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Preparation of Flexible Silicon—based Aerogels by
DMDMS / VTMS Co—precursor Method

LV Hongli' LUO Lijuan® ZHENG Zhenrong' LI Hongchen' ZHAO Xiaoming'
(1 School of Textile Science and Engineering, Tiangong University, Tianjin 300387)
(2 Aerospace Research Institute of Materials & Processing Technology , Beijing 100076)
Abstract  Due to the fragility, hydrophilicity and high cost, the application of aerogels in civil fields is

limited. 1In this paper, the flexible and hydrophobic polysilsesquioxane aerogel has been prepared using
dimethyldimethoxysilane (DMDMS) and vinyltrimethoxysilane (VTMS) as co—precursors through atmospheric
pressure drying. The effects of different silicon source ratios on the structure and properties of aerogels were studied.
When n ( DMDMS/VTMS ) =2: 3, the silicon—based aerogel exhibits a three—dimensional nanoporous structure,
which has low density (0. 13 g/em’) , low thermal conductivity [2.919x107 W/(m+K) | and superhydrophobicity
(151° ). Its maximum stress shows no significan change after 500 compression cycles under 50% deformation .
According to this simple preparation process, the flexible aerogel has promising application prospects in the field of

thermal insulation.

Key words Polysilsesquioxane aerogel , Hydrophobicity, Flexibility , Low thermal conductivity
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Fig. 7 Network structure of aerogels
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Fig. 10 Microstructure of different silicon—based aerogel materials

18

161 DV —m— It

14 1]
T, 121
“ 104
5 o

6 4

4 4 v

2] e

=
0

00 02 04 06 08 10
p/po

PTT WSRO A i £
Fig. 11  Adsorption—desorption curve

2.4 BEESBRKHEKEMRERMES T

FEGE [N B B 7K 2k (A1 0 R 58 B A 7 T i 3R
THT A0 2 B K A 2 R A 3R I I A 8 A Wi v A
¥, i AL A I, TS RBER 2 i AR, IRt
B 7K PR 2 3 B R T 2 S S P A i K e R
JE B — A~ O g AL PO, T TAE f, DMDMS Al
VTMS fif: 452 B 9K {4 Fp —CH, F1-CH=CH, 75 ¥ i — ¢ i
SRR TR ORREANAS | BIFE BE R AR v 2 58 BT K 2k
PE, AL T & T2 W T AP A . aniEl
12 017, B R A 7K 1 B A s 2 5 1 A 8 o 22 R
SeBEIN e FEAR A a3, SA3 B 1L By ik M, 4
fili £ R 38 1557, 3K J2 R T AR AR 1) A AL 3 1A o 4 7
i 7E Si0, B 42 1Y 2% W, i 45 4R B IR A
THfE"" .

=2 SR S R R B TTRAN Y 14
REEARZE 0. 13 glem’, e @ B AR 0. 17 glem® , 44
BIF A B AR BERFAE . SA R T8RS
g —

SA3

B OEHA 3. 28%107°W/ (m-K) , BAT B AT pa e RE
(El13),

180

1704

< 1604

contact angle/(° )
= o
[=) [=)

=

5

&

S

o

| |

1304 ge——n

1204

10 15 20 25 30 35 40
V(VTMS)

BI12 RESESCBEIL A4 il £

Fig. 12 Density and contact angle of silicon—based aerogels

0.20
801

o o—"2 016

2 604 °/ )
: ~ L 0.12 =
E Q g
= 40 3550 3679 2
5 JoJ

< — 2019 3012 267 . . L 008 =
= | .

* - 0.04

0 0.00
1.0 2.0 3.0 4.0 5.0

V(VTMS)
P13 RERRSCEEIR R T IR S 3 i

Fig. 13 Thermal conductivity and density of silicon—based

aerogels at room temperature
2.5 HESREKHESEMEES T
FEBE T SRR O 2 5 RO R 3G | 0 A L
FHIMEIT.Z  hitp://www.yhelgy.com 20244 %564



P 22 18] A AH B HE e SR A T AOBE G — o R B AR S
TE A & R BE I, S A BEIE SA3 s i R4
(T FE 46 2 , 7T LR 32 50% 19 7138 46 3¢ B R
BT AT Lt 52 3 S e AR, B A AT AR
218 14(a) Jo B14(b) B8 T Si0, THEK A LS

(a)  7F30% .50% JF45 14 22 WA Ak TR

0%
50%
— H \

o Bop — s o
/51\()/1|—-o~5it - “{i\o/ﬁé—o~s(\=
E\H3/q —0 _C{?';ﬁq:o\/s\’ch

_ls| /Q:O o,

L = 30% '
- Hy N
‘ _>Si\/o/?{:"0‘ 70

Six=—
Qs O~ —0
—eq
C{? sﬂ/to CH3.

