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Superinsulating BNNS/PVA Composite Aerogels 
with High Solar Reflectance for Energy‑Efficient 
Buildings
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HIGHLIGHTS

• Highly porous aerogel with longitudinally aligned channels and whisker‑like ligaments is constructed by solvent‑assisted unidirectional 
freezing.

• The thermal insulation and solar reflection capabilities of the composite aerogel reach a state‑of‑the‑art level.

• The composite aerogel capable of infrared stealth and temperature preservation presents great potential for application in energy‑saving 
buildings.

ABSTRACT With the mandate of worldwide carbon neutralization, pursuing com‑
fortable living environment while consuming less energy is an enticing and una‑
voidable choice. Novel composite aerogels with super thermal insulation and high 
sunlight reflection are developed for energy‑efficient buildings. A solvent‑assisted 
freeze‑casting strategy is used to produce boron nitride nanosheet/polyvinyl alcohol 
(BNNS/PVA) composite aerogels with a tailored alignment channel structure. The 
effects of acetone and BNNS fillers on microstructures and multifunctional proper‑
ties of aerogels are investigated. The acetone in the PVA suspension enlarges the cell 
walls to suppress the shrinkage, giving rise to a lower density and a higher porosity, 
accompanied with much diminished heat conduction throughout the whole product. 
The addition of BNNS fillers creates whiskers in place of disconnected transverse 
ligaments between adjacent cell walls, further ameliorating the thermal insulation 
transverse to the cell wall direction. The resultant BNNS/PVA aerogel delivers an 
ultralow thermal conductivity of 23.5 mW  m−1  K−1 in the transverse direction. The 
superinsulating aerogel presents both an infrared stealthy capability and a high solar reflectance of 93.8% over the whole sunlight wave‑
length, far outperforming commercial expanded polystyrene foams with reflective coatings. The anisotropic BNNS/PVA composite aerogel 
presents great potential for application in energy‑saving buildings.
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1 Introduction

The energy consumption in buildings and houses accounts 
for a large part of global energy consumption with over 40% 
in the well‑developed regions [1–3]. Vast amounts of energy 
are required to maintain a comfortable indoor temperature 
owing to the temperature difference between indoor and 
outdoor environments. Among all the building components, 
building envelopes such as roofs and walls are indispensa‑
ble to construct comfortable, safe, and healthy surroundings 
for human living. The peak cooling is required in daytime 
to reduce the higher indoor temperature than the ambient 
environment stemming from the absorption of sunlight 
through building envelopes, particularly in hot summer and 
the tropics with excessive sunshine [4]. Therefore, develop‑
ing energy‑saving building envelopes with super‑thermal 
insulation and high sunlight reflection is of significance for 
the reduction of building energy consumption, which in turn 
relieves the overuse of bulky external temperature control 
systems, such as heating, ventilation, and air conditioning 
(HVAC), and hence the emission of greenhouse gas [5].

The energy‑saving building envelopes currently uti‑
lize an approach to integrate thermal insulation materials 
with reflective coatings that can reduce heat losses to the 
ambient and mitigate heat gains from the sunlight, respec‑
tively. Low‑density foams and aerogels with high porosi‑
ties are commonly developed to achieve thermal insulation. 
The conventional insulation foams are mainly made from 
polyurethane (PU) with thermal conductivity (TC) values 
ranging 20–30 mW  m−1  K−1, aramid (28 mW  m−1  K−1), 
expanded polystyrene (EPS, 30–40 mW  m−1  K−1), extruded 
polystyrene (30–40 mW  m−1  K−1), mineral wool (30–40 
mW  m−1  K−1), fiberglass (33–44 mW  m−1  K−1), and cork 
(40–50 mW  m−1  K−1), but these TC values need to be fur‑
ther reduced below 24 mW  m−1  K−1, air’s TC, to achieve 
super insulation [6–10]. Three‑dimensional (3D) aerogels 
present a great potential to replace these traditional insula‑
tion materials because of their high porosities of more than 
95% [11]. Silica aerogels exhibit an ultralow TC of ∼ 20 
mW  m−1  K−1, but the mechanical brittleness and process‑
ing complexity limit their applications in niche fields such 
as aerospace vehicles [12–14]. In contrast to silica aerogels, 
polymer aerogels exhibit superior mechanical properties 
[15], making them promising candidates for practical insu‑
lation for building envelopes [16–21].

However, the typically isotropic microstructure of tradi‑
tional thermal insulation materials is known to be inadequate 
for highly efficient thermal insulation owing to the ineffec‑
tiveness in mitigating the solid heat conduction through the 
pore walls [22, 23]. To further reduce the solid heat con‑
duction in polymer struts [24, 25], nanosized or nanostruc‑
tured materials like silica [26], sepiolite nanorods (SEP) [7], 
graphene oxide (GO) [27], and metal–organic frameworks 
(MOFs) [28], have been employed as nanofillers to induce 
phonon scattering at the filler–polymer interfaces such that 
an even lower TC can be achieved in the composite aero‑
gels. In addition, rational design of anisotropic microstruc‑
tures, like cellular and lamellar structures, can give rise 
to further enhanced performance in thermal insulation, in 
which the heat dissipation can be boosted in the oriented 
direction, thereby effectively preventing heat localization 
and reducing heat transfer across the aligned channels in 
the transverse direction [22, 23]. For example, nanowood 
with a naturally aligned channel structure presented aniso‑
tropic thermal insulation with TCs of 32 mW  m−1  K−1 in the 
transverse direction and nearly twice (56 mW  m−1  K−1) in 
the alignment direction [22]. The cellular structure endowed 
the anisotropic GO/polyimide (PI) nanocomposite with an 
extremely low transverse TC of 12 mW  m−1  K−1 [23]. Simi‑
larly, owing to the well‑aligned lamellar structure realized 
by bidirectional freeze‑casting technique, PI/bacterial cel‑
lulose hybrid aerogels showed distinct anisotropic thermal 
insulation performance with TCs of 23 and 44 mW  m−1  K−1 
perpendicular to and along the lamella direction, respec‑
tively [29].

Despite their excellent thermal insulation, the abovemen‑
tioned materials seldom shield radiation from the sunlight 
which radiates heat in the form of electromagnetic waves 
with wavelengths ranging from 0.3 to 2.5 µm [30]. On the 
contrary, current thermal insulation materials containing 
non‑white polymers or nanofillers tend to absorb the heat 
instead of reflecting it [7, 26, 27]. To impart the function 
of sunlight reflection, a layer of cool‑roof paints consisting 
of white pigments, such as commonly‑used  TiO2 [31], was 
coated on the surface of the insulating materials [4, 32]. 
This would require multistep installation procedures and 
sophisticated constituents, making the retrofitting of existing 
buildings for energy efficiency rather laborious and costly. 
Although a few efforts have been devoted to exploring ther‑
mal insulation materials with a high solar reflectance, such 
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as nanowood [22] and polyethylene (PE) aerogels [33, 34], 
their development still remains in its infancy and a formi‑
dable challenge, especially for superinsulating aerogels. 
The challenge mainly stems from the difficulty in achieving 
desired cell wall structures for simultaneous thermal insula‑
tion and broadband solar reflection while maintaining excel‑
lent mechanical properties of the aerogels. Although direc‑
tional freeze‑casting has been considered as a promising 
technique to produce anisotropic aerogels with an ultralow 
thermal conductivity, the thin cell walls make these aero‑
gels rather fragile while the aligned porous channels with a 
monotonic pore size cannot afford broadband sunlight reflec‑
tion. Therefore, it is imperative to develop a new strategy 
to tune the cell wall structures such that desired multifunc‑
tional properties can be achieved in the same aerogel. Most 
recently, boron nitride (BN) was grown into aerogels [9] 
with an ultralow TC of 20 mW  m−1  K−1 and was embedded 
in a polymer matrix to obtain composites [35] with a high 
solar reflectance of ~ 87%, making it a promising candidate 
for the production of next‑generation superinsulating and 
solar reflective monoliths.

Herein, an acetone‑assisted unidirectional‑freezing tech‑
nique was adopted to produce superinsulating and solar 
reflective composite aerogels with a cellular structure and 
tailored cell walls for energy‑saving buildings. Water‑soluble 
polyvinyl alcohol (PVA) and BN nanosheets (BNNSs) both 
in white color were employed to ensure a desirable solar 
reflectance. Owing to the well‑aligned channel structure, 
the BNNS/PVA composite aerogel exhibited an ultralow 
TC in the transverse direction. Interestingly, in addition to 
the construction of aligned microstructures like other sol‑
vents [36–38], the presence of acetone generated thick cell 
walls and reduced the shrinkage, beneficial to the lower den‑
sity, higher porosity, stronger mechanical performance, and 
more efficient thermal insulation of the composite aerogels. 
Furthermore, the whisker‑like structure induced by BNNS 
effectively impeded the heat conduction in the transverse 
direction without degrading the solar reflectance. The syn‑
ergistic effect of acetone and BNNS gave rise to an ultralow 
TC. This work offers a facile approach to fabricate superin‑
sulating aerogels with high solar reflection for energy‑saving 
buildings and other thermal applications.

