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Spherical silica particles are gaining much popularity as they are expected to be used in
environmental, biomedical, and electronics applications. However, conventional silica particles
were unsuitable for these applications due to their high cost, size, and poor mechanical
properties. This report describes novel spherical hollow silica nanoparticles with dense shell
structures that can solve the issues listed above. A poly(ethylene oxide)-poly (propylene
oxide)-poly (ethylene oxide) block copolymer-based oil-in-water emulsion combined with
sodium silicate was developed as a novel synthesis process. Silica shell structure was
prepared in two steps shell formation process and then subjected to filtering, calcination, and
sintering processes, yielding spherical hollow silica nanoparticles. The primary particle
median diameter and shell thickness can be controlled within 300-700 nm and 17-32 nm,
respectively. After sintering at 800° C, the products had a dense and robust structure with
sufficient mechanical strength for practical use and excellent water impermeability. The
remarkable novel spherical hollow silica nanoparticles are expected to be used in various
applications, including cosmetics as polymer alternatives, electronic devices as low dielectric
and insulation filler material, and biomedicals as drug delivery.
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Fig. 1. Particle size distribution of the dodecane oil droplets
in the micro emulsion (blue solid line), and of the
hollow silica nano particles of S/O = 1.2 after sinter-
ing at 800 °C (red histogram). The distribution of oil
droplets was measured by Nanotrac, and that of the
hollow silica nano particles was estimated from the
SEM image.
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Fig. 2. Change in median primary particle diameter of hol-
low silica nano particles of S/O = 1.2 after sintering
at 800 °C against the emulsion holding time. Blue
circles and red square represent the data of the
samples prepared by using emulsion held at 25 °C
and 70 °C, respectively.
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Fig. 3. TEM micrograph of growing hollow silica structure
at initial shell formation stage. The specimen was
prepared by drying the droplets of the sample slurry
on a hydrophilized collodion substrate.

Fig. 4. TEM micrograph of as-prepared hollow silica nano
particles of S/O = 1.2 before drying process. The
specimen was prepared by drying the droplets of
the sample slurry on a hydrophilized collodion sub-
strate.
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Fig. 5. TEM micrographs of (a) growing hollow silica struc-
ture at initial shell formation stage, (b) at very be-
ginning of second shell formation stage, and (c) as-
prepared hollow silica nano particles before drying
process. These specimens which dispersed in wa-
ter were hold in the K-kit wet cell. (a) and (c) are
correspond to the samples of Fig. 3 and Fig. 4, re-
spectively.
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Fig. 6. TG-DTA curve of as-prepared hollow silica nano
particles of S/O =1.2.

3.4. 1B HRAEREEOpHEZE{L S B /-
thZe ) hF /T ERER

1B H ) RIS BT, AR Y — ¥ K
WaRwIh s X ORI OpHZ ZL S TIERLL 72

223 71 ) WA OSEMBIEH B % Fig. 7TI2R7
B, i opH (pHine) % #EHC, d@8N&opH
(pHpost) ZHMHMIC L CSEMI§ & 3P L 720 pHinit =24
PHpost =6D SN SHN S & HZekiFFKIEIZ YY)
AR TR HAELTLEH T &, T2 Neahze
KT DHENELL B 2R LT, Table 1122
NS OR T OBETI R, R ®E, ekt

Table 1. Properties of the hollow silica nano particles prepared by different primary shell formation condition.

Ho H BET specific surface density flawless particle nano-size
PHinit | PHpost area/m? - g /g-cm? rate / % precipitates
1 4 62 1.99 14 much
2 4 66 1.61 42 much
3 4 50 1.46 53 less
1 6 38 1.99 15 less
2 6 33 0.82 87 less
3 6 108 1.31 63 much
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Fig. 7. SEM micrographs of the hollow silica nano particles
prepared by different primary shell formation condi-
tion. The images were arranged by pH condition of
at- and post-sodium silicate addition.

3.5. BERREDERLEZHRZEDHF/HFD
HFLES . HEREES LS OBEAEER

Fig. 812S/0=120W22> ) A1 F 2 R TI2BIT 5,
BERCIREE ISR 5 ABETHREIR B L 0K colin
FEEDOEALZ R T o BEIREDTE K 25 12DoN T,
SERMARIERIZHA L. BT #EEE, 650 TR
TTETENVT 7 AV I OEFEITEVW20~2.11F
JETH D DI LT650 TA5700 C oM TEREUZ/N
&L 7%, 700 CULETIXLOBIE L 725 2 L DT
X7

_ 80 25
o
) o
E ».:':u... ________ °
~ 60 .! L. 2 g
g b .,_.' (o)}
g T 2
8 40 e 15 &
@ p
Q m —_— 5
8 20 - L1 &
{a)s Q.
(2] (0]
=
W
o

0 0.5

500 600 700 800 900

Temperature / °C

Fig. 8. Variation of BET specific surface area (blue circles)
and apparent density (red squares) of hollow silica
nano particles of S/O = 1.2 against the sintering
temperature.
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Fig. 9. Variation of apparent density measured by gas pyc-
nometer against the sintering temperature. Closed
circles, red squares and open circles are the data
measured by using 02, He and Ar gas as probe, re-
spectively. The dashed line in the figure indicates
the density of amorphous silica.
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(a)S/I0=1.2 (b) SIO = 2.2

Fig. 10. TEM micrograph of hollow silica nano particles of
(a) S/0 =1.2 and (b) S/O = 2.2 after sintering at
800 °C.

