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Abstract

A transparent wet gel was obtained in a few minutes at room temperature by adding an aqueous phosphoric acid solution of
appropriate concentration to boehmite nanofiber sol. After room temperature aging and supercritical carbon dioxide drying,
low bulk density aerogels with visible light transmittance of over 90% at 10 mm thickness were obtained. These aerogels
exhibited high Young’s modulus and visible light transmittance, while having the same bulk density as the samples obtained
by a conventional gelation process using a base. The high optical transmittance of the aerogel were hardly lost even at high
humidity because the phosphorylation of the skeletal surface reduced the percentage of hydroxyl groups. The three-
dimensional imaging inspection of the exterior and interior of the aerogel was carried out. The various developments
reported in this paper make aerogels with ultralow bulk density (<0.01 g cm~>) and high visible light transmission even more
promising for applications in the physical field.
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Highlights

e Transparent gels were obtained by adding phosphoric acid to a boehmite nanofiber sol.
e Boehmite nanofiber aerogels with phosphate groups on the surface showed moisture resistance.
e The three-dimensional imaging inspection of the exterior and interior of the aerogel was carried out.

1 Introduction

Aerogels have fascinated researchers because of their
characteristic properties derived from their low-density
structures. A variety of aerogel materials have been reported
[1], among which silica aerogel is the most representative
one because of its high light transmittance and thermal
insulation properties [2]. However, among porous materials
with low bulk densities, not many skeletal compositions
lead to high visible light transmittance. Organic polymer
aerogels such as resorcinol-formaldehyde (RF) [3], poly-
imide [4] and polyurethane [5] have low light transmittance
or are opaque, and carbon aerogels [6, 7] are black. On the
other hand, bionanofiber gels, e.g. cellulose and chitosan
nanofiber, which have attracted considerable research
interest in recent years, are also translucent because of their
tendency to cause Mie scattering [8, 9]. In fact, most of the
aerogels that have been used as optical materials (detectors),
for example, in accelerator experiments, are based on the
silica framework [10-15].

In 2015, we reported the fabrication of aerogels using
nanofibers with an aluminum oxide hydroxide (boehmite)
framework [16]. Boehmite nanofiber (BNF) aerogels
obtained by the gelation of an acetic acid-containing BNF
suspension with the addition of a base, followed by washing
and supercritical drying, have a minimum bulk density of
~1mgcem >, which is comparable to or smaller than the
lowest bulk density of a typical silica aerogel [17]. The
skeletal network of the BNF aerogel is fiber-like and does
not have interparticle necks like those observed in silica
aerogel microstructures, and the BNF aerogel is mechani-
cally strong in spite of its low bulk density [18]. In fact, it
has a relatively high Young’s modulus (>20kPa, with a
sample of density ~5mgcm™>) against uniaxial compres-
sion and does not crack when crushed [19]. The dis-
advantage of using BNF aerogel as an optical material is
that it tends to contain large defects caused by bubbles
which tend to scatter a light beam [20]. The BNFs dispersed
in the sol aggregate to form a gel when a base is added.
However, if a basic salt or aqueous solution is added
directly to the sol to induce its gelation, local aggregation
occurs and a uniform aerogel cannot be obtained. Therefore,
in a previous study, ammonia was generated in situ by the
hydrolysis of hexamethylenetetramine (HMT) to induce the
aggregation of the dispersed boehmite nanofibers for gela-
tion. For the reaction to be efficient, the sol was heated to
60-80 °C. As the processing temperature was increased, the

solubility of gas molecules decreased, and bubbles were
more likely to form. Because the precursor sol contained a
large number of nanofibers, it was difficult to completely
suppress the nucleation and growth of air bubbles in the
gelating mixture. In addition, BNF aerogels easily absorb
moisture from air, resulting in a slight shrinkage and
decrease in light transmittance with time after their
fabrication.

After evaluating various gelation methods to resolve
these issues, we discovered that the addition of phosphoric
acid to a BNF sol could lead to uniform BNF monolithic
gels without bubbles or aggregation. Simultaneously, alu-
minum phosphate formed on the nanofiber surface miti-
gated the moisture absorption by the aerogel. Herein, we
report a new process involving phosphoric acid addition for
fabricating transparent BNF aerogels for optical applica-
tions. In addition, differences between the gels obtained by
the conventional gelation process with the addition of base
will be discussed.