2  Experimental

2.1  Materials and Synthesis of BNNSs

BN powder (99.5%, 325 mesh) and urea were supplied by 
Alfa Aesar and Aladdin, respectively. PVA and acetone 
(ACS Reagent) were supplied by Sigma‑Aldrich and VWR 
Chemicals, respectively. Deionized (DI) water was used in 
the whole process. Although exfoliating bulk BN is more 
complicated than graphite, a urea‑assisted, high‑energy ball 
mill processing has been developed recently to efficiently 
exfoliate and functionalize BN with a yield of as high as 85% 
[39, 40]. In view of its high yield and scalability for mass 
production, the same method was used to prepare BNNSs 
with hydrophilic amino groups in this work. In brief, BN 
powder and urea were mixed at a weight ratio of 1:20 in a 
steel milling container using a planetary ball mill (Changsha 
Deco Equipment Co., Ltd.) at a rotation speed of 600 rpm 
for 24 h at room temperature. After ball milling, the mixed 
powders were dispersed in DI water, followed by centrifu‑
gation (Z 326, Hermle Labortechnik GmbH, Germany) at a 
speed of 5000 rpm for 30 min. The resultant BNNS superna‑
tant was dialyzed for 1 week in DI water to remove urea, and 
stable few‑layer BNNS aqueous dispersion was obtained.

2.2  Fabrication of BNNS/PVA Composite Aerogels

A typical unidirectional freezing method was employed 
to fabricate anisotropic BNNS/PVA composite aerogels 
[41, 42]. First, PVA was dissolved in hot water at 90 °C to 
prepare the polymer solution with a PVA concentration of 
2 wt%. Fixed amounts of BNNSs and acetone were drop‑
wise added into the PVA solution, which was poured into 
a polymer foam mold placed on top of cold source using 
the apparatus developed previously for unidirectional freeze 
casting [43]. The temperature of cold source was controlled 
at –50 °C. The freeze‑cast samples were dried on a freeze 
drier (SCIENTZ‑10 N) at a vacuum pressure of less than 
5 Pa and a temperature of –56 °C for 1 week to yield BNNS/
PVA composite aerogels.
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2.3  Characterization

The morphologies of the composite aerogels were charac‑
terized using scanning electron microscope (SEM, Hitachi 
TM3030) at an accelerating voltage of 15 kV. The BNNSs 
were examined on a Bruker PT scanning probe microscope 

(Dimension ICON). The Raman spectroscopy (RamanMi‑
cro300, Perkin Elmer) was used to confirm the exfoliation 
of BNNSs. Fourier transform infrared spectroscopy (FT‑IR, 
Bruker Vertex 70 Hyperion 1000) was performed over a 
wavenumber range of 4000–400  cm−1 to examine the dif‑
ference in chemical compositions between the bulk BN and 

Fig. 1  Superinsulating solar‑reflective composite aerogels. a Schematic illustration showing the temperature regulation of the composite aero‑
gels capable of both thermal insulation and solar reflection for energy‑saving buildings. b Schematic illustration of the preparation of BNNS/
PVA composite aerogels with highly aligned channels through an acetone‑assisted unidirectional freezing method. c Digital photograph of light‑
weight BNNS/PVA composite aerogel standing on the petals. d SEM images showing microstructure evolution of the BNNS/PVA composite 
aerogels after adding acetone and BNNS
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BNNSs. The mechanical properties were measured in uni‑
axial compression on a universal testing machine (MTS Alli‑
ance RT‑5) at a loading rate of 2 mm  min−1 in accordance 
with ASTM − C165 − 07. The TCs of aerogels and com‑
mercial EPS foams were measured using a hot disk thermal 
constant analyzer (TPS 2500S, Sweden) based on a transient 
plane heat source method at room temperature. In view of 
thermally insulating materials, a large measuring probe with 
a radius of 6.403 mm was used to minimize the potential 
heat loss, which was sandwiched between two identical sam‑
ples. To determine the pore size distributions and porosity 
of the composite aerogels, the nitrogen gas adsorption/des‑
orption isotherms were obtained on a NOVAtouch, Quan‑
tachrome Instruments at 77 K. The degassing was performed 
at 70 °C, which is lower than the glass transition tempera‑
ture (Tg, 85 °C) and the melting point (Tm, 250 °C) of PVA, 
ensuring that the microstructure of samples was not dam‑
aged during degassing. Meanwhile, the vacuum was applied 
for more than 12 h while degassing. During the analysis, the 
sample was loaded in the rod‑like cell with a diameter of 
9 mm. The temperature distribution was recorded using an 
infrared camera (Fluke Ti25). The reflectance spectra over 
a wavelength ranging from 0.3 to 2.5 μm were recorded on 
an ultraviolet–visible‑near‑infrared (UV–vis‑NIR) spectro‑
photometer (Perkin Elmer Lambda 950). The volumetric 
shrinkage rates of composite aerogels were calculated based 
on the sample volumes before and after freeze‑drying. The 
apparent density (ρ) was calculated by weighing the aerogels 
and measuring their volumes. The porosity (P) of aerogels 
was determined by Eq. (1):

where ρ0 is the skeletal density, which is estimated from 
the weighted average of densities of PVA (1.27 g  cm−3) and 
BNNS (2.25 g  cm−3).

3  Results and Discussion

3.1  Structure of BNNS/PVA Composite Aerogels

Lightweight composite aerogels with a well‑aligned chan‑
nel structure were developed to serve as thermal manage‑
ment components in efficient energy‑saving buildings, as 
illustrated in Fig. 1a. The composite aerogel possessed 

(1)P =

(

1 −
�

�
0

)

× 100%

an ultralow TC and a strong solar reflectance that could 
restrict the heat exchange between inside and outside the 
building and the solar heat gains when exposed to sunlight, 
respectively. Therefore, a consistently livable interior tem‑
perature range could be maintained for human activities, 
regardless of high‑temperature or low‑temperature sur‑
roundings. To ensure a high solar reflectance, PVA and 
BNNS with white appearances are employed as raw mate‑
rials. The well‑aligned channel structure is constructed 
to boost heat transfer along the oriented direction, while 
resulting in an ultralow transverse TC.

An acetone‑assisted unidirectional freezing method was 
used to prepare lightweight BNNS/PVA composite aero‑
gels with highly aligned channels, as depicted in Fig. 1b, 
c. Highly exfoliated BNNSs with hydrophilic amino groups 
were synthesized by urea‑assisted ball‑milling (Fig. S1) [39, 
40]. The resultant few‑layer BNNSs had a lateral dimen‑
sion of ~ 500 nm and a thickness of ~ 4 nm, as shown by 
the atomic force microscopy (AFM) image (Fig. S2a‑b). 
The Raman spectra of BNNSs presented a slight upshift of 
the peak position from 1364 to 1367  cm−1 corresponding 
to the E2g mode vibration (Fig. S2c), indicating weakened 
interlayer interactions in BNNSs and corroborating the exfo‑
liation of bulk BN into few‑layer nanosheets [44, 45]. The 
chemical compositions of exfoliated BNNSs were further 
investigated using the FT‑IR. Along with the two typically 
characteristic peaks of B‑N bonds at 764 and 1335  cm−1, two 
new peaks appeared at 1665 and 3211  cm−1 corresponding 
to the bending and stretching vibrations of ‑NH2 (Fig. S2d), 
manifesting the successful functionalization of BNNSs with 
amino groups [39]. These hydrophilic functional groups 
facilitated stable dispersion of BNNSs in water, as evidenced 
by the Tyndall effect originating from light scattering (Fig. 
S2e) [46]. No obvious sediments at the bottom of BNNS dis‑
persions were revealed after standing for two months (Fig. 
S2f), even for high BNNS concentrations up to 10 mg  mL−1. 
The homogenous and stable BNNS dispersions are impor‑
tant for the subsequent fabrication of composite aerogels 
through a freeze‑casting method. As expected, the BNNS/
PVA freezing suspensions also exhibited good dispersion in 
water–acetone mixture (Fig. S3).

The BNNS/PVA composite aerogels were fabricated by 
dispersing as‑prepared BNNSs in water or water–acetone 
mixture, followed by unidirectional freeze‑casting and 
freeze‑drying (Fig. 1b, c). The large temperature difference 
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between the cold source of −50 °C and the room‑temperature 
top of freezing suspension generated a temperature gradient 
to guide the directional growth of ice crystals. The frozen 
sample was subsequently freeze‑dried to sublimate the ice, 
yielding a highly porous BNNS/polymer composite aero‑
gel. The top‑view and cross‑sectional SEM images of the 
neat PVA aerogel and BNNS/PVA composite aerogels are 
compared in Fig. 1d. The aerogels exhibited a highly aniso‑
tropic cellular structure containing aligned pore channels in 
the freezing direction, beneficial for generating an ultralow 
TC transverse to the alignment direction. A close inspection 
manifests that the addition of acetone and BNNS brought 
about different morphologies to the composite aerogel. Spe‑
cifically, the neat PVA aerogel contains aligned cell walls in 
the freezing direction with abundant ligaments connecting 
them in the transverse direction (left column) [47]. With the 
help of acetone which functioned as the antifreeze reduc‑
ing the freezing rate, the thickness of cell wall increased 
from ca. 75 to 134 μm on average (mid‑column), as shown 
in Fig. S4 [48, 49]. To demonstrate the general application 
of acetone, we tried the widely investigated cellulose solu‑
tion as an additional example. Similarly, after adding 5 vol% 
acetone in the cellulose solution, the thickness of cell wall of 
the cellulose aerogel increased, as shown in Fig. S5. Another 
interesting feature is that after adding BNNS, the aligned 
cell walls were disconnected to form long hollow channels 
with dense whisker‑like ligaments probably because of the 
heterogeneous nucleation of ice crystals on BNNS surfaces 
(right column) [50, 51]. These differences in microstructures 
are bound to have significant effects on the properties of final 
composites.

