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Facile fabrication of ultralow-density transparent boehmite 

nanofiber cryogel beads and their application to a nanoglue 
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Abstract: Ultralow-density transparent porous bulk materials with 

densities of 5 mg cm−3 or less have only been obtained by 

supercritical drying. In this work, a simple method is reported for 

obtaining ultralow-density transparent porous beads with a diameter 

of several millimeters. In the method, a boehmite nanofiber 

dispersion (BNF sol) is dripped directly into liquid nitrogen and the 

beads are vacuum-dried. Normally, porous materials obtained via 

freeze drying exhibit strong light scattering due to structural 

nonuniformity and are not transparent. However, using dilute BNF as 

a skeleton structure suppressed the inhomogeneity due to 

aggregation during the dispersion medium crystallization. The lowest 

bulk density of the cryogel was 1.1 mg cm−3, and the visible light 

transmittance reached 90 %. By dispersing functional materials into 

the BNF sol before freezing, composite materials were obtained. The 

facile method can be expected to develop the field of functional 

porous materials. 

Aerogels have been researched intensively for over 80 years.[1] 

These structural materials are formed from a wide variety of 

compounds, including silica, alumina, titania, organic polymers, 

carbon materials, and biomaterials, which allows many possible 

applications.[2] A typical aerogel compound is silica. Silica 

aerogels have high visible-light transmittance, which is not 

observed in most other aerogels, and they have good thermal 

insulation properties when the density is around 150 mg cm−3.[3] 

These properties mean that silica aerogels are expected to be 

used in smart windows.[2c, 4] In the physical sciences, the 

refractive index of low-density silica aerogels has been a focus 

of research.[5] By lowering the density of the silica aerogel, the 

refractive index can be brought close to air. To control of the 

optical properties further, ultralow-density transparent silica 

aerogels with a density of less than 5 mg cm−3 have been 

fabricated.[6] However, the fine skeleton structure composed of 

continuous spherical particles becomes brittle when the bulk 

density is lower; thus, more advanced techniques and a careful 

process are required to obtain crack-free aerogel monoliths. For 

this reason, there are few studies of ultralow-density transparent 

aerogels. 

 Recently, new techniques to form ultralow-density porous 

materials have been reported. Some of them are related to 

transparent or translucent monoliths. For example, Biener et al. 

prepared transparent nanotubular monoliths by atomic layer 

deposition templating.[7] In 2015, we obtained aerogels with high 

visible-light transmittance and ultralow refractive index by 

aggregating boehmite nanofibers (BNFs, AlOOH composition)[8] 

with diameters of several nanometers and an aspect ratio of 

1000.[9] These aerogels had a visible-light transmittance of about 

90 % through a thickness of 10 mm at densities of 5 mg cm−3 or 

less. Because the refractive index is close to that of air, objects 

placed on top of the aerogels appear to be “hovering”, 

depending on the background color (see the table of contents 

graphic in our previous paper[9]). The fine structure of the 

aerogels composed of BNFs, which are a one-dimensional 

material, is different from the continuous spherical particle 

structure in silica aerogels. The strength of BNF aerogels can be 

higher than silica aerogels because the nanofibers have no neck, 

which are a fracture point in the skeleton structure. In addition, 

for geometric reasons, nanofiber aerogels are lower density than 

continuous particle aerogels. Ultralow-density monoliths with 

compositions other than boehmite, such as copper oxide and 

titania, have been reported.[10] However, none of these ultralow-

density nanofiber monoliths are transparent, which means that 

boehmite is special. Furthermore, the wet gel that is the basis of 

the ultralow-density BNF aerogel can be produced by a facile 

process of aggregating a commercially available BNF dispersion 

sol with a base. Boehmite nanofiber aerogels are highly 

reproducible because they do not require complicated reactions, 

and it is possible to prepare aerogels of any size and bulk shape 

after supercritical drying. 