2 Experimental
2.1 Chemicals

Boehmite nanofiber (BNF) dispersion sol F1000 (7.5 wt.%
in acetic acid aq.) was kindly provided by Kawaken Fine
Chemicals Co., Ltd., Japan [21]. The concentration of
nanofibers was confirmed by drying at 80 °C for 48h.
Average length and width of a BNF are 1400 and 4 nm,
respectively. Aqueous phosphoric acid solution, methanol,
2-propanol, n-hexane, and hexamethylenetetramine (HMT)
were purchased from Kanto Chemical Co. Inc., Japan. All
the reagents were used as received.

2.2 Preparation of BNF aerogels

First, wet BNF gels were prepared using a phosphoric acid
solution, as follows: x g of the BNF sol was diluted with
5.0 —xmL of ion-exchanged water in a perfluoroalkoxy
alkane (PFA) container, and then 5.0 mL of 100 mM agq.
phosphoric acid was added. After a few minutes of gelation,
the gel was aged under sealed conditions for 24 h to obtain
the wet gel. All these processes were carried out at RT. As a
reference sample, a wet gel was formed by the addition of
HMT using the following procedure: 1.0 g of the BNF sol
was diluted with 9.0 mL of ion-exchanged water, and then
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[ BNF sol x g + Water 5.0-x mL ]
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Y
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Fig. 1 Aerogel fabrication process and the sample obtained.
a Flowchart for BNF aerogel PAx fabrication. b Disk sample of
Aerogel PA1.0. The white object behind the sample is a polytetra-
fluoroethylene tube used as a mold for the gel

0.5g of HMT was added and stirred for 3 min. After
sonication and degassing for a few minutes, the sample was
heated at 80 °C for 6 h under sealed conditions for gelation
and aging. Thereafter, the two types of wet gels were
washed and solvent-exchanged sequentially with methanol,
2-propanol, and n-hexane in that order. Finally, supercritical
CO, drying was performed using SYGLCP-81 (Sanyu
Gijutsu Co., Ltd., Japan). After solvent exchange of the
samples to liquefied carbon dioxide in an autoclave, they
were supercritically dried at 40 °C and 10 MPa. The sample
prepared using aq. phosphoric acid is denoted as PAx
(where x =0.5, 1.0, 1.5), and the reference sample prepared
with HMT is denoted as HMTI1.0. A flowchart of the
sample preparation process is presented in Fig. la.

2.3 Characterization

All aerogel samples were degassed under vacuum at 80 °C
for 8 h before each measurement. The bulk densities were
calculated based on the respective measured weights and
volumes, with an error margin of ~5%. The microstructures
were examined by scanning electron microscopy (SEM;
SUB8000, Hitachi High-Technologies Corp., Japan). The Al:
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P atomic ratios were determined using an energy-dispersive
X-ray (EDX) spectrometer (Quantax FQ5060, Bruker,
USA) attached to a scanning electron microscope. Uniaxial
compression tests were performed on disk samples with a
diameter of ~18mm and height of ~6mm using a
mechanical tester (EZ-SX, Shimadzu Corp., Japan) with a
100 N pressure gauge. The Young’s modulus was calcu-
lated from stress changes under compressive strains ranging
from 2.5 to 5.0%. The visible light transmittance was ana-
lyzed using a spectrophotometer (C13555MA, Hamamatsu
Photonics K.K., Japan) equipped with a halogen light
source (KTX-100E, KenkoTokina Corporation, Japan) and
an integrating sphere (HSU-O-DTR, Asahi Spectra Co.,
Ltd., Japan). The transmittance data were normalized to a
thickness of 10mm using the Lambert-Beer equation.
Fourier transform infrared (FTIR) spectra were recorded
using IRSpirit-L. (Shimadzu Corp., Japan) with an atte-
nuated total reflection (ATR) attachment QATR-S. A total
of 100 scans were recorded at a resolution of 4cm™'. A
SmartLab diffractometer (Rigaku Corp., Japan) with paral-
lel beam geometry (Cu-Ka,, radiation) was adopted for
X-ray diffraction (XRD) measurements on samples in solid
form. A parallel slit analyzer with an angle resolution of
0.5° and a pair of Soller slits of 2.5" were equipped for this
measurement. For the moisture resistance test, aerogel
samples were placed in a chamber and humidified air
(relative humidity: ~100%) obtained by bubbling air in
water was flown through the chamber at 5L min~! rate to
evaluate the change in their appearance. Thermogravimetry-
differential thermal analysis (TG-DTA) was performed
using a Thermo Plus TG 8120 (Rigaku Corp., Japan)
instrument at a heating rate of 5°C min~! with a dried air
supply rate of 100 mL min~'. The aerogels were imaged
using a custom-built device consisting of a 1 mW red line
laser (A = 635 nm), a mechanical stage, and a digital camera
(OM-D E-MS5 Mark II, Olympus Corporation, Japan). The
0.5 mm spaced tomograms were reconstructed into a three-
dimensional image using ImageJ2/Fiji and 3D Viewer
plugin [22-24].