(b) PSS fL &

5 D1 @
o @10
= 350 5
7 4- P :
¢ @ 100 /(3)
7 ® 500 @
ERRS 5
i
£

].

0 10 20 30 40 50

Comperssive Strain/%

(c) MEFRHELR 500 YR I He 40 i 2k

104 @ 30%
— 240%
8 3 50%

@ 60%

Compressive Sterss/kPa
=

0 10 20 30 40 50 60

Compressive Strain/%

(d)  FEATRIRLAE S 4 h £k
Bl 14 SA3TBERRHY A TERE
Fig. 14 Compression properties of SA3 aerogels

FHIMEIT.Z  hitp://www.yhelgy.com 20244 45 64

4 47 [ & A AN L 72 L 7F 50% 748 T ARG R Y
.45 1% -1 s £ a0 1 14 () fif s, #1828 5 500
YA ER i 1 77 JC B S AR Ak, 7250 1SR PR 215 500 4~
PEA ) R, e KR4 ) 52— R B 1 R B
B FER T PG IR BL, SUBE I 1) 4555 ) 2 Re TR AR O
KRR AR I I R 48 B T B
TERIURE Y 50% LA I, 5385 30 S 1 %) 1 35 <0 J A
Fb, SA3 S BE I AT LR 32 8 R4 AR o i — 2R &R
SA3 KB AEARTRIE A T R4 2k [ & 14(d) ], &
45 2 60% e AT EAT [l gt
2.6 BEESEKHAREEST

&l 15 Ay SA3 B I 7E 25 A L B TG-DSC Hh
2R TR LA BE AR 261 F1 483 °CAL A 54> Bt fd C A
W, FEIE T O H I A AT R . RS
SBEWAE 150 CHEFF 1R #5378 180°CAL Ik B e K
R, JINZ KBS T A5 N A R ™, fifs
WA IS 1 5k A B KR T B, 7E 800°CHf
BRI 60%.

1001 [ 0
DSC
L 5
90 .
p -10
< 180°C :
S 804 L 15 =
& £
L 20 3
70 4 &
483°C | _
) 25
60 - " 476°C TG | 30

0 150 300 450 600 750 900

Temperature/C
El15 SA3#ESL I TG-DSC 74T
Fig. 15 TG-DSC analysis of SA3 samples
3 it
L DMDMS 1 VTMS fif e Ay i gk , 8 af —
RN H S TR D i 28 TR AR £ 0 B pk SBE A
Blo 24 n(DMDMS/VTMS)=2: 3 I, il 15 Y < 5 e 52
TG V2, HA YA B9 KA FL = e N 25 45 |
0. 13 g/em’® FUARZE B 2. 919x10™ W/(m-K) YR &
RS W R H KA . 540 Sio, B L, H 3
M IEFEA NI B 5] ARG T REIE S BER A F1 27
PERE , 46 2 50% J& il IR & R 4G ST, 2805 500 1k
PEIR RS I 0 J1 4 3.5 kPao i a7 BAIGAE ) 45 1
F14) 32 oo 2 M AU IS K A B PRSI A ) I % g
S ik
[1] LAMY-MENDES A,SILVA R F,DURAES L. Advances
in carbon nanostructure—silica aerogel composites: a review [ ] ].



Journal of Materials Chemistry A, 2018, 6: 1340-1369.

[2] im0, WA, TN . AR B R
B RR R A AR RE D). TRUA OB T2, 2012, 42(2) -
42-46.

FENG J, FENG ] Z, JIANG Y G. Preparation and
properties of flexible silica aerogel composites for thermal
insulators [ J]. Aerospace Materials & Technology, 2012,42(2) :
42-46.

[3] HUANG H, WU C, WU S Q, et al. Super—flexible,
thermostable and superhydrophobic polyimide/silicone
interpenetrating aerogels for conformal thermal insulating and
strain sensing applications [J]. Chemical Engineering Journal ,
2022, 441: 136032.

[4] B2, Bmils, 3k, 5. SCE 2 MR LS AT 3 01
B JEBUR S . pRHTAR, 2016, 30(S1): 551-557.

LIANG X, LUO L J, TAN Y, et al. Current status and
trend of thermal protection material for space exploration in
current status and trend of thermal protection material for space
exploration in America [J]. Materials Reports, 2016, 30 (S1):
551-557.

