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C. A. Morris composite 

aerogels 2) nanoglue

composite aerogels
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1.2  

1.2.1  

Table 

1-1 3), 4)  

90% 0.03

0.3 g/cm3 0.0019 g/cm3

0.0012 g/cm3 1.5

2 nm

20 nm

Fig. 1-1 5) Table 1-1

5 m

6)-8)

20 nm

1000 m2/g 9)

10)

1.015 1.06

 1.5 4)  
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11)  

 

Table 1-1  Main characteristics of the silica aerogel 3), 4) 

Bulk density (g/cm3) 0.03 0.3 

Porosity (%) 86 98 

Specific surface area (m2/g) 150 800 

Transparency  
Transparence  

(visible light transmission) 

Thermal conductivity (W/m K) 0.013 

Refractive index ( ) 1.015 1.06 

Relative permittivity ( ) < 1.5 

 

Fig. 1-1  Appearance of the silica aerogel4). 
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1.2.2
1931 S. S. Kistler 12)

1940

1960 S. J. Teichner
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25) 28)

29)



- 5 - 
 

30) 31), 32)

33), 34)

35), 36) 37)

 

 

1.2.3  

 

 

1.2.3.1  

38)

 

M(OR)x M R

TMOS Tetramethylorthosilicate, Si(OCH3)4

 

TMOS

 (1.1)  

Si(OCH3)4 + 4H2O  Si(OH)4 + 4CH3OH (1.1) 

nSi(OH)4  (SiO2)n + 2nH2O   (1.2) 

Si(OH)4

(1.2) SiO2

 (1.1) 
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39) H3O+ -OR

SiOR SiOH R+ OH- 

ROH

SiOH

 
39) OH- SiOR Si

OR

OH- 

OH- SiOH(OR)3 R

OH OH- 

Si(OH)4

 

TMOS

 

 

1.2.3.2  
Fig.1-2

Tc Pc

40)
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Table 1-2
41)

 

Fig. 1-3

Fig. 1-3

Fig. 1-4
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Table 1-2  Critical points of the typical solvents41) 

solvents 
critical temperature, (Tc) critical pressure, (Pc) 

( C) (atm) (MPa) 

Carbon Dioxide  31.3  72.9  7.39 

Ammonia 132.4 112.5 11.40 

Water  374.15 218.3 22.12 

Methane -82.1  45.8  4.64 

Ethane   32.28  48.1  4.87 

Methanol 240.5  78.9  7.99 

Ethanol 243.0  63.0  6.38 

Isopropanol 275.0  47.0  4.76 

Liquid 

Temperature

Gas 
Solid 

Triple point 

Critical 
point 

Supercritical 
fluid 

Pr
es

su
re

Fig. 1-2  Phase diagram of the material40). 
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Liquid 

Temperature

Gas 
Solid 

Triple 
point 

Critical 
point 

Supercritical 
fluid 

Pr
es

su
re heat drying 

freeze drying 
vacuum drying 

Fig. 1-3  Phase diagram of the material. 

(in the case of heat drying, vacuum drying, and freeze drying) 

Liquid 

Temperature

Gas 
Solid 

Triple 
point 

Critical 
point 

Supercritical 
fluid 

Pr
es

su
re

Fig. 1-4  Phase diagram of the material. 

(in the case of supercritical drying) 
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1.3  

1.3.1  

RuO2

35), 36)

BaTiO3 Au

 

 

1.3.1.1  
42)

43)

Fig. 1-5

 

1)  

2)  

3)  

4)  

3
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Fig. 1-5  Preparation process of the silica aerogel.  

Deionized water 

NH3 aq.  

Ethanol Tetramethylorthosilicate (TMOS) 

Mixture by the stirring 
(For 10 min at room temp.) 

Molding 

Aging and liquid phase substitution 

Mixture by the stirring 
(For 5 min at room temp.) 

Mixture by the stirring 
(For 5 min at room temp.) 

