nm)

of transparent aerogels with and without Al,O3 ALD coatings (0, 10, 25, 50 and 100 ALD cycles in red, yellow, blue, green

and purple, respectively). The peaks of the cumulative loss rate lines show a redshift indicating an increase in scattering

diameter. The inset shows the solar weighted transmittance of the transparent aerogel with and without Al,O3 ALD coatings.
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As the layers of Al2O3 ALD coating increasesd the peak of the accumulative loss rate shifted toward longer
wavelengths. Rayleigh-Gans theory states that the scattering coefficient is proportional to a diameter of
the scattering center to the 3™ power. Therefore, the accumulative loss rate shifting toward longer
wavelengths with increased the number of Al.O3 ALD coating can be attributed to the increase in particle

size after the coating.

Despite the slightly increased optical loss (i.e., 1.7 % decrease after 25 cycles of ALD coating on 3 mm
thickness aerogel) in the solar spectrum, high temperature stable silica aerogels can enable a CSP system
to operate efficiently at elevated temperatures (>600 °C) which make them compatible with high-
efficiency power cycles, such as supercritical CO2 (sCO2) Brayton cycle. Compared with conventional
steam cycles, sCO> cycle can achieve more than 50% power conversion efficiency, which holds great
promise to improve the overall efficiency of a CSP system.?*% Currently, achieving high temperature in
a CSP system relies on high optical concentration (>1000 suns) due to the increased heat loss. With the
developed thermally stable silica aerogels, the heat loss can be significantly reduced to allow the use of
low-cost optical concentration systems. We expect superior high temperature thermal stability utilizing
zirconium (ZrO3) or hafnium oxide (HfO2) thin film coating which have melting temperatures higher than
that of alumina oxide.?"?® While economic viability, high energy waste rate and the limited scalability of
ALD coating on OTTI aerogel could become a bottleneck,?® the demonstrated ALD-coated OTTI aerogel
provides a potential pathway to further improve the efficiency and reduce the cost of state-of-the-art CSP

systems.
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4. CONCLUSIONS

We investigated the effects of Al,O3z ALD coating on the thermal stability of silica aerogel. Al,Os ALD
coating enhanced thermal stability of silica aerogel. On the other hand, silica aerogels with Al,.Os ALD
coating showed noticeable shrinkage after 600 °C while silica aerogels without Al>O3 coating shrunk after
~400 °C. After 25 cycles of Al,Os ALD coating, transmittance of silica aerogel decreased only 1.7 % from
98.0 % at 3 mm sample thickness. The more layers of Al.O3z ALD coating, the less shrinkage observed
however compromising optical transmittance of the samples. As the performance of solar thermal system
is a function of both transmittance of silica aerogel and operating temperature, the optimization of Al,O3
ALD on transparent silica aerogels need to balance transmission and thermal properties. This work
provides insights for a potential pathway to further improve the efficiency and reduce the cost of state-of-
the-art CSP systems and the development of high temperature stable transparent insulation in various solar

thermal applications.
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