[5] MALEKI H, DURAES L, PORTUGAL A. An overview
on silica aerogels synthesis and different mechanical reinforcing
strategies [I]. Journal of Non-Crystalline Solids, 2014, 385:
55-74.

[6] KARAMIKAMKAR S, NAGUIB H E, PARK C B.
Advances in precursor system for silica—based aerogel production
toward mechanical customized

improved properties,

morphology, and multifunctionality: a review [J]. Advances in
Colloid and Interface Science, 2020, 276: 102171.

[7] HAJAR M,LUISA D,ANTONIIO P. An overview on silica
aerogels synthesis and different mechanical reinforcing strategies
[J]. Journal of Non—Crystalline Solids ,2014,385:55-74.

[8] HE S, CHEN X F. Flexible silica aerogel based on
methyltrimethoxysilane with improved mechanical property [J].
Journal of Non—Crystalline Solids, 2017, 463: 6-11.

[9] LERMONTOV S A, SIPYAGINA N A, MALKOVA A
N, et al. Methyltrimethoxysilane—based elastic aerogels: effects
of the supercritical medium on structure—sensitive properties[J].
Russian Journal of Inorganic Chemistry, 2015, 60: 488-492.

[10] ZU G Q, KANAMORI K, MAENO A, et al
Superflexible  multifunctional  polyvinylpolydimethylsiloxane—
based aerogels as efficient absorbents, thermal superinsulators,
and strain sensors| ] |. Angewandte Chemie International Edition,
2018, 57(31): 9722-9727.

[11] NADARGI D Y, LATTHE S S, HIRASHIMA H, et
al. Studies on rheological properties of methyltriethoxysilane
(MTES) based flexible superhydrophobic silica aerogels [J].
Microporous and Mesoporous Materials, 2009, 1 17(3):617-626.

[12] LI J, ZHAO G L, ZHAO C, et al. Preparation of
methyltrimethoxysilane derived silica aerogel films via ambient

pressure drying [J]. Rare Metal Materials and Engineering,
2016, 45(S1): 518-521.

[13] E&L. WSS RAT LA e THERE i ] 4 S
PEREBEZELD]. FEPTRHER A, 2019.

WANG L K. Synthesis and properties of doubly cross—
linked polyorganosiloxane aerogels [ D].
Defense Technology, 2019.

[14] FENG J, ZHAO N, JIANG Y G, et al. Preparation and

National University of

characterization of Si—C—0 aerogels using tetraethoxysilane and
dimethyldiethoxysilane as precursors dimethyldiethoxysilane as
precursors[]]. Rare Metal Materials and Engineering, 2012, 41
(S3): 458-461.

(15] B2, E A5t , A0, 5% . A HLEEBER Y i 4
Lo el AL e AR WE ST (0], TEHLRE RE A 40, 2014(2) -
14542-14549.

LUO Y, XIA S H, NIU B, et al. Preparation and high
temperature inorganic transformation of flexible silicone aerogels
[J]. Journal of Inorganic Materials,2014(2) : 14542—-14549.

[16] LIU C, WU S J, YANG Z F, et al. Mechanically
robust and flame-retardant silicon aerogel elastomers for thermal
insulation and efficient solar steam generation [J]. ACS Omega,
2020, 5(15): 8638-8646.

[17] HAYASE G, KANAMORI K, HASEGAWA G, et al.
A superamphiphobic macroporous silicone monolith with
marshmallow—like flexibility [J]. Angewandte Chemie, 2013,52
(41):10788-10791.

[18] WU Y W, ZHANG W C, YANG R J, et al. Ultralight
and low thermal conductivity polyimide—polyhedral oligomeric
silsesquioxanes aerogels [J]. Macromolecular Materials and
Engineering, 2018, 303(2): 1700403.

[19] JIANG L, KATO K, MAYUMI K, et al. One—pot
synthesis and characterization of polyrotaxane-silica hybrid
aerogel[J]. ACS Macro Letters, 2017, 6(3): 281-286.

[20] WU X D, MAN J W, LIU S J, et al. Isocyanate—
crosslinked silica aerogel monolith with low thermal conductivity
and much enhanced mechanical properties: Fabrication and
analysis of forming mechanisms [J]. Ceramics International,
2021, 47(19), 26668-26677.

[21] 2236 . SR EE K e SR A A B i 5 S R bt
REWFFE[D |, hEBRAHAR R, 2017,

LI Z. Study on ReinforcinHydrophobic Silica Aerogels and
Their Combustion Performance [D]. University of Science and
Technology of China, 2017.

