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Abstract: Light-weight, heat-insulating and high-temperature resistant materials are essential for safety of
astronauts and precision equipments. Nanocellulose (CNFs), with high specific surface area, low thermal expansion
coefficient and high strength, has application prospects in preparation of light-weight and thermal insulation

aviation materials. However, brittleness and high flammability of CNFs limit their widespread use in high-temperature
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fields. In order to improve the high temperature resistance of CNFs, [PM012040]3’ intercalated ZnAl-PMo;,04-LDHs
(PMo-LDHs, LDHs: layered double hydroxides) were successfully synthesized by co-precipitation and
ion-exchange methods. Then the PMo-LDHs+BA/CNFs aerogel was prepared by combining ZnAl-PMo;,0,4,-LDHs
with boric acid (BA) to formulate CNFs composites. When the mass fractions of PMo-LDHs and BA are 62.5% and
2.0% of CNFs, density and thermal conductivity of 62.5PMo-LDHs+BA/CNFs aerogel are 16.28 kg-m ™ and
0.044 W/(m-K), respectively. Thermal insulation back-fire temperature experiments indicate that #,s5, (time required
to reach a thermal insulation temperature of 250 C) of 62.5PMo-LDHs+BA/CNFs aerogel is 2022.8 s, which is
867.8 s longer than that of pure CNFs aerogel. R,s (heating rate when an insulation temperature reaches 250 C) is
only 0.124 *C-s', which is 57.4% of R,s, for pure CNFs acrogel, demonstrating an exceptionally excellent thermal
insulation effect. Combustion experiments reveal that the pure CNFs aerogel undergoes complete combustion
within 15 s, whereas 62.5PMo-LDHs+BA/CNFs aerogel does not ignite within 81 s and exhibits no obvious
shrinkage or deformation. Morphological observation of combustion residues indicates that a dense and uniform
continuous carbon layer is formed on the surface of the aerogel due to the decomposition of PMo-LDHs, which

significantly improves fire resistance of the CNFs aerogel.
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1.2.1 ZnAl-NOs-LDHs By #l &

%W n(Zn® ) :n(APY) IEER LN 3:1, ¥
17.8788 g 7N/KIHEREE AN 7.5026 g JLKIHERERTE T
60 mL &K, BHSRERESHER. EES
SURTT, BB A ERVEWR 2 mol- L A B AL N A T G
JENEEA 20 mL & KM= Oke, ity
FIZIRFE . 24V pH IAE] 7.0 B, E 1L INE AL
AR, FEKIE AR, JRE 70 TR 12 he 77
W& BT RREE, SO, RIEME 50 C
T ETE 24 h, 193] ZnAl-NO;-LDHs, &5 N
NO;-LDHs.

1.2.2  ZnAl-PM01,04-L DHs By &

¥ 4.00 g EHBR VA T 20 mL 2 & 7K, H
2 mol-L™" AU AL BN T AN, 75 30 B B R B T
FiH4 8.00 g NO;-LDHs 7 #U7E 40 mL 2 & -F/KH,
BRGKIBAKR, BT 0N Z2TART, &
Tt H R A VA B N KW A R R, RN, HRAE
50 C TR 14he RMERE, HRKELEETKKR
HPGEARFY), FFES50 C NHEIE T 24 h, 55
1 4 AR 6 )2 0 1k ZnAl-PMo,,040-LDHs, fi] 5 A
PMo-LDHs.
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MEREL 10.0 mL 10 g'L ' [ CNFs 2%, %
FEER 1 HP e 4 R BE L R AR EX LDHs A1 BA. %%
# LDHs i A\ CNFs &, #7454+ 30 min,
TN BA, 4¥8:45i+E 30 min, ELERWIISRE . B
&, BIRE AN 35 mmx35 mmx20 mm K8k
BLE A, R EF-50 CAETEILCHE T2
VR A PR A F], SCIENTZ-18N)A % 12 h,
R G AT B TR, BAR TR AN REFR

ZEREEN 4.5 Pa, RIRAE-5. 10, 20. 30. 40 CT
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20=5°~80°, HHHIEZE 5 (°)/min.

HEMHTBHRAINFT-IREE ST KA Nicolet
Avatar 330 BU{H B AR 2T AR RE AL, KBr F V%,
FHEVEFE Y 400~4000 cm .

HRETG)HHr KHEE TA AF 1 TGA Q50
R BE TN, BUSIHE Y 20 mL-min', FHEER N
10 “C'min', JEVEFE 25~800 °C, W EZ) 8 mg.
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REETS HEE, OM-DAQ-USB-2400 %% ¥ K410
SEACIE S R P B o B ARG R S 6 s
WE 1 FR. FAFE (35 mmx35 mmx6 mm)E Tk
FESL AR b, A r A B T R AN 119 5 T R O 7
B MR ERSUE ISR A 35 kW-m 2, B K&
SAXCIE SRARAE T 7 AR 114 T T U5 5 I 2 TR ) g A
o JREE RN 25~250 C, EEBH IR

SRR R H; # Hot Disk TPS 25008
TG HR BN, FEBE BT e SRR R 5
MARH, Y% 20 mW.

