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Abstract 

Thermal management materials for building envelopes are vital to energy-efficient and 

sustainable buildings, easing the pressure on achieving carbon neutrality. Recent developments 

of thermally super-insulating aerogels having a thermal conductivity lower than air (24 mW/m 

K) are promising to isolate the heat for more energy-efficient cooling [1-3]. In addition to low

thermal conductivity, aerogel envelopes should also have a low solar absorption to mitigate the

solar heat gain under direct sunlight. However, most aerogels tend to absorb the sunlight for

undesirable solar heat gain, and it is demanding to scale up the anisotropic aerogel fabrication

while maintaining consistent properties [1, 4]. Here, a large-scale thermally super-insulating,

solar-reflective anisotropic aerogel containing in-plane aligned pores is developed by a novel

additive freeze-casting technique, as shown in Fig. 1. The freezing dynamics are controlled by

using a moving cold source to maintain aerogel panels having uniform in-plane pore alignments

with decimeter length. The pore walls are further engineered using boron nitride nanosheets

(BNNS) to leverage their unique anisotropic thermo-optical properties. The coupling between

BNNS and in-plane pore channels delivers an ultralow out-of-plane thermal conductivity of

16.9 mW/m K and an outstanding solar reflectance of 97%, minimizing both parasitic and solar

heat gains. The as-fabricated aerogel panel achieved an up to 8 °C lower interior temperature

than commercial silica aerogels when used as cooling panels under direct sunlight. This work

demonstrates the facile bottom-up fabrication of scalable anisotropic aerogels towards practical

energy-efficient cooling applications.
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Fig. 1 Design and continuous freeze-casting of thermally insulating anisotropic aerogels. (a) 

Schematics of the set-up and (b) mechanism of the additive freeze-casting for the fabrication 

of large-scale anisotropic aerogel. (c) Photograph and (d-f) scanning electron microscope 

(SEM) images showing the uniform pore alignment and structural integrity of the aerogel. The 

SEM images were taken from the different positions in the pore alignment direction, showing 

the consistent pore diameters along the freezing direction and the seamless connection between 

adjacent blocks as indicated by orange arrows. (g) Anisotropic aerogel panel with ultralow k 

and high solar reflectance for energy-efficient building applications. (h) Photograph of 

anisotropic aerogel panels with lateral dimension of 20 × 20 cm2 and thickness of less than 1 

cm, fabricated using the continuous freeze-casting. 
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