[22] ZHANG X, ZHANG T, YI Z, et al. Multiscale
mullite fiber/whisker reinforced silica aerogel nanocomposites
with enhanced compressive strength and thermal insulation
performance [J]. Ceramics International,, 2020, 46 (18) : 28561—
28568.

(23] FE 3. 574 9K £F A UBEIE B0 25 A BT 5 P RE BT
FED]. KT R, 2021.

FHiARE T http : //www.yhclgy.com 20244F HE6HA



HUAN S. Structure Design and Performance Study of
Aramid Nanofiber Aerogel. Tiangong University, 2021.

[24] HWANG S W, JUNG H H, HYUN S H, et al
Effective preparation of crack—free silica aerogels via ambient
drying [J]. Journal of Sol-Gel Science and Technology, 2007,
41(2): 139-146.

[25]WUGY, YUY X, CHENG X, et al. Preparation and
surface modification mechanism of silica aerogels via ambient
pressure drying [J]. Materials Chemistry and Physics, 2011,
129(1-2): 308-314.

[26] EHGARTHNER, CR, GRANDL S, FEINLE A, et
al. Flexible organofunctional aerogels [J]. Dalton Transactions,
2017, 46: 8809-8817.

[27] WU X D, ZHONG K, DING J, et al. Facile synthesis
of flexible and hydrophobic polymethylsilsesquioxane based
silica aerogel via the co—precursor method and ambient pressure
drying technique [J]. Journal of Non—Crystalline Solids, 2020,
530: 119826.

[28] HE S, HUANG D M, BI H J, et al. Synthesis and

characterization of silica aerogels dried under ambient pressure

bed on water glass[ﬂ. Journal of Non—Crystalline Solids, 2015,
410: 58-64.

[29] SING K S W , WILLIAMS R T. Physisorption
hysteresis loops and the characterization of nanoporous materials
(1. Adsorption Science & Technology, 2004, 22 (10) :
773-782.

[30] MULIK S, SOTIRIOU-LEVENTIS C, CHURU G.
Cross—linking 3D assemblies of nanoparticles into mechanically
strong aerogels by surface—initiated free-radical polymerization
[1]. Chemistry of Materials, 2008, 20(15): 5035-5046.

[31] YUES, LIXL, YUH]J, etal. Preparation of high—
strength silica aerogels by two—step surface modification via
ambient pressure drying[J]. Journal of Porous Materials, 2021,
28: 651-659 .

[32] Wk, £7€, KAV, . AV BEKE
SRR 8 S R RERIT SR [T . AR Z:, 2019, 49(6) :
26-32.

YAO H J, WANG F, ZHU Z X, et al. Preparation and
properties of flexible silicone aerogel composites[J]. Aerospace
Materials & Technology, 2019, 49(6): 26-32.

(CFAM R LZEMETT RS

-FPERMZESISCHEZORT - PEA R OET - ERFIS S ITHIRERAT]
-EFRFASCHE (1AL EELESTHE(CA) « & B 3THE (METADEX) UL F 4% EAT)

CFHM BT Z) BT T 197148 2 M AMATF R AT E R A T
A A AR R CERERO ) | b I e 3 07 808 508 3R S e A 0 IR A5

TE2 —J B G TR I 8l 0 b A T

AR 2022 4R P E AU BH I RIS %

A2 ALK U, e T R R 739 H S HELE T3 X

HIAL R A BB T 2058 T 9

B IE TR E AR TS AR R R A T AR S
FEREA LR LA GFEARE R T2 i TR SR RIRE RS B BCR R A A

NESEETSE

WA THUEHIR 6 AT AU T BT 3R GEMTSERTT, WA T ZH T8 A8 B RHIEEOAR

YNNG YN AR
ohOE bR EE SR RS ISSN

1007-2330, CN

11-1824/V |, W H T 102 51, FF A< R ~F 4 210mmx

297mm , EXUH W R, R G, 455072 i 40.00 7T, 224F S04 240.00 7T

WS S 1T |

ARSI T R SRS G AETT, AL R R K HRE RS AE 1B %% 300220, 71 B 3T B CF i 4
BLT 20 A5 97697 . A Al B AE 2 B0 1 s U 1T B

TP ARAT R AT o RS B S A T
T P R LKA S T RS

M 5:2170005102( 55 WK 1T B S5 ARAT IR & 28 4 R MR )
WA HHE: 100076 AL AT 92001546 73 7046 18 S CFMiM RL T 2 ) i 435

BER A R, Hi%:010-68383267 ;45 £ :010-68383237,

FHIMEIT.Z  hitp://www.yhelgy.com 20244 45 64

E-mail:703@china.com