3 Results and discussion

3.1 Fabrication of BNF aerogels using the phosphate
gelation method

Aqueous aluminum salt solutions generally produce trans-
parent gel-like aggregates of aluminum hydroxide or alu-
minum phosphate when a weak base or phosphoric acid is
added, respectively. Similarly, a sol of BNFs undergoes
gelation with the addition of a base. We therefore specu-
lated that a BNF gel could be obtained using phosphoric
acid. We confirmed this by adding aq. phosphoric acid to a
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Table 1 Physical properties of BNF aerogels

Sample  BNF sol in Bulk Young’s Transmittance at
starting density/  modulus/ 550 nm/%
composition/g mg cm > kPa

PAOS 05 4.8 6.0 92.0

PA1.0 1.0 8.3 42.7 90.1

PA1.S 1.5 12.2 7172 86.2

HMT1.0 - 8.3 20.2 86.5

diluted BNF sol and found that gelation occurred at phos-
phoric acid concentrations above ~15mM. When the
phosphoric acid concentration was varied gradually from
I5mM to 75 mM, the gelation time was the lowest at a
phosphoric acid concentration of ~25 mM, and it became
longer when the phosphoric acid concentration was
increased slightly. This behavior is possibly due to the
coexistence of acetate and phosphate anions in the sol, and a
change in the compositional ratio of the aluminum salts,
whose solubilities change with the pH change. At high
concentrations of phosphoric acid of several hundered mM,
gelation occurred instantly, as did with the addition of other
strong acids such as hydrochloric acid. Through optimiza-
tion, the gelation time was found to be a few minutes at
~50 mM, which is sufficient for uniform stirring. Therefore,
the addition of ~50 mM phosphoric acid was selected as the
optimal condition for further studies.

After supercritical drying, the wet BNF gel formed by
phosphoric acid gelation yielded a transparent aerogel with a
low bulk density (see the photograph in Fig. 1b), similar to
that obtained by the gelation of the BNF sol using a base,
i.e., HMT1.0. Table 1 presents the physical properties of the
phosphate-based BNF aerogels (PA series) and HMT-based
BNF aerogel (HMT1.0). For the PA series, the bulk density
and Young’s modulus increased with an increase in the
number of nanofibers in the precursor sol, whereas the
visible light transmittance decreased. This trend is common
to the previously reported BNF aerogels. Both PA1.0 and
HMT1.0 had almost the same bulk density, as they both
shrank little during gelation, aging, and drying. However,
Young’s modulus and visible light transmittance (Fig. 2)
were different. Scanning electron microscope observation of
each sample revealed that the structure of PA1.0 was finer
with less bundling of the BNFs than that of HMT1.0 (Fig.
3). In previous studies, BNFs were reported to be bundled by
weak bases, but this was unlikely to occur with phosphate.
[25]. The increased number of linkage points and reduced
scattering sources due to a more dispersed nanofiber fra-
mework led to the PA1.0 aerogel’s high Young’s modulus
and high visible light transmittance. In previous reports [19],
BNF aerogels prepared with HMT were compressible
without cracking, and PA1.0 showed similar properties (Fig.
S1 in Supplementary Information (SI)).
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Fig. 2 Visible light transmittance of BNF aerogels