 In this paper, a facile method for preparing ultralow-density 

transparent structures on the macroscale is reported. Instead of 

the conventional method of drying the wet gel with a supercritical 

fluid, ultralow-density porous materials were obtained by directly 

freezing the dispersed BNF sol and vacuum drying. Until now, 

various low-density monoliths have been produced by vacuum 

freeze drying, but they have all been opaque. During freeze 

drying, no surface tension acts on the gas-liquid interface during 

drying, and the monoliths are not shrunk by the capillary force. 

Consequently, low-density gels can be obtained easily by this 

drying method. However, when the sol is frozen, the dispersion 

medium (organic liquid) crystallizes and destroys the fine 

skeleton structure. To obtain transparent porous materials, it is 

necessary to eliminate structural heterogeneity on the scale of 

visible-light wavelengths (several hundreds of nanometers) or 

more, which is a source of Mie scattering, but the solvent 

crystals tend to grow larger. Therefore, it is almost impossible to 

obtain a transparent porous bulk structure by freeze drying. 

However, when the highly dispersed diluted BNF sol was 

instantly frozen (Movie S1), the skeleton structure had almost no 

aggregation, and a transparent cryogel of several millimeters 

was prepared. 

 The boehmite nanofiber cryogel was prepared as follows. 

A commercially available methyl isobutyl ketone (MIBK) 

dispersed BNF sol was diluted with tert-butyl alcohol (TBA). The 
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nanofibers used in this experiment had a diameter of several 

nanometers, an aspect ratio of 3000, and a specific surface area 

of approximately 350 m2 g−1 for the dried nanofibers. The sol 

(5.5 μL) was dropped directly into liquid nitrogen with an 

electronic pipette. The sol was frozen instantly to form ~2 mm 

beads (Movie S1) that were vacuum dried for several hours. The 

frozen BNF sol, which was white at the time of freezing, became 

transparent gradually. After drying ultralow-density transparent 

cryogel beads were obtained (Movie S2). 

 Table 1 summarizes the starting compositions and the 

physical properties of the BNF cryogel beads, where the number 

in the sample names indicate the total mass when 1.0 g of 4.6 

wt % BNF sol is diluted by adding TBA. The density decreased 

as the concentration of BNF in the starting sol decreased, and 

the transmittance increased. This is because the TBA and small 

amount of MIBK affect crystallization while the BNF sol droplet is 

being frozen, which means that the lower the concentration of 

dispersed nanofibers, the fewer aggregates are formed. Figure 

1 shows the transmittance at each wavelength with respect to 

the diameter of the beads obtained with each starting 

composition. The transmittance on the shorter wavelength side 

becomes smaller owing to the scattering. The visible-light 

transmittance of C75 was the highest, and it was confirmed by 

field-emission scanning electron microscopy (FESEM) that there 

was no dense aggregation of visible wavelength size in the 

nanofiber framework. Figure 2 shows a digital photo and 

FESEM image of sample C75, and Movie S2 shows the change 

in appearance during freeze drying of C75. Almost no cryogel 

was visible at the end of the drying process. Changes in the bulk 

density of the cryogel were also examined. The minimum 

density was 1.1 mg cm−3, observed for sample C75. As the BNF 

concentration decreased, the proportion of the skeleton in the 

bulk decreased and the material became unable to support its 

own weight, which resulted larger shrinkage after drying. For a 

BNF concentration of less than 0.45 g L−1 in the starting sol 

using TBA as a dispersion medium, the cryogel collapsed and 

lost its spherical shape. A similar experiment was carried out 

with water as the BNF dispersion medium, but all of the obtained 

beads were opaque (Figure S1). Since the crystal growth at the 

time of freezing, which causes coarsening of the microstructure, 

differs depending on the liquid, the dispersion medium is also 

important for forming a transparent porous structure. 

 

Table 1. Properties of the BNF cryogel beads obtained from 5.5 μL of BNF sol. 