3.2  Physical/Mechanical Properties of BNNS/PVA 
Composite Aerogels

Knowing that the TC is closely related to the porosity of 
the materials and the aerogels fabricated by freeze drying 
tend to suffer from volume shrinkage [29], the effect of 
additives on porosity of the resultant composite aerogels 
was investigated. The shrinkage of the aerogels was obvi‑
ously mitigated by introducing acetone and BNNS (Fig. 
S6). With the addition of 5 vol% acetone, the shrinkage 
rate of PVA aerogel decreased from 70 to 60% (Fig. S7a), 
a reflection of thickened cell walls due to acetone. After 
adding 20 wt% BNNSs in the absence of acetone, the 

shrinkage rate reduced to 54% owing to the supporting 
effect by BNNSs. Thus, the combination of 5 vol% acetone 
and 20 wt% BNNS gave rise to the lowest shrinkage rate 
of 46% for the BNNS/PVA composite aerogel (Fig. 2a). 
The corresponding density of BNNS/PVA composite 
aerogels decreased rapidly as the acetone and BNNS load‑
ings increased owing to the reduction in shrinkage. The 
density of the BNNS/PVA composite aerogel was 32% 
lower than that of  the neat PVA counterpart, i.e., 37.5 
vs 55.3 mg  cm−3, respectively, as shown in Figs. 2a and 
S7a. It follows then that the porosity increased from 95.6% 
to 96.8% with the addition of 5 vol% acetone (Fig. S7a), 
while it continued to increase to 97.4% after introducing 
20 wt% BNNSs in the aerogel (Fig. 2b), as a reflection of 
thickened cell walls and supporting effect by BNNSs.

Lowering the density by adding acetone and BNNS 
was designed to lower the TC of composite aerogels, but 
a decrease in density normally translates into deteriora‑
tion of mechanical performance. Surprisingly, the opposite 
is actually the case for the BNNS/PVA aerogel where the 
mechanical properties were significantly improved even at a 
lower density (Fig. 2c, d). The mechanical properties of the 
BNNS/PVA aerogel exhibited an anisotropic characteristic 
with a much higher modulus in the alignment direction than 
transverse to it (Fig. 2c). The inset in Fig. 2c shows that the 
BNNS/PVA aerogel was able to withstand over 1900 times 
its own weight, corroborating its high porosity and compres‑
sion resistance. Compared to the neat PVA aerogel, the com‑
pressive moduli of the BNNS/PVA aerogel were improved 
by 210% and 280% in the axial and transverse directions, 
respectively (Fig. 2d), despite a 32% lower density. This 
was attributed to the thickened cell walls afforded by the 
acetone and reinforcement of BNNSs. To better indicate the 
mechanical properties of ultralight materials, the specific 
compressive modulus defined as the ratio of compressive 
modulus to apparent density has been calculated, as shown 
in Fig. S7b. It is clearly seen the synergy arising from the 
combined acetone and BNNSs is further amplified, deliver‑
ing remarkable specific compressive moduli over 4.5 times 
the neat PVA counterparts in both the axial and transverse 
directions because of concurrently improved modulus and 
reduced density.
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3.3  Thermal Insulation of BNNS/PVA Composite 
Aerogels

The anisotropic TCs along and perpendicular to the freez‑
ing direction were investigated using the transient plane 
source (TPS) technique. The aligned structure brought 
about significant anisotropic thermal‑insulating proper‑
ties of the BNNS/PVA composite aerogels with the TC in 
the transverse direction being remarkably lower than that 
in the freezing direction (Figs. 3a, b and S8a). This find‑
ing is attributed to the anisotropic cellular networks of the 
aerogel and partly to possible natural convection along the 
channel orientation direction, together with the integration 
of orientation‑dependent radiation and solid conduction 
in the cellular channels [27, 52]. Therefore, the direction 
transverse to the porous channels is chosen for the thermal 
insulation application, and the emphasis will be placed on 
the TCs of aerogels in the transverse direction in the fol‑
lowing discussion.

The addition of acetone in the freezing suspensions 
caused the TC in the transverse direction to decrease from 
30.0 to 26.7 mW  m−1  K−1 (Fig. 3a). This reduction is a 
reflection of the increased porosity originating from a lower 
shrinkage rate and the reduction of interwall heat conduction 
[29]. Similarly, a reduction in TC in the alignment direction 
was also observed after adding 5 vol% acetone (Fig. 3a). The 
reinforcement of BNNSs saw further reductions in transverse 
TCs of the BNNS/PVA aerogel regardless of using acetone 
(Fig. 3b). It is worth noting that with the combined action 
from both the acetone and BNNSs, the transverse thermal 
insulation of the aerogel was synergistically enhanced, giv‑
ing rise to an ultralow TC of 23.5 mW  m−1  K−1 which is 
even lower than that of air. The synergy arising from the 
various ameliorating features, such as better aligned struc‑
ture, higher porosity, disconnected transverse ligaments, as 
well as the reduction of solid conduction induced by phonon 
scattering effect between the nanostructured components and 
polymer matrix [53], was responsible for the remarkable 

Fig. 2  Properties of BNNS/PVA composite aerogels. a Shrinkage rate and density and b porosity of BNNS/PVA composite aerogels made with 
or without 5 vol% acetone. c Stress–strain curves of BNNS/PVA composite aerogel in the axial and transverse directions (The inset is digital 
photograph of BNNS/PVA composite aerogel under a dead weight of 500 g). d Compressive modulus of aerogels in the axial and transverse 
directions
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thermal insulation. In contrast, the TCs of the BNNS/PVA 
composite aerogel in the alignment direction presented an 
increasing trend with increasing BNNS loading, especially 
in the presence of acetone (Fig. S8a). The introduction of 
thermally conductive two‑dimensional (2D) BNNSs along 
the axial direction may explain the observation. The TCs of 
the state‑of‑the‑art composite aerogels and foams reported 
in the literature are compared with respect to their densities, 
as shown in Fig. S8b, presenting the current BNNS/PVA 
composite aerogel among those having the relatively low TC 
value. Although a few composite aerogels possessed lower 
densities and TCs than the current aerogel [7, 23, 27, 54], 
they involved dark polymers or light absorption materials 
with rather poor solar reflection.

In an effort to account for the ultralow TC of the com‑
posite aerogel, a cartoon showing the synergistic effect of 
radiation (λrad), convection (λconv), and conduction ( �g

cond
 for 

gas conduction and �s
cond

 for solid conduction) on thermal 
transfer of thermally insulating aerogel is depicted in Fig. 3c 
[16, 55]. The overall TC of a porous material is calculated 
by Eq. (2):

Note that the convection contribution is negligible when 
the pore size of the insulating materials is below the onset 
size of natural convection, 1 mm [56, 57], and the radia‑
tion contribution is negligible at a relatively low applica‑
tion temperature [26]. In this case, the heat transfer of the 
thermally insulating materials is determined mainly by the 
thermal conduction composed of two components, solid and 
gas conduction [58]. The ultralow TC below the value of air 
can be correlated to the thermal properties of the nanoscale 
components and the microstructure in the cell walls [7]. The 
analysis of nitrogen gas adsorption/desorption isotherms 
indicates that the cell walls were principally mesoporous 
with over 20% porosity and an average pore size of 5.4 nm 
(Fig. S9). The �g

cond
 depends on the porosity (φ) and pore 

size (D) of the monoliths, which can be expressed by Eqs. 
(3) and (4) [27, 59, 60]:

(2)� = �
conv

+ �
rad

+ �
g

cond
+ �s

cond

(3)�
g

cond
=

�g0�

1 + 2�Kn

(4)Kn =
l

D

 where λg0 is the gaseous conductivity in free space (24 mW 
 m−1  K−1), Kn represents the Knudsen number, l is the mean 
free path of a gas molecule (∼70 nm at ambient condition), 
and the coefficient β for air is ~ 2. It can be said that for the 
BNNS/PVA composite aerogel, a significant reduction in 
gas conduction occurred in the cell walls because the size 
of pores in the cell walls was far smaller than the value l 
and the air molecule movement was restricted, known as 
the Knudsen effect [61]. Meanwhile, the use of nanoscale 
BNNSs gave rise to a substantial interfacial thermal resist‑
ance [25], i.e., Kapitza resistance (RK) [62], further reducing 
the solid conduction of the cell walls.