Removal from mold 
(After 30 min) 

Hydrophobic treatment 
(For 24 h at 110 C) 

Liquid phase substitution 
(For 2 h at 50 C, repeated 5 times) 

Supercritical drying 
(Carbon dioxide) 
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D. Carta
44), 45)
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1.3.1.2.3  

46)

 

 

1.3.1.2.4 Au  

Au

M. L. Anderson
47)-49)

Au
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42), 43)
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TEOS, Si(OC2H5)4
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2  

 

 

3  

42), 50), 51)

 

 

3

 

 

2.2

2.2.1
TMOS Tokyo Chem. Ind. Co., Ltd. Wako 

Pure Chem. Ind., Ltd. 28 mass%, Wako Pure Chem. Ind., Ltd.

1 TMOS 6 15

10

6 0.015 5

 

5

TMOS
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2.2.2
TMOS 5

20 mL 5 mL

5 mL 50 C 2 1

1 1 2 3 4 5 6 8 10

 

 

2.2.3

42), 50), 51) Table 2.1 Fig. 2-1 

(a)  (Taiatsu Techno Co., TAS-06) 

 

1  

50 C

Fig. 2-1(b)

1 C  
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2  

Fig. 2-1(d)

1 3

 

 

3  

 

 

4  

0.5 2 L/min 51)

 

 

5  

Fig. 2-1(c)  

 Fig. 2-1(d) 
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Table 2-1  Drying condition in the supercritical drying treatment 

state of  

carbon dioxide 

temperature 

pressure 

number of 

substitution 
treatment time 

1) liquid 
room temp. 

9 MPa 
1  3 h 

2) liquid 
room temp. 

9 MPa 
5  6 h 

3) supercritical 
40 C 

9 MPa 
1 24 h 

4) supercritical 
40 C 

9 MPa 
5  6 h 

 
1  

9 MPa 9 MPa

3

40 C

2 L/min  

 

2  1 6

1

1 5 1
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3  40 C 35 C

9 MPa

9 MPa

24

1  

 

4  3 6

1 1

5 1  
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Fig. 2-1  (a) Appearance, (b) plug-type heater line and thermocouple, 

(c) jig for drying of the supercritical drying equipment, and (d) schematic 

diagram. 

(d) (c) 

(a) (b) 
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2.2.4  

2.2.4.1 TG

Shimadzu Co., DTG-60H 10 C/min 200 C

TG Fig. 2.2

TG 110 C

(2.1) 

 

 

 

Fig. 2-2  Calculation method of the amount of residual water. 

scale-up 

Weight loss curve Weight loss differential calculus curve 
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2.2.4.2

Fig. 2-3

Mettler Toledo, AG206

D t W  (2.2)  

 

 (2.3) 

 ( ) 

 (c)  (2.4)  

 

 

 

silica 2.2 ferrite 5.3 BaTiO3 6.02 carbon 2.2 Au 19.30 

Fig. 2-3  Dimensional measurement method. 

(a) diameter, (b) thickness 

(a) (b) 
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2.2.4.3

(2.5) BET 52)

Vm

V P/P0

 

 

5 × 5 mm  (Bell 

Japan Inc., BELSORP-max) BET

BJH 53) 100 nm

120 C

2  

 

2.2.4.4

54) 5 × 5 mm

Thermo Fisher Scientific Inc., PASCAL140/240 0.01 m
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2.2.4.5
SEM

40 C

Filgen Inc., OPC60A  

SEM FE-SEM, JEOL Ltd., JSM-7000F

X EDS, JEOL Ltd., 

JED-2300F  

TEM 5 × 5 mm 4 mL

10 mL 1 28 kHz 40 kHz

100 kHz 12

 

TEM TEM, JEOL Ltd., JEM-2100

X EDS, JEOL Ltd., JED-2300

 

 

2.2.4.6

2

T

I0 I (2.7)  
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× 3 mm Fig. 2-4(a)

Fig. 2-4(b) UV-Vis-NIR, Hitachi 

High-Technologies Corp., U-4100 200 1600 nm  

 

 

2.2.4.7

E = hv E: , h: , v:  

 

× 3 mm JASCO Co., FP-6500

345 nm 400 600 nm  

  

Fig. 2-4  Appearance of the sample holder. 

(a) (b) 
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2.2.4.8
R L

A (2.7) 5 × 10 mm

Pt RF I-V RF

Agilent Technologies Ltd., E4991A 10 MHz

1 GHz

Fig. 2-5

1 mm  

 

 

Fig. 2-6(a) 19194A

Fig. 2-6(b)

 

Fig. 2-5  Specimen used for impedance measurement. 