200 nm

Fig. 3 SEM images of BNF aerogels. a PA1.0 and b HMT1.0

The change in the microstructure of the phosphate-based
BNF aerogel can be attributed to the formation of aluminum
phosphate on the surface of the nanofibers. The infrared
spectrum of HMT1.0 obtained by the base gelation process
was almost the same as that of the BNF solid obtained by
drying the sol, whereas PA1.0 accompanies a broad
absorption between 1300 and 950 cm ™! (Fig. 4). This is due
to the P-O stretching vibrations at ~1135 and 1045 cm ™!
owing to the reaction of the BNF with phosphoric acid.
Meanwhile, the absorption peaks of the BNF (-OH bending
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Fig. 4 Infrared spectra of BNF aerogels PA1.0, HMT1.0, and
dried BNF

vibrations of aluminum hydroxide) were observed at ~1160
and 1080 cm ™! [26, 27]. The ALP ratio of the phosphate-
based PA1.0 aerogel was determined to be 73:27 by EDX
(Fig. S2 in SI). Although the hydroxyl groups of boehmite
were not completely phosphorylated, the composition ratio
and the crystal structure suggest that the reaction proceeds
not only on the surface of the nanofibers, but also in the
internal region. If the hydroxyl groups on the boehmite
surface are consumed by phosphorylation, the formation of
the Al-O-Al bond between nanofibers, which is generated
by the dehydration of hydroxyl groups, will be prevented.
This would prevent the bundling of nanofibers, resulting in
the differences observed in the structures of PA1.0 and
HMT1.0. In the XRD pattern, the full-width at half-
maximum of each peak of PA1.0 was slightly larger than
that of HMT1.0 (Fig. S3 in SI). The XRD results suggest
that phosphorylation may have reduced the crystallite size
of the boehmite phase and rendered the nanofibers thinner
[28], which requires further investigations to confirm
because the changes were subtle.

3.2 Moisture resistance of phosphate-based BNF
aerogels

The HMT1.0 aerogel prepared by the reaction of the BNFs
with the base derived from HMT gradually degrades due to
moisture absorption and shrinks by up to 20% after a few
days to a few months of storage in ambient conditions. This
degradation not only causes dimensional instability, but also
deteriorates the visible light transmittance and refractive
index of the aerogel. This is a major obstacle to the use of
BNF aerogels as optical materials. On the other hand, the
reaction of the BNF with phosphoric acid decreases the
number of hydroxyl groups on its surface, which could

@ Springer

reduce the hygroscopicity and moisture-induced deteriora-
tion of the phosphate-based aerogels. When the samples
were exposed to humidified air at room temperature and
relative humidity of ~100%, HMT1.0 showed shrinkage
and decrease in visible light transmittance, while
PA1.0 showed no change in its appearance even after sev-
eral days (Fig. S4 in SI). Moreover, no noticeable shrinkage
occurred in PA1.0 for at least three months upon storing in
ambient conditions of 20-22°C and 40-60% relative
humidity. These results indicate that the poor moisture
resistance of the BNF aerogel was improved by the phos-
phate gelation process.

When the thermal changes in the BNF aerogels were
examined by TG-DTA, a large difference was observed in
the thermal weight change between PA1.0 and HMTI1.0
(Fig. 5). The PA1.0 aerogel exhibited a large decrease in
mass at 100 °C, followed by a smaller mass loss with
increasing temperature. The decrease in mass at 1400 °C
was ~22% for PA1.0 compared to 35% for HMT1.0. This
difference in mass loss indicates that the phosphorylation of
the hydroxyl groups of the BNFs facilitates the desorption
of water physically adsorbed on the fiber surface and
reduces the number of hydroxyl groups remaining in the
nanofiber. In DTA, no clear difference was observed, except
for the appearance of an exothermic peak for HMT1.0,
possibly due to the oxidation of residual acetic acid. The
heat resistance of BNF aerogels as a monolith was also
investigated. Regardless of the gelation method, the aero-
gels remained transparent up to 800 °C. Because aluminum
phosphate is thermally stable above 1400 °C, the tempera-
ture limit for both PA1.0 and HMT1.0 was the point at
which y-alumina (dehydrate of boehmite) undergoes a phase
transition to #-alumina.