Sample BNF 

concentration 

in sol [g L−1] 

Volume of  

cryogel 

bead [μL] 

Bulk density 

[mg cm−3] 

Visible-light 

transmittance 

at 550 nm 

[%] 

C10 3.5 4.6 ± 0.4 4.2 ± 0.4 4.2 

C25 1.4 3.8 ± 0.6 2.1 ± 0.4 22.6 

C50 0.71 2.7 ± 0.5 1.3 ± 0.2 65.5 

C75 0.48 2.3 ± 0.4 1.1 ± 0.2 91.1 

 

 

Figure 1. Light transmittance with respect to the penetration of the BNF 

cryogel bead center portion. 

 

Figure 2. a) Photograph and b) FESEM image of the 2-mm BNF cryogel bead 

C75. The gel is too transparent to see, but can be confirmed by the shade. 

 Next, the applications of those transparent beads are 

discussed. Some researchers have reported functionalized 

materials that use transparent silica aerogels as a nanoglue and 

dispersing nanoparticles inside them.[11] These composite 

aerogels show optical characteristics and catalytic activities that 

depend on the composition of the dispersed material. In the 

present work, it was investigated whether BNF cryogels could 

produce similar composite materials as a host by adding guests 

such as fine particles, nanofibers, and functional molecules to 

the drops of BNF sol. Composite BNF cryogels were obtained 

with various dispersed materials. For example, a composite BNF 
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cryogel was obtained by dispersing microparticles of a 

commercially available phosphorescent pigment (LumiNova, 

Nemoto & Co., Ltd.) (Figure 3). Similarly, a composite obtained 

by dispersing the functional molecule diarylethene[12] showed 

photochromic properties. Adding carbon nanotubes (Figure S2) 

made the usually hydrophilic BNF cryogel beads water repellent, 

indicating that the surface properties were changed. The 

appearance of the BNF-composite beads varied from 

transparent to translucent. FESEM observation of the BNF-

magnetic iron particle composite cryogel, which was attracted to 

magnets, showed that the particles were dispersed along the 

fiber without large aggregation (Figure 4). These results 

confirmed that the guest material was well dispersed in the BNF 

skeleton, thereby adding functionality. Currently, attempts to use 

BNF cryogel as a nanoglue are in the preliminary stages of 

functional material development, although it is expected that 

optical materials and sensors will be developed. 

 

Figure 3. Photographs of BNF composite cryogel beads. a) BNF–

phosphorescent pigment particle (LumiNova, Nemoto & Co., Ltd., average 

particle size ~ 60 μm), and b) BNF–diarylethene (1,2-Bis[2-

methylbenzo[b]thiophen-3-yl]-3,3,4,4,5,5-hexafluoro-1-cyclopentene). 

 

Figure 4. FESEM image of BNF–Fe3O4 particle (particle size is 50–100 nm) 

composite cryogel beads. 

 In summary, a sol with BNFs dispersed in TBA was 

dropped directly into liquid nitrogen and frozen, and then 

vacuum dried to obtain ultralow-density cryogel. It has previously 

been difficult to prepare transparent porous monoliths by 

vacuum freeze-drying because the uniformity of the skeleton 

structure is disturbed by crystallization of the dispersion medium, 

creating a scattering source. However, using a highly diluted 

BNF sol made nanofiber aggregation unlikely, and the beads 

became transparent like the aerogel obtained by supercritical 

drying. Although the ultralow-density transparent BNF cryogel is 

currently limited to beads, it is expected that a plate several 

millimeters thick will be developed. Adding a functional material 

to the BNF dispersion sol produced structures in which the 

functional material was dispersed among the nanofibers. In the 

future, a composite material with a BNF skeleton as a nanoglue 

could be used for optical materials and environmentally 

responsive sensor materials.[13] 

Experimental Section 

Experimental details can be found in the Supporting Information. 
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