Carbon Carbon 

Fig. 2-6  Agilent Technologies 19194A test fixture. 

pressure arm 

device holder 

(a) (b) 
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16453A

20 × 3 mm Pt

RF 10 

MHz 1 GHz  

 

Pt  
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2.3

2.3.1 TMOS
Fig. 2-7 TMOS

TMOS x

y TMOS

TMOS 30

20 TMOS

TMOS x 11  

 

Fig. 2-7  Relationship between the TMOS/ethanol molar ratio, gelation 

time, and maximum nanoparticles addition. 
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2.3.2
Fig. 2-8

1 10% 5 0.1%

 

50 2

1 5

 

 

  

Fig. 2-8  Change of residual water percentage in the wet gel by the 

number of substitution. 
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2.3.3
Table 2-2 Fig. 2-9

1 2

Fig. 2.9(a)

3

1

5 4

Fig. 2.9(b)

4  

 

Table 2-2  Drying condition in the supercritical drying treatment , and 

the appearance after treatment 

state of  
carbon dioxide 

temperature 
pressure 

number of 
substitution 

treatment 
time 

after 
treatment 

1) liquid room temp. 
9 MPa 1  3 h shrinking 

cracking 

2) liquid room temp. 
9 MPa 5  6 h shrinking 

cracking 

3) supercritical 40 C 
9 MPa 1 24 h shrinking 

cracking 

4) supercritical 40 C 
9 MPa 5  6 h unchanged 
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2.3.4

2.3.4.1
Table 2-3

0.124 0.127 g/cm3 94.2 94.4%

710 m2/g

 

 

Table 2-3  Bulk density, porosity, and specific surface area of prepared 

silica aerogel  

Bulk density 

(g/cm3) 

Porosity 

(%) 

Specific surface area 

(m2/g) 

0.124 0.127 94.2 94.4 about 710 

 

Fig. 2-10 Fig. 2-10(a)

1.5 m

Fig. 2-10(b) 14 nm 1 2 

nm 5 nm 20 30 nm  

Fig. 2.9  Appearance of the aerogel after supercritical drying. 

(a) condition 1), 2) and 3),  (b) condition 4) 

(a) (b) 
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Fig. 2-10  Pore size distribution of the silica aerogel. 

(b) Mesopore region 

(a) Macropore region 
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2.3.4.2
Fig. 2-11 SEM TEM Fig. 2-11(a) SEM

50 nm

55)

1 m Fig. 2-10(a)

 

Fig. 2-11(b) TEM 2 3 nm

1 10

SEM

10 20 nm Fig. 2-10(b)
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Fig. 2-11  (a), (b), (c), (d) SEM, and (e), (f) TEM images of the silica

aerogel. 

(a) 

10 m 

(e) 

100 nm 

(f) 

20 nm 

(b) 

1 m 

(c) 

1 m 

(d) 

0.2 m 
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2.3.4.3
Fig. 2-12 1400 nm

OH 56)

90%

57)  

Fig. 2-13
58)  

 

 

Fig. 2-12  Optical transmittance and appearance of the silica aerogel. 
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2.3.4.4
Fig. 2-14

1.3

10 MHz 1.35 1 GHz 1.27

1 10-3

 

 

  

Excitation: 345nm Excitation: 345nm

Fig. 2-13  Photoluminescence spectrum of the silica aerogel . 
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Fig. 2-14  Frequency dependence of the relative permittivity and dielectric 

loss of silica aerogel. 
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2.4

 

1 TMOS TMOS 1 11  

2 50 C 2 1

5  

3

40 C 9 MPa 6 1

5  

 

1  

2 1.5 m

14 nm  

3 2 3 nm 50 nm

 

4 90%

 

5
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3.1
1

2 BaTiO3 3 4 Au 4

 

 

1

D. Carta
44), 45)

 

 

2 BaTiO3  

59)-62) BaTiO3

Nuzhnyy 30 40vol%

30 45wt% BaTiO3

59) MLCC multi-layer ceramic 

capacitor, 63)

64) BaTiO3

BaTiO3



- 40 - 
 

65), 66) BaTiO3

 