In summary, the highly‑aligned porous channels, high 
porosity, mesoporous cell walls, and high interfacial thermal 
resistance between BNNS and PVA synergically contributed 
to the ultralow TC of 23.5 mW  m−1  K−1 of the aerogel in the 
transverse direction. First, the anisotropic structure gave rise 
to boosted heat dissipation in the alignment direction [22], 
thereby effectively preventing heat localization and reducing 
the heat transfer across the aligned channels in the transverse 
direction. Second, the gas conduction dominated the TC of 
aerogel owing to the high porosity of 97.4% [63]. Third, the 
mesopores with far smaller sizes than the mean free path 
of air significantly reduced the gas conduction in the cell 
walls [64]. Last, BNNSs were employed as nanofillers to 
induce phonon scattering at the BNNS‑PVA interfaces [25], 
further reducing the solid heat conduction in the composite 
cell walls.

The anisotropic heat insulation property of composite 
aerogels in different directions was vividly visualized by 
thermal infrared images. Two samples with vertical and 
horizontal channels were put on a hot stage at 108 °C for 
12 min, followed by recording the temperature distribution 
along the sample height, revealing a large difference in the 
two directions (Fig. S10). The temperature along the trans‑
verse direction was generally lower than that in the orienta‑
tion direction at the same height, confirming better thermal 
insulation performance in the transverse direction. A simi‑
lar comparison was made of the temperature distributions 
between the BNNS/PVA composite aerogel and commercial 
EPS foam with a TC of 30.5 mW  m−1  K−1 following the 
similar procedure. Worthy of note is that the samples were 
placed in the center to reduce the influence of uneven tem‑
perature distribution of the hot stage with the temperature 
at the edge being much lower than at the center, as shown in 
the top‑view infrared image in Fig. S11. The side‑view infra‑
red image and the corresponding temperature distributions 
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Fig. 3  TCs and thermal responses of the aerogels. TCs of a the PVA aerogels in the axial and transverse directions prepared with different 
acetone concentrations and b the BNNS/PVA composite aerogels prepared with different loadings of acetone and BNNSs in the transverse direc‑
tion. c Schematic illustration of the heat transfer process and working mechanism of the superinsulating BNNS/PVA composite aerogel. d Infra‑
red image and e temperature distributions of the BNNS/PVA composite aerogel and EPS foam when placed on a hot stage at 108 °C for 5 min. f 
Setup and g temperature changes of the BNNS/PVA composite aerogel and EPS foam when exposed to a non‑contact heat source from infrared 
lamp. h Temperature variations of the BNNS/PVA composite aerogel and EPS foam when subjected to five heating and cooling cycles
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at different heights are shown in Fig. 3d, e. The BNNS/PVA 
aerogel delivered a generally lower temperature distribution 
outperforming the EPS foam in thermal insulation. In addi‑
tion to the use of hot stage as contact heat source, an infrared 
lamp (IR 250 RH IR2 250 W, Philips) was applied as non‑
contact heat source (Fig. 3f). Both the EPS foam and the 
BNNS/PVA aerogel were attached on the roof of a model 
house and the temperatures at the back of the two materials 
were monitored. Once the light was ‘on’, the temperature 
increase behind the EPS foam was far more significant and 
faster than that behind the BNNS/PVA aerogel. After heat‑
ing for 10 min, the temperature at the back of EPS foam 
was ~ 3 °C higher than that of the composite aerogel while 
the cooling was also faster in the former (Fig. 3g). Besides, 
the composite aerogel exhibited good stability when experi‑
encing five heating and cooling cycles (Fig. 3h). Regardless 

of contact and non‑contact heat sources, the composite aero‑
gel delivered superior thermal insulation performance, pre‑
senting promising applications in thermal protection [65].

The superior thermal insulation can endow the products 
with an infrared stealthy function, preventing the targets 
with a relatively low or high temperature from detection by 
a sensitive infrared apparatus [66–69]. Figure 4a, b demon‑
strates that when a cold or hot target was covered by a piece 
of 9‑mm‑thick BNNS/PVA composite aerogel, the color 
of the covered area was consistent with the ambient color, 
while the remaining area of the uncovered target maintained 
a low or high temperature. The infrared stealthy function of 
the composite aerogel makes the target difficult to be distin‑
guished under an infrared detection device owing to excel‑
lent thermal insulation. The better thermal insulation of the 
composite aerogel than the EPS foam corroborates with their 
infrared stealthy performance (Fig. S12a‑b), which could 
be further improved by applying multilayer materials or 

Fig. 4  Superinsulating BNNS/PVA composite aerogels for infrared stealth and temperature preservation. Infrared images showing stealthy per‑
formance of the BNNS/PVA composite aerogel on a cold and b hot targets. Temperature evolution of the BNNS/PVA composite aerogel, EPS 
foam and air when exposed to c cold (fridge) and d hot (oven) environments



Nano‑Micro Lett. (2022) 14:54 Page 11 of 16 54

1 3

increasing the thickness (Fig. S12c‑d). The superinsulating 
performance and infrared stealthy function of the BNNS/
PVA composite aerogel may find potential applications in 
next‑generation military equipment.

In addition to the infrared stealthy function, the aerogel 
with thermal superinsulation also exhibited a unique capa‑
bility to preserve temperature for drug transport, food stor‑
age, and extreme environment scenarios such as polar region 
and outer space [18]. A parallel experiment was performed 

Fig. 5  Superinsulating solar‑reflection BNNS/PVA composite aerogel for energy‑saving buildings. a UV–vis‑NIR spectra of 9‑mm‑thick 
BNNS/PVA composite aerogel, EPS foam and EPS@Coatings presented against normalized ASTM G173 global solar spectrum. b Solar 
weighted reflectance of the BNNS/PVA composite aerogel, EPS foam and EPS@Coatings. c Setup, d real‑time solar irradiance with the real‑
time weather condition in inset, and e real‑time temperature curves inside the boxes assembled using the BNNS/PVA composite aerogel, EPS@
Coatings and glass when exposed to sunlight (Mostly sunny, July 09, 2021 in Hong Kong). f Comparison of solar reflectance performance with 
respect to TC of the BNNS/PVA composite aerogel with thermally insulating materials reported in the literature, including PE aerogels [33, 34, 
73], nanowood [22], cooling wood [74], and PVA porous film [75], and commercial products including neat EPS foam, EPS@Coatings,  SiO2 
felt, and foam@Al foil
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to demonstrate the above potential using commercial EPS 
foam as a control. Cubic boxes with 48 mm in length, 28 mm 
in width, and 30 mm in height were assembled using several 
pieces of ~ 9 mm thick EPS foams and composite aerogels. 
Then, the boxes made of different insulating materials were 
placed in cold (at –25 °C in a fridge) and hot (at 40 °C in an 
oven) environments to record real‑time inner temperature 
changes using thermocouples. The aerogel box exhibited 
more gradual temperature changes than the EPS foam coun‑
terpart in both cold (Fig. 4c) and hot (Fig. 4d) environments, 
confirming its excellent capability to preserve the tempera‑
ture inside the box.

3.4  Solar Reflectance of BNNS/PVA Composite 
Aerogels

When using the thermal insulation aerogels for energy‑
saving buildings, another important parameter, namely 
the solar reflectance, needs to be taken into account. The 
white appearance of the porous composite aerogels with 
high porosities ensured relatively high solar reflectance. 
The 9‑mm‑thick BNNS/PVA aerogel presented a generally 
higher reflectance over the whole solar wavelengths from 0.3 
to 2.5 μm than the EPS foam and EPS@Coatings counter‑
parts according to the UV–vis‑NIR spectra shown in Fig. 5a. 
The EPS@Coatings is another commercial product prepared 
by applying reflective coatings on the neat EPS foam. The 
hierarchical micro‑ and nanostructures with mesopores of 
sizes broadly distributed 3–20 nm (Figs. 1d and S9) were 
responsible for the excellent sunlight scattering by the com‑
posite aerogel [30, 70]. Considering that the solar intensity 
varies with the wavelength, the solar intensity weighted 
reflectance, R , was calculated by Eq. (5) [30, 71]:

which is defined as the ratio of the reflected solar intensity 
within a certain wavelength range (from λ1 to λ2) to the total 
incident solar intensity in the same range according to the 
UV–vis‑NIR spectral reflectance, R(λ), of the BNNS/PVA 
aerogel and normalized ASTM G173 global solar intensity 
spectrum, Isolar(λ). The whole solar wavelengths from 0.3 to 
2.5 μm were considered in this work, defining λ1 = 0.3 and 
λ2 = 2.5 in the formula. The integration of the product of 
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Isolar(λ) and R(λ) was calculated, followed by calculating the 
integration of Isolar(λ), giving rise to the ratio of these two 
sums as the solar weighted reflectance. It is remarkable that 
the weighted reflectance of the composite aerogel reached 
up to 93.8% over the whole wavelength range, which is much 
higher than those of the neat EPS foam and EPS@Costings, 
as shown in Fig. 5b.