% 1 LDHSYCNFsSEMAKRERFFZE
Tablel Composition formula and density of LDHS/CNFs aer ogel

No. Sample CNFs/mL NOs;-LDHs/g PMo-LDHs/g BA/g pl(kg:m™)
1 CNFs 10.0 — — — 10.01
2 NO;-LDHs/CNFs 10.0 0.0375 — — 14.12
3 PMo-LDHs/CNFs 10.0 — 0.0375 — 14.23
4 NO;-LDHs+BA/CNFs 10.0 0.0375 — 0.0020 14.67
5 PMo-LDHs+BA/CNFs 10.0 — 0.0375 0.0020 14.95
6 50.0PMo-LDHs+BA/CNFs 10.0 — 0.0500 0.0020 15.72
7 62.5PMo-LDHs+BA/CNFs 10.0 — 0.0625 0.0020 16.28
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Fig. 1 Schematic diagram of thermal insulation back-fire temperature experiment
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Fig. 2 XRD patterns of NO;-LDHs and PMo-LDHs
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Table2 Interplanar spacing and lattice parameters of NOs-L DHs and PMo-L DHs

Sample d(o();)/nm d(ooé)/nm d(oog)/nl'n d(] ]0)/nm 20(003)/(0) a/nm c/nm
NO;-LDHs 0.888 0.445 0.265 0.153 9.94 0.307 2.67
PMo-LDHs 0.975 0.488 0.267 0.153 9.06 0.306 2.92

K 3 (a) NO;-LDHs Fl(b) PMo-LDHs HJ SEM & H
Fig. 3 SEM images of (a) NOs;-LDHs and (b) PMo-LDHs
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R A AR R R A L SBR I FE LR 1, H
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3519 10.01 11628 kg'm ™, ¥ &bkl
2.2.2 LDHS/CNFs SRR3R 53 17
K 5 A4l CNFs. NO;-LDHs+BA/CNFs Al
62.5PMo-LDHs+BA/CNFs %t () SEM & J, AT LA

A, 3 P REERM RS B R S P S FLM R, AL
BEJERE/NT 1 pm. 4l CNFs Al NOs-LDHs+BA/CNFs
B RFLEARIE 1500~2000 pm, i 62.5PMo-
LDHs+BA/CNFs < #t & B < AL & /A, fLIE AN
200~600 pum, FLEEMHE. REHBCNEER, 46 CNFs
BRI, 11 NOs-LDHs+BA/CNFs £l 62.5PMo-
LDHs+BA/CNFs S 4t/ NOs-LDHs £l PMo-LDHs
WAL 7 HU/E CNFs ZEM N, B B2V R Mt TR 50
223 LDHS/ICNFsS &R FT-IR %7
LDHs/CNFs S #E1) FT-IR 45 40 6 il . H
B 6 I, 4l CNFs SBEIRTE 3421 em' A HFAE I )
BT O-H MZE#Ezh, 1620 cm™ AR AFIERT K T
C=C %5 #h ¥R 5, 1420 cm™' AL A4S AEWE T J& T—OH 25
mhAl C-O HaEfh&EM, UM fF/E-COOH.,
NO;-LDHs+BA/CNFs S#ER -’ 1 CNFs ] O-H.
C=C. -OH. —-COOH %I [ iy 45 4E e Uie e, H
1384 cm ' AL HBLHJE T O-NO, FIHIEIRBNIE . T
62.5PMo-LDHs+BA/CNFs S5tk 17 BA CNFs JE44
5 NO;-LDHs Hif 3% 44 ) 21 41 45 4iE W i i DL 4b,

by

Kl 4 62.5PMo-LDHs+BA/CNFs <& 1 () SM WL 5 K B T (b) 08 T Fl (o) 46 e L 1 B
Fig. 4 Morphology of 62.5PMo-LDHs+BA/CNFs aerogel (a) and digital photos when it placed (b) under weight and (c) on petals
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K5 (a, a)4li CNFs. (b, b')NO;-LDHs+BA/CNFs Fl(c, c') 62.5PMo-LDHs+BA/CNFs K ] SEM & J
Fig. 5 SEM images of (a, a') pure CNFs, (b, b') NO3-LDHs+BA/CNFs, and (c, ¢') 62.5PMo-LDHs+BA/CNFs aerogels
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Fig. 6 FT-IR spectra of LDHs/CNFs aerogels