Fig. 11. SEM micrographs of hollow silica nano particles
after sintering at 800 °C. S/O condition of each sa-

mple is indicated in the figure.

AGC Research Report 71(2021)

40
[ I8
g 30 @
£ e
@ o
1]
£20
©
£ .
K}
ol
? 10 |
0 1
0 2
S/I0

3

Fig. 12. Variation of the shell thickness against the S/O
ratio. Circles and squares are the data evaluated
from the TEM and SEM micrographs, respectively.
The dotted line in the figure is guide to eye.
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Fig. 13. Variation of 10% fracture stress by CIP against the
S/0 ratio. The dotted line shows a linear regres-
sion of the data.

2

Fig. 14. Cross sectional SEM micrograph of 800 °C sintered
hollow silica nano particles mixing with resin.

Table 2. Properties of the hollow silica nano particles prepared by different S/O condition.

shell primary particle aggregate BET specific density FIaV\!Iess

S/0 thickness diameter particle size surface area . 3 particles

/ nm (D50) / nm (D50) / pm /m? - g l'g-cm rate / %
0.8 17 400 21 37 1.42 15
1.2 22 360 29 33 0.82 87
1.6 24 490 20 32 0.97 68
1.8 27 310 15 31 1.28 40
2.2 32 376 18 30 1.14 64
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Fig. 15. Variation of apparent densities against elapsed
days of 700 °C sintered hollow silica nano particles
of S/0 = 1.2 immersed in the water holding at
certain temperature. Closed circles, squares, and
open circles represent the data of the sample
holding at 40, 70, and 110 °C, respectively.
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Fig. 16. Variation of apparent densities against elapsed
days of hollow silica nano particles of S/O = 1.2
immersed in 110 °C water. Closed circles, squares,
open circles, and open squares represent the data
of samples after sintering at 650, 700, 750, and 800
C, respectively.
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Fig. 17. Variation of apparent densities against elapsed
days of 700 °C sintered hollow silica nano particles
of different S/O ratio immersed in 70 °C water. The
S/0 ratio of each sample is showed in a legend.
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Fig. 18. Flawless particle rate, p, calculated from TG results
versus p calculated from density. Squares are the
data of samples prepared under best pH condition
(pHint = 2, pH,ost = 6), and circles are the data of
samples prepared under off pH condition.
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Fig. 19. Schematics of initial shell formation stage.
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Fig. 20. Schematic image of electrostatic adsorption of
plus-charged silica nanoparticles to F68 under the
condition of pH not more than 2.
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Fig. 22. Schematic images of second shell formation stage.
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Table 3. Van der Waals radii and kinetic diameter of helium,
oxygen, and water. ?*%¥

Van der Waals | Kinetic diameter
Molecule

radii / nm [ nm
Helium 0.14 @9 0.260 2
Oxygen 0.152 @ 0.346 GV
Argon 0.188 @ 0.340 ¥
Water 0.17 GO 0.265 @1
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Fig. 23. Schematics of water permeation into the hollow
silica nano particle.

1.6

d(x) - d(0)
& N

Ad =

04 r

0 . .
0 0.2 0.4 0.6 0.8 1

X

Fig. 24. Calculated variation of Ad against x which is the
volume ratio of permeated water against total
hollow area. Ad is calculated as Ad=d (x)-d (0).
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Fig. 25. Relation between immersion temperature and Ad
per day. The equation in the figure shows the linear
regression of the plot.
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Fig. 26. The required immersion days estimation for chang-
ing the apparent density by Ad for 800 °C sintered
hollow silica nano particles (S/0=1.2). Squares are
the experimental data of immersed at 110 °C, and
dashed line shows the linear regression. Solid line
shows the estimate curve for the samples immersed
at 25 °C. The x corresponds to the Ad are also sho-
wn as 2nd horizontal axis.
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O CTEMN B MEL AT HH2E) HF kT
MPESND Z EAIRENTz, 1B H V) Bk
pHEIBINZ & - T % > A/ ks - Coe4asic
WA 5 2 LS ZERLTERIN FOEN TH B 2 &
ZREBL, ROV w22y ) a1 21557
DT, AREERE Y — ¥ KERRIh opHEZ 2L Lik
M#EPpHZ 6L TH I LAEUTHL I LA, V) Ak
TR DGR & b TR L7z, F72. 2BEH Y
W DS/0% L $52 L BLU700 CULET
PR THZ LTI IBAVKRLT NI ¥ H A % E
LW $ TR LT 5 2 L 2R L72e H7I2800 C
BEK AR OHZE L) 1 RT3k CRIBEIRRE L C
D HZENANDOKBAPEI S NG 720, hzefr 1A~
DOKBAETFT N2 HIZ, BT THIUIERELH
ALPER X 0K CoOS B FHERFC & 2 RN D 5
ZEEmL7,

ARWFFEN BN THES. L 728 Bl 223 ) A - Wi
W Z UL, BRIt 2 5 a2 21k -
Ty PR CIXFEBREE 2 k%100 nm~1 u mOHEH
T, MR, R, HLEAGIETRET, M Lk
WSR2 R D, KT R 22l 2 MEREnT B
THdLEVHIBENEERT AN hF KT
FELECTE LT L EIR L, RESIE, TR 24
DO ALK AR AR, 735 AR D
EETE, WiEH 7 4 5 —#kL PSR, K5y
TTNNY —EEONA F - RIS I D B AR
END. TNSEMOISHERI AT 7-BERE A 512
DWW THIRS BT TH %,
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