With practical applications of the composite aerogels 
in mind, a field test was performed on a hot summer day 
(mostly sunny on July 09, 2021) in Hong Kong to confirm 
the cooling effect of the composite aerogel when used as 
building materials. The details of setup are shown in Fig. 5c. 
Three cubic boxes with 48 mm in length, 28 mm in width, 
and 30 mm in height were assembled of glass, the EPS@
Coatings and the composite aerogel, which were mounted 
on a 0.3 m thick large foam platform covered with aluminum 
(Al) foil for the isolation of thermal conduction from the 
ground and the reduction of solar absorption of the testing 
boxes [72]. Thermocouples were used to monitor in real‑time 
the internal temperature of the boxes under sunlight irradia‑
tion (Fig. 5d). The temperature evolution curves measured 
in the field test (Fig. 5e) indicate that the temperatures in the 
boxes were higher in the descending order of glass, EPS@
Coatings, and composite aerogel. It is interesting to note 
that even after two and a half hours of exposure to sun‑
light (from 11:30 am to 14:00 pm under sunlight irradiation 
of ~ 800 W  m−2) on a mostly sunny day, the temperature dis‑
tribution in the composite aerogel remained lower than those 
in the glass and EPS@Coatings. The average temperature of 
the BNNS/PVA composite aerogel was ~ 10 and 3 °C lower 
than the glass and EPS@Coatings counterparts, which are 
equivalent to 22% and 8% reductions, respectively. A lower 
temperature inside the composite aerogel box under the sun‑
light signifies less external input energy required to cool 
down the interior of a building on a hot day [73]. Overall, 
the BNNS/PVA composite aerogel developed in this work 
delivered a combination of excellent thermal insulation and 
high solar reflection performance, offering significant energy 
savings as a dual‑functional building envelope. In compari‑
son to other commercial products and insulating materials 
reported in the literature, both the thermal insulation and 
solar reflection capabilities of the composite aerogel reached 
a state‑of‑the‑art level, as shown in Fig. 5f. For large‑scale 
applications in buildings, large‑size aerogels with horizontal 
pore alignments are required. A proof‑of‑concept design for 
a novel block‑by‑block freezing set‑up was proposed (see 
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Supplementary Information for details), demonstrating the 
possibility of producing large‑size BNNS/PVA aerogels for 
practical applications (Fig. S13). Further developments of 
optimized mass production process of BNNSs, freezing set‑
up and energy‑efficient drying technology are essential to 
delivering a truly energy‑efficient building envelope from 
production to application.

4  Conclusions

In summary, a highly anisotropic and lightweight BNNS/
PVA composite aerogel with excellent thermal insulation 
and high solar reflection was produced through a solvent‑
assisted unidirectional freezing method. The coupling of 
thickened cell wall induced by acetone and the reinforce‑
ment from nanoscale BNNSs effectively reduced the 
shrinkage rate of aerogels from 70 to 46%, giving rise to 
an ultralow density of 37.5 mg  cm−3 and a high porosity of 
97.4%. The presence of nanostructured BNNSs disconnected 
the transverse ligaments between the adjacent parallel cell 
walls, further reducing the heat conduction in the transverse 
direction and bringing about anisotropic thermal conduction. 
Thus, the final BNNS/PVA composite aerogel possessed an 
ultralow TC of 23.5 mW  m−1  K−1, which is even lower than 
that of the air. The excellent thermal insulation endowed 
the aerogel with capabilities of simultaneous infrared stealth 
and temperature preservation. The superinsulating aerogel 
maintained a high solar weighted reflectance of 93.8% over 
the whole sunlight wavelength. The energy‑saving effect of 
aerogel was demonstrated by real‑time temperature measure‑
ments, showing much less heat gains than commercial EPS 
foams with reflective coatings and maintaining a tempera‑
ture ~ 10 °C lower than the glass in a field test on a hot sunny 
day. The superinsulating composite aerogel equipped with a 
high solar reflection capability enables a substantial reduc‑
tion in energy consumption for cooling when exposed to 
sunlight, offering great potential for use in future ecofriendly 
and energy‑saving buildings.

Acknowledgements This work was financially supported by the 
Research Grants Council (GRF Projects: 16205517, 16209917, 
and 16200720) and Innovation and Technology Commission 
(ITS/012/19) of Hong Kong SAR. Technical assistance from the 
Materials Characterization and Preparation Facility (MCPF), the 
Advanced Engineering Material Facility (AEMF), and the Envi‑
ronmental Central Facility (ENVF) at HKUST are also appreciated.

Funding Open access funding provided by Shanghai Jiao Tong 
University.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com‑
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com‑
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Supplementary Information The online version contains 
supplementary material available at https:// doi. org/ 10. 1007/ 
s40820‑ 022‑ 00797‑6.

References

 1. C. Zhou, I. Julianri, S. Wang, S.H. Chan, M. Li et al., Trans‑
parent bamboo with high radiative cooling targeting energy 
savings. ACS Mater. Lett. 3(6), 883–888 (2021). https:// doi. 
org/ 10. 1021/ acsma teria lslett. 1c002 72

 2. Y. Ke, C. Zhou, Y. Zhou, S. Wang, S.H. Chan et al., Emerging 
thermal‑responsive materials and integrated techniques target‑
ing the energy‑efficient smart window application. Adv. Funct. 
Mater. 28(22), 1800113 (2018). https:// doi. org/ 10. 1002/ adfm. 
20180 0113

 3. T. Zhang, Y. Tan, H. Yang, X. Zhang, The application of air 
layers in building envelopes: a review. Appl. Energy 165, 
707–734 (2016). https:// doi. org/ 10. 1016/j. apene rgy. 2015. 12. 
108

 4. T. Qiu, G. Wang, Q. Xu, G. Ni, Study on the thermal perfor‑
mance and design method of solar reflective–thermal insula‑
tion hybrid system for wall and roof in shanghai. Sol. Energy 
171, 851–862 (2018). https:// doi. org/ 10. 1016/j. solen er. 2018. 
07. 036

 5. D.M. Kammen, D.A. Sunter, City‑integrated renewable energy 
for urban sustainability. Science 352(6288), 922–928 (2016). 
https:// doi. org/ 10. 1126/ scien ce. aad93 02

 6. B.P. Jelle, Traditional, state‑of‑the‑art and future thermal 
building insulation materials and solutions–properties, 
requirements and possibilities. Energy Build. 43(10), 2549–
2563 (2011). https:// doi. org/ 10. 1016/j. enbui ld. 2011. 05. 015

 7. B. Wicklein, A. Kocjan, G. Salazar‑Alvarez, F. Carosio, G. 
Camino et al., Thermally insulating and fire‑retardant light‑
weight anisotropic foams based on nanocellulose and graphene 
oxide. Nat. Nanotechnol. 10(3), 277–283 (2014). https:// doi. 
org/ 10. 1038/ nnano. 2014. 248

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-022-00797-6
https://doi.org/10.1007/s40820-022-00797-6
https://doi.org/10.1021/acsmaterialslett.1c00272
https://doi.org/10.1021/acsmaterialslett.1c00272
https://doi.org/10.1002/adfm.201800113
https://doi.org/10.1002/adfm.201800113
https://doi.org/10.1016/j.apenergy.2015.12.108
https://doi.org/10.1016/j.apenergy.2015.12.108
https://doi.org/10.1016/j.solener.2018.07.036
https://doi.org/10.1016/j.solener.2018.07.036
https://doi.org/10.1126/science.aad9302
https://doi.org/10.1016/j.enbuild.2011.05.015
https://doi.org/10.1038/nnano.2014.248
https://doi.org/10.1038/nnano.2014.248


 Nano‑Micro Lett. (2022) 14:5454 Page 14 of 16

https://doi.org/10.1007/s40820‑022‑00797‑6© The authors

 8. N. Leventis, C. Chidambareswarapattar, D.P. Mohite, Z.J. 
Larimore, H. Lu et al., Multifunctional porous aramids (aero‑
gels) by efficient reaction of carboxylic acids and isocyanates. 
J. Mater. Chem. 21(32), 11981–11986 (2011). https:// doi. org/ 
10. 1039/ c1jm1 1472g

 9. X. Xu, Q. Zhang, M. Hao, Y. Hu, Z. Lin et al., Double‑neg‑
ative‑index ceramic aerogels for thermal superinsulation. 
Science 363(6428), 723–727 (2019). https:// doi. org/ 10. 1126/ 
scien ce. aav73 04

 10. X. Shen, J.‑K. Kim, 3D graphene and boron nitride structures 
for nanocomposites with tailored thermal conductivities: 
recent advances and perspectives. Funct. Compos. Struct. 2(2), 
022001 (2020). https:// doi. org/ 10. 1088/ 2631‑ 6331/ ab953a

 11. M. Koebel, A. Rigacci, P. Achard, Aerogel‑based thermal 
superinsulation: an overview. J. Sol‑Gel Sci. Technol. 63(3), 
315–339 (2012). https:// doi. org/ 10. 1007/ s10971‑ 012‑ 2792‑9

 12. N. Hüsing, U. Schubert, Aerogels—airy materials: chemis‑
try, structure, and properties. Angew. Chem. Int. Ed. 37(1–2), 
22–45 (1998). https:// doi. org/ 10. 1002/ (sici) 1521‑ 3773(19980 
202) 37:1/ 2% 3c22:: Aid‑ anie22% 3e3.0. Co;2‑i

 13. S. Zhao, Z. Zhang, G. Sèbe, R. Wu, R.V. Rivera Virtudazo 
et al., Multiscale assembly of superinsulating silica aerogels 
within silylated nanocellulosic scaffolds: Improved mechanical 
properties promoted by nanoscale chemical compatibilization. 
Adv. Funct. Mater. 25(15), 2326–2334 (2015). https:// doi. org/ 
10. 1002/ adfm. 20140 4368