1065 cm™' AL BLAJE T PO 410 SO FR A 45 Bk 30
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224 LDHS/CNFs SR MTEE
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Ji2 B 3 AN B R ) R Y B, XTI DTG #h kA
3ANE, Hirh 250~350 C Vi P ) Ok F T R I A
SREERK, KRR R i HA P R R e R
# . LDHs/CNFs "t i 1) 56 — B Bk R AEAE
40~100 C, X —B Bl e 52 #4 ln L BRI PR K, 2R
HAT%; 5 M BURE KR ATE 250~350 C, RFEH
) CNFs JEI 2153 fift AL, [RS8 LDHs 356 70 45 i
K, FECREREZ, TG LSRN, HE 7(b)rT
A, 2l CNFs Bt i R R HIR T R 257.3 C, R

ML F] 57%; NOs;-LDHs+BA/CNFs 5t 1) ok
KEIREN 305.6 'C; 62.5PMo-LDHs+BA/CNFs =,
B R B R i/, DTG 2 Bl R Ik, H2 K
KICEREZICH 2822 C. FEMIRX (700 CLLE),
LDHs/CNFs <, 4 i 35 t 30 0 S 1) 28 = A~ 2k U
NO;-LDHs/CNFs 7E 750 ‘CHFF 4R E, N BA 1)
NO;-LDHs+BA/CNFs 2k HIEE 5, TM[PMo;,040]° 1
JZ B0 ) PMo-LDHs+BA/CNFs 78 800 °C LA b A H
PR =N R EIE ., X B NO;-LDHs A1 PMo-LDHs
TEmR FXF CNFs 464 1R 7E I HLER A B A [
PMo-LDHs 7E UK EE T 3 3h 7 i ) B, {2 ik CNFs
FRL A Rk, $5 B R 4 i i I R 2 2 O AR 4 4 L,
o i A R AR A 3o, T 55 e PR RE A A 1 i
REE . BEE IR L — 2 (800 CLA L), &)@
R L IR JZ TT R A, AT H BEE =R K .
MRYEE 7 2, REE BN i
(I RSEIRE T, Th IR EHEE Ry. Ry, AR
R E IR B 50%IEEE Tso AL IM#E] 800 CIf
IR IR U Mgoo, FHREES T3 3. HRAT W, 5
afi CNFs <&M, % n LDHs J&5, JtH &2
PMo-LDHs &4 /) CNFs Sk, #pH#da e vt
5% 1 5. 203 - PMo-LDHs REf% B2 3 5 SBHIR Tso
PA K Moo, T T B&A FEAIG; BA UG B T BRI
Mk EERR, AHHBNHERRERE. 5
NOs;-LDHs/CNFs S #Efii#H E, PMo-LDHs/CNFs <,
BERLI Tso B 322.7 CHEEZE 360.1 C, R, i
0.595% C ' FAMKE 0.418% C™', Moo LT
3.7%. AR, BRI #Fe e Ml LDHs W&
BmmEss. %4 PMo-LDHs K%M N CNFs [
62.5%It}, 62.5PMo-LDHs+BA/CNFs [ Tso &iik
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Fig. 7 (a) TG and (b) DTG curves of LDHs/CNFs aerogels
Colorful figures are available on website
% 3 LDHS/ICNFsS % TG/DTG &4
Table3 TG/DTG parametersof LDHS/CNFs aerogels
Sample T1/°C R]/(%'ocil) TQ/QC RQ/(%'QCA) T50/°C Mgoo/%
CNFs 56.7 0.186 257.3 0.569 297.1 20.8
NO;-LDHs/CNFs 58.1 0.160 304.5 0.595 322.7 23.6
PMo-LDHs/CNFs 55.7 0.172 286.8 0.418 360.1 27.3
NO;-LDHs+BA/CNFs 48.2 0.157 305.6 0.587 348.7 27.2
PMo-LDHs+BA/CNFs 53.5 0.169 295.8 0.401 381.2 27.6
50.0PMo-LDHs+BA/CNFs 51.8 0.154 294.1 0.352 423.4 31.9
62.5PMo-LDHs+BA/CNFs 50.7 0.127 282.2 0.306 620.2 38.9

620.2 ‘C, Mgy i5E] 38.9%, FKH| PMo-LDHs & ##2
F 7 CNFs FM [ #PE 8 o Ak, 62.5PMo-LDHs+
BA/CNFs "<, %k st 75 1l 15 o B (1) 2% H 22 i /S, R,
ARy 23515 0.127%-°C ' A1 0.306%-°C 1. X AT RE
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Fig. 8 Thermal insulation back-fire temperature curves (a) and magnified curves of thermal
insulation back-fire temperature curves after 750 s (b) of LDHs/CNFs aerogels
Colorful figures are available on website
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Fig. 9 Combustion tests of (a) pure CNFs, (b) NO;-LDHs+BA/CNFs, and (c) 62.5PMo-LDHs+BA/CNFs aerogels
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Fig. 10 SEM images of combustion residues of (a) pure CNFs, (b) NO;-LDHs+BA/CNFs, and (c) 62.5PMo-LDHs+BA/CNFs aerogels
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