 

3

RuO2
35), 36)

48)

 

 

4 Au

Au

M. L. Anderson
49)-51)

Au

 

3.2
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3.2.1

3.2.1.1
67) FeCl3 6H2O

NiCl2 6H2O ZnCl2 (Wako Pure Chem. Ind., Ltd.) NixZn1-xFe2O4 x = 

0.1 0.5

NaOH (Wako Pure Chem. Ind., Ltd.) pH

13 110 C 24

30 10

NaOH

NaCl pH

0.08 g/mL x = 0.1

0.09 g/mL x = 0.5  

Fig. 3-1 X

x = 0.1 0.5 (Ni, Zn)Fe2O4 2  = 30

(3.1) Scherrer

x = 0.1 14 nm x = 0.1 x = 0.5 47 nm  

L = K / ( cos ) (3.1) 

L X K 0.9

 

Fig. 3-2

90% D90 x = 0.1 128 nm x = 0.5 156 nm

D50 x = 0.1 65 nm x = 0.5 76 nm

Scherrer

 

Table 3-1 Table 3-1(a) 

Table 3-1(b) x = 0.1 0.5
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Table 3-1  (a) Composition analytical result of ferrite (wt%) 

 Fe2O3 NiO ZnO others 

x = 0.1 65.0  3.3 29.6 2.1 

x = 0.5 62.9 17.3 17.9 1.9 

 

(b) Molar ratio conversion 

 Fe2O3 NiO ZnO 

x = 0.1 1.0 0.1 0.9 

x = 0.5 0.9 0.5 0.5 
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Fig. 3-1  Powder X-ray diffraction pattern of ferrite synthesized by the 

coprecipitation method. 
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Fig. 3-2  Particle size distribution of the ferrite nanoparticles. 
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3.2.1.2 BaTiO3

BaTiO3 Sigma-Aldrich BaTiO3  100 nm

150 BaTiO3

48

20 48

BaTiO3 BaTiO3 0.2 g/mL

 

Fig. 3-3 BaTiO3 D50 67 nm D90 153 

nm  

 

 

  

Fig. 3-3  Particle size distribution of the BaTiO3 nanoparticles. 
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3.2.1.3  

SEM

DOTITE XC-12, Fujikura Kasei Co., Ltd.

30 10

0.03 g/mL

 

Fig. 3-4

D50 210 nm D90 311 nm BaTiO3

Fig. 3-5 10 100 nm

68)

D50 D90

 

 

3.2.1.4 Au  

Au Au Diameter 5 nm, Conc. 

0.018 ppm, Sigma-Aldrich Au
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Fig. 3-4  Particle size distribution of the carbon nanoparticles. 

Fig. 3-5  Structure of the carbon black66). 
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3.2.2
Fig. 3-6

1,1,1,3,3,3 Tokyo Chem. Ind. 

Co., Ltd. Wako Pure Chem. Ind., Ltd.

Ferrite/SiO2 F/S = 1/100 20/100 SiO2 

4.0 5.7vol% Ferrite 0.05 0.8vol% BaTiO3

BaTiO3/SiO2 BT/S = 1/100 20/100 SiO2 3.8 4.6vol%

BaTiO3 0.05 0.8vol% C/SiO2

C/S = 20/100 80/100 SiO2 3.7 5.3vol% Carbon 1.1 3.0vol%

TMOS 10

5

5

30

1.3 mol/L 110 C 24

BaTiO3

 

Au Au

Diameter 5 nm, Conc. 0.018 ppm, Sigma-Aldrich

Au

5 mL TMOS 0.83 mL

3.57 mL 0.28 mL

0.32 mL Au

Au Au

5 mL 10 mL Au

Au 0.268 ppm 0.536 ppm



- 49 - 
 

 

Fig. 3-7 Fig. 3-7(a)

5 × 5 mm

SEM TEM 5 × 10 mm SEM

Fig. 3-7(b)

Fig. 3-7(c) 20 × 3 mm

Fig. 3-7(d) 3.5 mm 8 mm 3 mm
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NH3 aq.  

Mixture by the stirring 
(For 5 min at room temp.) 

Mixture by the stirring 
(For 10 min at room temp.) 