 14. X. Tang, A. Sun, C. Chu, M. Yu, S. Ma et al., A novel silica 
nanowire‑silica composite aerogels dried at ambient pressure. 
Mater. Des. 115, 415–421 (2017). https:// doi. org/ 10. 1016/j. 
matdes. 2016. 11. 080

 15. M.A. Meador, C.R. Aleman, K. Hanson, N. Ramirez, S.L. 
Vivod et al., Polyimide aerogels with amide cross‑links: a 
low cost alternative for mechanically strong polymer aero‑
gels. ACS Appl. Mater. Interfaces. 7(2), 1240–1249 (2015). 
https:// doi. org/ 10. 1021/ am507 268c

 16. V. Apostolopoulou‑Kalkavoura, P. Munier, L. Bergstrom, 
Thermally insulating nanocellulose‑based materials. Adv. 
Mater. 33(28), 2001839 (2020). https:// doi. org/ 10. 1002/ adma. 
20200 1839

 17. S. Ahankari, P. Paliwal, A. Subhedar, H. Kargarzadeh, Recent 
developments in nanocellulose‑based aerogels in thermal 
applications: a review. ACS Nano 15(3), 3849–3874 (2021). 
https:// doi. org/ 10. 1021/ acsna no. 0c096 78

 18. T. Wang, M.‑C. Long, H.‑B. Zhao, B.‑W. Liu, H.‑G. Shi et al., 
An ultralow‑temperature superelastic polymer aerogel with 
high strength as a great thermal insulator under extreme condi‑
tions. J. Mater. Chem. A 8(36), 18698–18706 (2020). https:// 
doi. org/ 10. 1039/ d0ta0 5542e

 19. B. Shi, B. Ma, C. Wang, H. He, L. Qu et al., Fabrication and 
applications of polyimide nano‑aerogels. Compos. Part A 
Appl. Sci. Manuf. 143, 106283 (2021). https:// doi. org/ 10. 
1016/j. compo sitesa. 2021. 106283

 20. W. Gu, G. Wang, M. Zhou, T. Zhang, G. Ji, Polyimide‑based 
foams: fabrication and multifunctional applications. ACS 
Appl. Mater. Interfaces 12(43), 48246–48258 (2020). https:// 
doi. org/ 10. 1021/ acsami. 0c157 71

 21. Z. Ma, X. Liu, X. Xu, L. Liu, B. Yu et al., Bioinspired, highly 
adhesive, nanostructured polymeric coatings for superhydro‑
phobic fire‑extinguishing thermal insulation foam. ACS Nano 
15(7), 11667–11680 (2021). https:// doi. org/ 10. 1021/ acsna no. 
1c022 54

 22. T. Li, J. Song, X. Zhao, Z. Yang, G. Pastel et al., Anisotropic, 
lightweight, strong, and super thermally insulating nanowood 
with naturally aligned nanocellulose. Sci. Adv. 4(3), eaar3724 
(2018). https:// doi. org/ 10. 1126/ sciadv. aar37 24

 23. Y. Qin, Q. Peng, Y. Zhu, X. Zhao, Z. Lin et al., Lightweight, 
mechanically flexible and thermally superinsulating rgo/poly‑
imide nanocomposite foam with an anisotropic microstructure. 
Nanoscale Adv. 1(12), 4895–4903 (2019). https:// doi. org/ 10. 
1039/ c9na0 0444k

 24. N. Burger, A. Laachachi, M. Ferriol, M. Lutz, V. Toniazzo 
et al., Review of thermal conductivity in composites: mech‑
anisms, parameters and theory. Prog. Polym. Sci. 61, 1–28 
(2016). https:// doi. org/ 10. 1016/j. progp olyms ci. 2016. 05. 001

 25. G. Pernot, M. Stoffel, I. Savic, F. Pezzoli, P. Chen et al., Pre‑
cise control of thermal conductivity at the nanoscale through 
individual phonon‑scattering barriers. Nat. Mater. 9(6), 491–
495 (2010). https:// doi. org/ 10. 1038/ nmat2 752

 26. W. Fan, X. Zhang, Y. Zhang, Y. Zhang, T. Liu, Lightweight, 
strong, and super‑thermal insulating polyimide composite 
aerogels under high temperature. Compos. Sci. Technol. 173, 
47–52 (2019). https:// doi. org/ 10. 1016/j. comps citech. 2019. 01. 
025

 27. Q. Peng, Y. Qin, X. Zhao, X. Sun, Q. Chen et al., Superlight, 
mechanically flexible, thermally superinsulating, and antifrost‑
ing anisotropic nanocomposite foam based on hierarchical 
graphene oxide assembly. ACS Appl. Mater. Interfaces 9(50), 
44010–44017 (2017). https:// doi. org/ 10. 1021/ acsami. 7b146 04

 28. S. Zhou, V. Apostolopoulou‑Kalkavoura, M.V. Tavares da 
Costa, L. Bergström, M. Strømme et al., Elastic aerogels of 
cellulose nanofibers@metal–organic frameworks for ther‑
mal insulation and fire retardancy. Nano‑Micro Lett. 12(1), 9 
(2020). https:// doi. org/ 10. 1007/ s40820‑ 019‑ 0343‑4

 29. X. Zhang, X. Zhao, T. Xue, F. Yang, W. Fan et al., Bidirec‑
tional anisotropic polyimide/bacterial cellulose aerogels by 
freeze‑drying for super‑thermal insulation. Chem. Eng. J. 385, 
123963 (2020). https:// doi. org/ 10. 1016/j. cej. 2019. 123963

 30. J. Mandal, Y. Fu, A.C. Overvig, M. Jia, K. Sun et al., Hier‑
archically porous polymer coatings for highly efficient pas‑
sive daytime radiative cooling. Science 362(6412), 315–319 
(2018). https:// doi. org/ 10. 1126/ scien ce. aat95 13

 31. Y. Qi, B. Xiang, J. Zhang, Effect of titanium dioxide  (TiO2) 
with different crystal forms and surface modifications on cool‑
ing property and surface wettability of cool roofing materials. 
Sol. Energy Mater. Sol. Cells 172, 34–43 (2017). https:// doi. 
org/ 10. 1016/j. solmat. 2017. 07. 017

 32. D. Dias, J. Machado, V. Leal, A. Mendes, Impact of using cool 
paints on energy demand and thermal comfort of a residential 
building. Appl. Therm. Eng. 65(1–2), 273–281 (2014). https:// 
doi. org/ 10. 1016/j. applt herma leng. 2013. 12. 056

 33. A. Leroy, B. Bhatia, C.C. Kelsall, A. Castillejo‑Cuberos, M. 
Di Capua H. et al., High‑performance subambient radiative 

https://doi.org/10.1039/c1jm11472g
https://doi.org/10.1039/c1jm11472g
https://doi.org/10.1126/science.aav7304
https://doi.org/10.1126/science.aav7304
https://doi.org/10.1088/2631-6331/ab953a
https://doi.org/10.1007/s10971-012-2792-9
https://doi.org/10.1002/(sici)1521-3773(19980202)37:1/2%3c22::Aid-anie22%3e3.0.Co;2-i
https://doi.org/10.1002/(sici)1521-3773(19980202)37:1/2%3c22::Aid-anie22%3e3.0.Co;2-i
https://doi.org/10.1002/adfm.201404368
https://doi.org/10.1002/adfm.201404368
https://doi.org/10.1016/j.matdes.2016.11.080
https://doi.org/10.1016/j.matdes.2016.11.080
https://doi.org/10.1021/am507268c
https://doi.org/10.1002/adma.202001839
https://doi.org/10.1002/adma.202001839
https://doi.org/10.1021/acsnano.0c09678
https://doi.org/10.1039/d0ta05542e
https://doi.org/10.1039/d0ta05542e
https://doi.org/10.1016/j.compositesa.2021.106283
https://doi.org/10.1016/j.compositesa.2021.106283
https://doi.org/10.1021/acsami.0c15771
https://doi.org/10.1021/acsami.0c15771
https://doi.org/10.1021/acsnano.1c02254
https://doi.org/10.1021/acsnano.1c02254
https://doi.org/10.1126/sciadv.aar3724
https://doi.org/10.1039/c9na00444k
https://doi.org/10.1039/c9na00444k
https://doi.org/10.1016/j.progpolymsci.2016.05.001
https://doi.org/10.1038/nmat2752
https://doi.org/10.1016/j.compscitech.2019.01.025
https://doi.org/10.1016/j.compscitech.2019.01.025
https://doi.org/10.1021/acsami.7b14604
https://doi.org/10.1007/s40820-019-0343-4
https://doi.org/10.1016/j.cej.2019.123963
https://doi.org/10.1126/science.aat9513
https://doi.org/10.1016/j.solmat.2017.07.017
https://doi.org/10.1016/j.solmat.2017.07.017
https://doi.org/10.1016/j.applthermaleng.2013.12.056
https://doi.org/10.1016/j.applthermaleng.2013.12.056


Nano‑Micro Lett. (2022) 14:54 Page 15 of 16 54

1 3

cooling enabled by optically selective and thermally insulating 
polyethylene aerogel. Sci. Adv. 5(10), eaat9480 (2019). https:// 
doi. org/ 10. 1126/ sciadv. aat94 80