3.3 Visual and internal inspection of BNF aerogels

The ratio of the solid phase to gas phase is a determining
factor for the refractive index of an aerogel [29]. Bulk
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Line laser
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\ _//

Fig. 6 Three-dimensional imaging inspection of BNF aerogel PA1.0.
a Schematic of tomographic imaging. A red line laser with a wave-
length of 635 nm was used as the light source. b Obtained tomographic
image. The presence of bubbles can be seen in the upper image (green
arrow) and cracks in the lower image (blue arrow). ¢ Comparison

density is therefore an important parameter for the refrac-
tive index [30, 31]. As the BNF aerogel has ultralow bulk
density, it hardly refracts light. This feature, together with
visible light transmittance, is important for their applica-
tion. When using aerogels for optical components, internal
homogeneity is important. However, due to the optical
properties, it is difficult to distinguish surface and internal
deformations, cracks, and the inclusion of air bubbles with
the naked eye. As colloids scatter light by the Tyndall’s
phenomenon when exposed to strong light, we used a line
laser to illuminate a thin plane in the aerogel and obtained
cross-sectional images for inspecting the external and
internal features. Figure 6 shows the images and processed
data obtained by illuminating the cross-section of the
PA1.0 aerogel with a diameter of 18 mm at intervals of
0.5 mm. The presence of cracks and bubbles could be
confirmed from the images of the slices (green and blue
arrows in Fig. 6b, respectively), and the degree of aggre-
gation or dust could be confirmed from the bright com-
posite image (Fig. 6¢). The three-dimensional reconstructed
image clearly shows the internal and external features of
the aerogel. This measurement can be only performed using

bright composite image. By comparing multiple samples, the homo-
geneity can be relatively evaluated. d Three-dimensional reconstruc-
tion image obtained from tomograms at 0.5 mm intervals. The surface
shape as well as the internal structure can be roughly evaluated

a laser source, single-axis stage, and camera. In this study,
manual measurements were performed, but automatic
processing is also feasible owing to the simple configura-
tion of the device.

Aerogels are known to be fragile and have poor pro-
cessability. Because of the large differences in the ske-
letal morphologies, BNF aerogels are more susceptible to
cracking and chipping under external forces than silica
aerogels with the same bulk density. Therefore, it is
difficult to reform them into a desired shape using
mechanical processing after drying. In fact, the BNF
aerogel collapsed when computer numerical control
(CNC) micro milling was performed [32]. However, it
was possible to fabricate a simple shape using a carbon
dioxide laser (Fig. 7 and Movie S1 in SI). However, the
resulting sample exhibited cloudiness on the cut surface,
which was apparent even without the image inspection
described above. This is due to the phase transition of
alumina caused by the heat of laser irradiation. This issue
can probably be overcome through nonthermal proces-
sing using a femtosecond laser [33], which we plan to
study in the future.
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.

Fig. 7 Boehmite nanofiber aerogel PA1.0 cut into a heart shape using
CO, laser. The processing is shown in MovieS1

4 Conclusion

A transparent wet gel of BNF was obtained in a few minutes
at RT by adding an aqueous phosphoric acid solution at a
concentration of 100 mM to a BNF suspension (sol). Then,
through supercritical drying of the wet gel, an ultralow
density transparent aerogel was obtained. The BNF aerogel
exhibited high Young’s modulus and visible light trans-
mittance, while having the same bulk density as the samples
obtained by a conventional gelation process using a base.
The standard sample obtained in this study had a bulk
density of 8.3mgcm > and visible light transmittance of
90.1% (4 =550nm) at 10 mm thickness. Scanning electron
microscope studies revealed that the microstructure of the
aerogel became finer, and fewer bundles of nanofibers
forming the skeleton. The differences in the physical
properties and microstructure are speculated to be caused by
the phosphorylation of hydroxyl groups on the surface and
interior of the BNFs. A reduction in the number of hydroxyl
groups decreases the probability of dehydration and che-
misorption of water vapor. Consequently, the storage sta-
bility of the BNF aerogel improved significantly, even in a
high humidity environment. The practicality of laser-based
image inspection and processing for evaluating the suit-
ability of the BNF aerogels as optical materials was also
demonstrated.
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