TMOS + Ethanol 
(TMOS : Ethanol = 1:11) 

functional nanoparticles 
ethanol suspension 

Fig. 3-6  Preparation process of the functional nanoparticles dispersion 

silica aerogels. 

Deionized water 
(Au suspension) 

Molding 

Aging and liquid phase substitution 
(For 2h at 50 C, repeated 5 times) 

Mixture by the stirring 
(For 5 min at room temp.) 

Removal from mold 
(After 30 min) 

Hydrophobic treatment 
(For 24 h at 110 C) 

Liquid phase substitution 
(For 2 h at 50 C, repeated 5 times) 

Supercritical drying 
(using supercritical carbon dioxide) 
(For 6h at 40 C, repeated 5 times) 

Ultrasonic dispersion 
(For 5 min at 28 kHz) 
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3.2.3

3.2.3.1
VSM, Toei Ind. Co., Ltd., VSM-5

VSM

 

(a) (b) 

(c) (d) 

Fig. 3-7  Resin molds used for preparation of the silica aerogel and

functional nanoparticles dispersion silica aerogels. 
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5 × 5 mm Fig. 3-8

10 kOe

 

 

 

3.2.3.2

3.5 mm 8 mm 3 mm 16454A

RF

10 MHz 1 GHz  

  

Fig. 3-8  Manufacture of VSM measurement samples. 
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3.3

3.3.1

3.3.1.1
Fig. 3-9 11 Table 3-2 BaTiO3 Au

BaTiO3 5.3 g/cm3

BaTiO3 6.02 g/cm3 2.2 g/cm3

Au Au 10 

mL 1 5 mL

Au

94 95%  

BaTiO3

x = 0.1

350 m2/g x = 0.5 400 m2/g BaTiO3 400 m2/g 600 m2/g

Au

Au

890 m2/g  

Fig. 3-12 Fig. 3-13

2 m

BaTiO3

20 30 
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nm

Au

12 nm

7 nm 9 nm

 

 

Table 3-2  Some properties of the silica aerogel and functional 

nanoparticles dispersion silica aerogels 

  Silica aerogel Ferrite 
(x=0.1) 

Ferrite 
(x=0.5) 

maximum addition (vol%) 5.7 0.8 0.8 

Bulk density (g/cm3) 0.126 0.169 0.156 

Porosity (%) 94.3 94.7 95.2 

Shrinkage (%) 10.4 0.0 2.0 

Specific surface area (m2/g) 710 340 389 

 

  BaTiO3 Carbon Au 

maximum addition (vol%) 0.8 3.0 1.8 10-6 

Bulk density (g/cm3) 0.171 0.148 0.126 

Porosity (%) 95.9 93.3 94 

Shrinkage (%) 4.5 10.8 23.5 

Specific surface area (m2/g) 396 558 890 
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Fig. 3-9  Changes in the bulk density, porosity, and specific surface area 

of the ferrite nanoparticles dispersion silica aerogels by the addition 

amount of ferrite. 
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Fig. 3-10  Changes in the bulk density, porosity, and specific surface area 

of the BaTiO3 nanoparticles dispersion silica aerogel by the addition 

amount of BaTiO3. 
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Fig. 3-11  Changes in the bulk density, porosity, and specific surface area 

of the carbon nanoparticles dispersion silica aerogel by the addition amount 

of carbon. 
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Ferrite (x = 0.1) 

Ferrite (x = 0.5) 

Fig. 3-12  Pore size distribution of the functional nanoparticles dispersion 

silica aerogels in the macropore region. 
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BaTiO3 

Carbon 

Fig. 3-12  Pore size distribution of the functional nanoparticles dispersion 

silica aerogels in the macropore region. 
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Fig. 3-12  Pore size distribution of the functional nanoparticles dispersion 

silica aerogels in the macropore region. 
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Ferrite (x = 0.5) Ferrite (x = 0.5)

Fig. 3-13  Pore size distribution of the functional nanoparticles dispersion 

silica aerogels in the mesopore region. 