 34. M. Yang, W. Zou, J. Guo, Z. Qian, H. Luo et al., Bioinspired 
“skin” with cooperative thermo‑optical effect for daytime radi‑
ative cooling. ACS Appl. Mater. Interfaces. 12(22), 25286–
25293 (2020). https:// doi. org/ 10. 1021/ acsami. 0c038 97

 35. Z. Yang, Z. Zhou, H. Sun, T. Chen, J. Zhang, Construction of 
a ternary channel efficient passive cooling composites with 
solar‑reflective, thermoemissive, and thermoconductive prop‑
erties. Compos. Sci. Technol. 207, 108743 (2021). https:// doi. 
org/ 10. 1016/j. comps citech. 2021. 108743

 36. P. Zhang, J. Li, L. Lv, Y. Zhao, L. Qu, Vertically aligned gra‑
phene sheets membrane for highly efficient solar thermal gen‑
eration of clean water. ACS Nano 11(5), 5087–5093 (2017). 
https:// doi. org/ 10. 1021/ acsna no. 7b019 65

 37. C. Huang, J. Peng, Y. Cheng, Q. Zhao, Y. Du et al., Ultratough 
nacre‑inspired epoxy–graphene composites with shape mem‑
ory properties. J. Mater. Chem. A 7(6), 2787–2794 (2019). 
https:// doi. org/ 10. 1039/ C8TA1 0725D

 38. P. Min, X. Li, P. Liu, J. Liu, X.Q. Jia et al., Rational design 
of soft yet elastic lamellar graphene aerogels via bidirectional 
freezing for ultrasensitive pressure and bending sensors. Adv. 
Funct. Mater. 31, 2103703 (2021). https:// doi. org/ 10. 1002/ 
adfm. 20210 3703

 39. W. Lei, V.N. Mochalin, D. Liu, S. Qin, Y. Gogotsi et al., Boron 
nitride colloidal solutions, ultralight aerogels and freestanding 
membranes through one‑step exfoliation and functionalization. 
Nat. Commun. 6, 8849 (2015). https:// doi. org/ 10. 1038/ ncomm 
s9849

 40. Y. Wu, Z. Wang, X. Shen, X. Liu, N.M. Han et al., Graphene/
boron nitride–polyurethane microlaminates for exceptional 
dielectric properties and high energy densities. ACS Appl. 
Mater. Interfaces 10(31), 26641–26652 (2018). https:// doi. org/ 
10. 1021/ acsami. 8b080 31

 41. J. Yang, W. Yang, W. Chen, X. Tao, An elegant coupling: 
freeze‑casting and versatile polymer composites. Prog. Polym. 
Sci. 109, 101289 (2020). https:// doi. org/ 10. 1016/j. progp olyms 
ci. 2020. 101289

 42. X. Shen, Q. Zheng, J.‑K. Kim, Rational design of two‑dimen‑
sional nanofillers for polymer nanocomposites toward multi‑
functional applications. Prog. Mater. Sci. 115, 100708 (2021). 
https:// doi. org/ 10. 1016/j. pmats ci. 2020. 100708

 43. Z. Wang, X. Shen, N.M. Han, X. Liu, Y. Wu et al., Ultralow 
electrical percolation in graphene aerogel/epoxy composites. 
Chem. Mater. 28(18), 6731–6741 (2016). https:// doi. org/ 10. 
1021/ acs. chemm ater. 6b032 06

 44. T. Sainsbury, A. Satti, P. May, Z. Wang, I. McGovern et al., 
Oxygen radical functionalization of boron nitride nanosheets. 
J. Am. Chem. Soc. 134(45), 18758–18771 (2012). https:// doi. 
org/ 10. 1021/ ja308 0665

 45. F. Guo, X. Shen, J. Zhou, D. Liu, Q. Zheng et al., Highly ther‑
mally conductive dielectric nanocomposites with synergistic 
alignments of graphene and boron nitride nanosheets. Adv. 
Funct. Mater. 30(19), 1910826 (2020). https:// doi. org/ 10. 1002/ 
adfm. 20191 0826

 46. X. Tong, L. Du, Q. Xu, Tough, adhesive and self‑healing 
conductive 3D network hydrogel of physically linked func‑
tionalized‑boron nitride/clay/poly(n‑isopropylacrylamide). J. 
Mater. Chem. A 6(7), 3091–3099 (2018). https:// doi. org/ 10. 
1039/ c7ta1 0898b

 47. Z. Wang, N.M. Han, Y. Wu, X. Liu, X. Shen et al., Ultrahigh 
dielectric constant and low loss of highly‑aligned graphene 
aerogel/poly(vinyl alcohol) composites with insulating bar‑
riers. Carbon 123, 385–394 (2017). https:// doi. org/ 10. 1016/j. 
carbon. 2017. 07. 079

 48. E. Munch, E. Saiz, A.P. Tomsia, S. Deville, Architectural con‑
trol of freeze‑cast ceramics through additives and templating. 
J. Am. Ceram. Soc. 92(7), 1534–1539 (2009). https:// doi. org/ 
10. 1111/j. 1551‑ 2916. 2009. 03087.x

 49. M.M. Porter, R. Imperio, M. Wen, M.A. Meyers, J. McK‑
ittrick, Bioinspired scaffolds with varying pore architectures 
and mechanical properties. Adv. Funct. Mater. 24(14), 1978–
1987 (2014). https:// doi. org/ 10. 1002/ adfm. 20130 2958

 50. N. Zhao, M. Yang, Q. Zhao, W. Gao, T. Xie et al., Super‑
stretchable nacre‑mimetic graphene/poly(vinyl alcohol) com‑
posite film based on interfacial architectural engineering. ACS 
Nano 11(5), 4777–4784 (2017). https:// doi. org/ 10. 1021/ acsna 
no. 7b010 89

 51. M. Yang, N. Zhao, Y. Cui, W. Gao, Q. Zhao et al., Biomimetic 
architectured graphene aerogel with exceptional strength and 
resilience. ACS Nano 11(7), 6817–6824 (2017). https:// doi. 
org/ 10. 1021/ acsna no. 7b018 15

 52. M. Antunes, V. Realinho, J.I. Velasco, E. Solórzano, M.‑Á. 
Rodríguez‑Pérez et al., Thermal conductivity anisotropy in 
polypropylene foams prepared by supercritical  CO2 dissolu‑
tion. Mater. Chem. Phys. 136(1), 268–276 (2012). https:// doi. 
org/ 10. 1016/j. match emphys. 2012. 07. 001

 53. S.T. Huxtable, D.G. Cahill, S. Shenogin, L. Xue, R. Ozisik 
et al., Interfacial heat flow in carbon nanotube suspensions. 
Nat. Mater. 2(11), 731–734 (2003). https:// doi. org/ 10. 1038/ 
nmat9 96

 54. D. Wang, H. Peng, B. Yu, K. Zhou, H. Pan et al., Biomi‑
metic structural cellulose nanofiber aerogels with exceptional 
mechanical, flame‑retardant and thermal‑insulating properties. 
Chem. Eng. J. 389, 124449 (2020). https:// doi. org/ 10. 1016/j. 
cej. 2020. 124449

 55. M.J. Oh, J.H. Lee, P.J. Yoo, Graphene‑based ultralight com‑
partmentalized isotropic foams with an extremely low thermal 
conductivity of 5.75 mW  m−1  K−1. Adv. Funct. Mater. 31(5), 
2007392 (2020). https:// doi. org/ 10. 1002/ adfm. 20200 7392

 56. J.F. Guo, G.H. Tang, A theoretical model for gas‑contributed 
thermal conductivity in nanoporous aerogels. Int. J. Heat Mass 
Transfer 137, 64–73 (2019). https:// doi. org/ 10. 1016/j. ijhea 
tmass trans fer. 2019. 03. 106

 57. L.R. Glicksman, Heat transfer in foams. ed. by N.C. Hilyard, 
A. Cunningham (Springer, 1994), pp. 104–152. https:// doi. org/ 
10. 1007/ 978‑ 94‑ 011‑ 1256‑7_5