Ferrite (x = 0.1) 



- 62 - 
 

 

BaTiO3 

Carbon 

BaTiO3

Carbon

Fig. 3-13  Pore size distribution of the functional nanoparticles dispersion 

silica aerogels in the mesopore region. 
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Fig. 3-13  Pore size distribution of the functional nanoparticles dispersion 

silica aerogels in the mesopore region. 
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3.3.1.2  
Fig. 3-14 BaTiO3 Au

SEM BaTiO3

Fig. 3-14(b)

50 nm Fig. 3-14(l) Au

100 nm

1 2 m Fig. 3-12 2 m

 

Fig. 3-15 BaTiO3

EDS Fe Ti C

SEM

 

Fig. 3-16 19 TEM

Fig. 3-16(a) Fig. 3-17(a)

Fig. 3-18(b) Fig. 3-19 2 3 nm

1 10 Fig. 3-14

20 nm Fig. 3-13

15 nm BaTiO3 50 nm 20

50 nm Au 5 nm
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Fig. 3-14  SEM images of the functional nanoparticles dispersion silica

aerogels. 

(a), (b) Silica aerogel, (c), (d) Ferrite (x = 0.1), and (e), (f) Ferrite (x = 0.5) 

(d) 

(a) 

0.2 m 

(b) 

(c) 

(f) (e) 

1 m 

1 m 

1 m 

0.2 m 

0.2 m 
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Fig. 3-14  SEM images of the functional nanoparticles dispersion silica

aerogels. 

(g), (h) BaTiO3, (i), (j) Carbon, and (k), (l) Au 

(h) 

0.2 m 

(g) 

(i) (j) 

1 m 

0.2 m 1 m 

(l) (k) 

0.2 m 1 m 
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Fig. 3-15  EDS analysis of the functional nanoparticles dispersion silica

aerogels. 

(a) Ferrite (x = 0.5), (b) Fe mapping, (c) BaTiO3, (d) Ti mapping, 

(e) Carbon, and (f) C mapping 

(a) 

0.2 m 
0.2 m 

(b) 

(f) (e) 

0.2 m 0.2 m 

0.2 m 
0.2 m 

(c) (d) 
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Fig. 3-16  TEM images and elemental analysis of the ferrite nanoparticles 

dispersion silica aerogel. 

(a) 

(b) 

20 nm 

50 nm 
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Fig. 3-17  TEM images and elemental analysis of the BaTiO3 nanoparticles

dispersion silica aerogel. 
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Fig. 3-18  TEM images and elemental analysis of the carbon nanoparticles

dispersion silica aerogel. 
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Fig. 3-19  TEM image and elemental analysis of the Au nanoparticles 

dispersion silica aerogel. 

20 nm 
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Fig. 3-20  Appearance and state of the laser beam transmission of 

silica aerogel and functional nanoparticles dispersion silica aerogels. 

(a) silica aerogel, (b) Au, (c) BaTiO3, (d) ferrite, and (e) carbon 
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Fig. 3-21  Optical transmittance of the silica aerogel and Au nanoparticles 

dispersion silica aerogel. 
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Fig. 3-22  Photoluminescence spectrum of the silica aerogel and Au 

nanoparticles dispersion silica aerogel. 

Excitation: 345 nm 
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3.3.2  
Fig. 3-23 VSM
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Fig. 3-23  Magnetization curves of the ferrite nanoparticles 

dispersion silica aerogels and ferrite powders. 



- 80 - 
 

 

Fig. 3-24  Saturated magnetization per 1 g of ferrite included in the ferrite

nanoparticles dispersion silica aerogels. 

Fig. 3-25  Frequency dependence of the permeability of the ferrite

nanoparticles dispersion silica aerogels. 

Value of powders 
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3.3.3 BaTiO3  

Fig. 3-26 BaTiO3
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Fig. 3-26  Frequency dependence of the relative permittivity and dielectric

loss of the silica aerogel and BaTiO3 nanoparticles dispersion silica 

aerogels. 
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3.3.4  

Fig. 3-27
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Fig. 3-27  Resistivity of the carbon nanoparticles dispersion silica 

aerogels. 
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Fig. 3-28  Frequency dependence of the relative permittivity and dielectric 

loss of the carbon nanoparticles dispersion silica aerogels. 
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Fig. 3-29  Comparison between Au nanoparticles dispersion silica aerogel

and carbon nanoparticles dispersion silica aerogel in the frequency 

dependence of a relative permittivity and dielectric loss.  
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