 58. H. Zhan, Y. Nie, Y. Chen, J.M. Bell, Y. Gu, Thermal trans‑
port in 3D nanostructures. Adv. Funct. Mater. 30(8), 1903841 
(2020). https:// doi. org/ 10. 1002/ adfm. 20190 3841

https://doi.org/10.1126/sciadv.aat9480
https://doi.org/10.1126/sciadv.aat9480
https://doi.org/10.1021/acsami.0c03897
https://doi.org/10.1016/j.compscitech.2021.108743
https://doi.org/10.1016/j.compscitech.2021.108743
https://doi.org/10.1021/acsnano.7b01965
https://doi.org/10.1039/C8TA10725D
https://doi.org/10.1002/adfm.202103703
https://doi.org/10.1002/adfm.202103703
https://doi.org/10.1038/ncomms9849
https://doi.org/10.1038/ncomms9849
https://doi.org/10.1021/acsami.8b08031
https://doi.org/10.1021/acsami.8b08031
https://doi.org/10.1016/j.progpolymsci.2020.101289
https://doi.org/10.1016/j.progpolymsci.2020.101289
https://doi.org/10.1016/j.pmatsci.2020.100708
https://doi.org/10.1021/acs.chemmater.6b03206
https://doi.org/10.1021/acs.chemmater.6b03206
https://doi.org/10.1021/ja3080665
https://doi.org/10.1021/ja3080665
https://doi.org/10.1002/adfm.201910826
https://doi.org/10.1002/adfm.201910826
https://doi.org/10.1039/c7ta10898b
https://doi.org/10.1039/c7ta10898b
https://doi.org/10.1016/j.carbon.2017.07.079
https://doi.org/10.1016/j.carbon.2017.07.079
https://doi.org/10.1111/j.1551-2916.2009.03087.x
https://doi.org/10.1111/j.1551-2916.2009.03087.x
https://doi.org/10.1002/adfm.201302958
https://doi.org/10.1021/acsnano.7b01089
https://doi.org/10.1021/acsnano.7b01089
https://doi.org/10.1021/acsnano.7b01815
https://doi.org/10.1021/acsnano.7b01815
https://doi.org/10.1016/j.matchemphys.2012.07.001
https://doi.org/10.1016/j.matchemphys.2012.07.001
https://doi.org/10.1038/nmat996
https://doi.org/10.1038/nmat996
https://doi.org/10.1016/j.cej.2020.124449
https://doi.org/10.1016/j.cej.2020.124449
https://doi.org/10.1002/adfm.202007392
https://doi.org/10.1016/j.ijheatmasstransfer.2019.03.106
https://doi.org/10.1016/j.ijheatmasstransfer.2019.03.106
https://doi.org/10.1007/978-94-011-1256-7_5
https://doi.org/10.1007/978-94-011-1256-7_5
https://doi.org/10.1002/adfm.201903841


 Nano‑Micro Lett. (2022) 14:5454 Page 16 of 16

https://doi.org/10.1007/s40820‑022‑00797‑6© The authors

 59. C. Bi, G.H. Tang, W.Q. Tao, Prediction of the gaseous thermal 
conductivity in aerogels with non‑uniform pore‑size distribu‑
tion. J. Non‑Cryst. Solids 358(23), 3124–3128 (2012). https:// 
doi. org/ 10. 1016/j. jnonc rysol. 2012. 08. 011

 60. G. Wei, Y. Liu, X. Zhang, F. Yu, X. Du, Thermal conductivi‑
ties study on silica aerogel and its composite insulation materi‑
als. Int. J. Heat Mass Transfer 54(11–12), 2355–2366 (2011). 
https:// doi. org/ 10. 1016/j. ijhea tmass trans fer. 2011. 02. 026

 61. X. Lu, M. Arduini‑Schuster, J. Kuhn, O. Nilsson, J. Fricke 
et al., Thermal conductivity of monolithic organic aerogels. 
Science 255(5047), 971–972 (1992). https:// doi. org/ 10. 1126/ 
scien ce. 255. 5047. 971

 62. P.L. Kapitza, Heat transfer and superfluidity of helium II. 
Phys. Rev. 60(4), 354–355 (1941). https:// doi. org/ 10. 1103/ 
PhysR ev. 60. 354

 63. M. Alam, H. Singh, M.C. Limbachiya, Vacuum insulation 
panels (VIPs) for building construction industry–a review of 
the contemporary developments and future directions. Appl. 
Energy 88(11), 3592–3602 (2011). https:// doi. org/ 10. 1016/j. 
apene rgy. 2011. 04. 040

 64. J. Fricke, U. Heinemann, H.P. Ebert, Vacuum insulation pan‑
els—from research to market. Vacuum 82(7), 680–690 (2008). 
https:// doi. org/ 10. 1016/j. vacuum. 2007. 10. 014

 65. C. Xie, S. Liu, Q. Zhang, H. Ma, S. Yang et al., Macroscopic‑
scale preparation of aramid nanofiber aerogel by modified 
freezing‑drying method. ACS Nano 15(6), 10000–10009 
(2021). https:// doi. org/ 10. 1021/ acsna no. 1c015 51

 66. H.G. Shi, H.B. Zhao, B.W. Liu, Y.Z. Wang, Multifunctional 
flame‑retardant melamine‑based hybrid foam for infrared 
stealth, thermal insulation, and electromagnetic interference 
shielding. ACS Appl. Mater. Interfaces 13(22), 26505–26514 
(2021). https:// doi. org/ 10. 1021/ acsami. 1c073 63

 67. J. Lyu, Z. Liu, X. Wu, G. Li, D. Fang et al., Nanofibrous kevlar 
aerogel films and their phase‑change composites for highly 
efficient infrared stealth. ACS Nano 13(2), 2236–2245 (2019). 
https:// doi. org/ 10. 1021/ acsna no. 8b089 13

 68. H. Qin, Y. Zhang, J. Jiang, L. Wang, M. Song et al., Multi‑
functional superelastic cellulose nanofibrils aerogel by dual 
ice‑templating assembly. Adv. Funct. Mater. 31(46), 2106269 
(2021). https:// doi. org/ 10. 1002/ adfm. 20210 6269

 69. W. Gu, J. Sheng, Q. Huang, G. Wang, J. Chen et al., Environ‑
mentally friendly and multifunctional shaddock peel‑based 
carbon aerogel for thermal‑insulation and microwave absorp‑
tion. Nano‑Micro Lett. 13(1), 102 (2021). https:// doi. org/ 10. 
1007/ s40820‑ 021‑ 00635‑1

 70. H. Zhong, Y. Li, P. Zhang, S. Gao, B. Liu et al., Hierarchically 
hollow microfibers as a scalable and effective thermal insu‑
lating cooler for buildings. ACS Nano 15(6), 10076–10083 
(2021). https:// doi. org/ 10. 1021/ acsna no. 1c018 14

 71. Y. Chen, J. Mandal, W. Li, A. Smith‑Washington, C.‑C. Tsai 
et al., Colored and paintable bilayer coatings with high solar‑
infrared reflectance for efficient cooling. Sci. Adv. 6(17), 
eaaz5413 (2020). https:// doi. org/ 10. 1126/ sciadv. aaz54 13

 72. W. Gao, Z. Lei, K. Wu, Y. Chen, Reconfigurable and renew‑
able nano‑micro‑structured plastics for radiative cooling. Adv. 
Funct. Mater. 31(21), 2100535 (2021). https:// doi. org/ 10. 1002/ 
adfm. 20210 0535

 73. R. He, Y. Liao, J. Huang, T. Cheng, X. Zhang et al., Radiant 
air conditioning with infrared transparent polyethylene aero‑
gel. Mater. Today Energy 21, 100800 (2021). https:// doi. org/ 
10. 1016/j. mtener. 2021. 100800

 74. T. Li, Y. Zhai, S. He, W. Gan, Z. Wei et al., A radiative cool‑
ing structural material. Science 364(6442), 760–763 (2019). 
https:// doi. org/ 10. 1126/ scien ce. aau91 01

 75. Y. Tao, Z. Mao, Z. Yang, J. Zhang, Preparation and charac‑
terization of polymer matrix passive cooling materials with 
thermal insulation and solar reflection properties based on 
porous structure. Energy Build. 225, 110361 (2020). https:// 
doi. org/ 10. 1016/j. enbui ld. 2020. 110361

https://doi.org/10.1016/j.jnoncrysol.2012.08.011
https://doi.org/10.1016/j.jnoncrysol.2012.08.011
https://doi.org/10.1016/j.ijheatmasstransfer.2011.02.026
https://doi.org/10.1126/science.255.5047.971
https://doi.org/10.1126/science.255.5047.971
https://doi.org/10.1103/PhysRev.60.354
https://doi.org/10.1103/PhysRev.60.354
https://doi.org/10.1016/j.apenergy.2011.04.040
https://doi.org/10.1016/j.apenergy.2011.04.040
https://doi.org/10.1016/j.vacuum.2007.10.014
https://doi.org/10.1021/acsnano.1c01551
https://doi.org/10.1021/acsami.1c07363
https://doi.org/10.1021/acsnano.8b08913
https://doi.org/10.1002/adfm.202106269
https://doi.org/10.1007/s40820-021-00635-1
https://doi.org/10.1007/s40820-021-00635-1
https://doi.org/10.1021/acsnano.1c01814
https://doi.org/10.1126/sciadv.aaz5413
https://doi.org/10.1002/adfm.202100535
https://doi.org/10.1002/adfm.202100535
https://doi.org/10.1016/j.mtener.2021.100800
https://doi.org/10.1016/j.mtener.2021.100800
https://doi.org/10.1126/science.aau9101
https://doi.org/10.1016/j.enbuild.2020.110361
https://doi.org/10.1016/j.enbuild.2020.110361

	Superinsulating BNNSPVA Composite Aerogels with High Solar Reflectance for Energy-Efficient Buildings
	Highlights
	Abstract 
	1 Introduction
	2 Experimental
	2.1 Materials and Synthesis of BNNSs
	2.2 Fabrication of BNNSPVA Composite Aerogels
	2.3 Characterization

	3 Results and Discussion
	3.1 Structure of BNNSPVA Composite Aerogels
	3.2 PhysicalMechanical Properties of BNNSPVA Composite Aerogels
	3.3 Thermal Insulation of BNNSPVA Composite Aerogels
	3.4 Solar Reflectance of BNNSPVA Composite Aerogels

	4 Conclusions
	Acknowledgements 
	References




