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Fig. 1 Optical and SEM images of carbon aerogels

(b) SEM image

1 AR 2 A 3ot [ 4 6k %2 v B
TR
11 REERHASE
IR T FRAE— R EARR T BRI
PEREIIIFIR, ] LAE R R S I B #0025 i it
FEbR. —MkUL, AT ZORAK, HRR#ERE
HAF . FETARBRAVE FHER, RABRATEE
BAFEEENT R (L) AERTFE(). BHAT
RO E G 4 N, Haa#orAkE
TR R W 1R,

Received date: 2024-01-31. Revised date: 2024-02-28.

First author: MEN Jing (1990-), female, Doctoral candidate.

E-mail: menjing21@nudt.edu.cn

Correspondent author: FENG Junzong (1983-), male, Ph.D., Associate
Professor.

E-mail: junzongfeng@nudt.edu.cn



« 2710 - (REFR Eh 224D J Chin Ceram Soc, 2024, 52(8): 2709-2721 2024 4
*1 WRRERASEHEBREZIMER
Table 1 Components of thermal conductivity of carbon aerogels and the affecting factors
Components Heat transfer mechanism Expression Affecting factors
Solid thermal conductivity (is) Phonon heat conductl_on, electron heat P :%pcva Density, phonon mean free path
conduction
Gas molecule collision _ g Pore size, porosity (density), environmental
Gas thermal conductivity (4g) C1iaple conditions
D
. - Photon heat conduction 1600?73 Specific extinction coefficient, density,
Radiative thermal conductivity (/) = e environmental conditions

Solid-gas

Coupled thermal conductivity (1) Solid-radiation

Asy Agy Ar

p is the density of aerogel. C, is the specific heat capacity. v is the velocity of sound. I, is the mean free path of the phonons. /7 is the porosity, Ag is the

thermal conductivity of the free gas. § is the constant of the interaction between gas molecule and wall. | is the mean free path of the gas molecules. D is the

pore size of aerogel. o is the Stefan-Boltzmann constant. n is the effective refractive index of the aerogel. T is temperature. and e is the specific extinction

coefficient.
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Table 2 Textural properties and their evolution of the samples with increasing concentration of surfactant

Surfactant type Pore size Specific surface area Pore volume Shrinkage Density Ref.
NS Unchange Unchange Unchange [78]
NS Decease Unchange Decease [79]

(NP30)
cs Decease Unchange Increase Increase [80]
(CTAB)
CS Decease Increase first, then Increase first, then [79]
(CTAB) decrease decrease
CS Increase first, then
(CTAB) decrease Decease Decease [78]
CS
(CTAB) Increase Decease [81]
AS Increase Decease Increase [78]
(SDS)
AS Decrease first, then Increase first, then Increase first, then
(NaDBS) Increase Decease increase decrease decrease [82]
AS Decrease first, then Increase first, then Decrease first, then Increase first, then Increase first, then
; ; [82]
(NaDBS) increase decrease increase decrease decrease

NS is the nonionic surfactant. CS is the cationic surfactant. AS is the anionic surfactant. NP30 is the polyethylene glycol nonylphenyl ether. CTAB is the

hexadecyltrimethylammonium bromide. SDS is the sodium dodecyl sulfate, and NaDBS is the sodium dodecylbenzene sulfonate.

PSR 3~ 2R R T R 5 2 4 B A LR U
B, BRI A LRSS A A, s inARS 1
TR P77 BE 2 15 2L & B e, HLRE
ARG R, RBR I fLAR A SLs s E AL
X7, UKL I Hh R A e FL AR T 5415
AT, W O B 7B B T R T
A, FERUE A RE R, RIS 77 5 B K
SRR AR AR, JERC RE R, 7K
TR, BEAS T HAERCRTEE N R, RREE
Oy B AR AR AR SR K, R 28l IR A T AR =

AR, i 8 Fran. HBH B B3R 1 77
IR, YRR AR, g RiAR ],
it [l . 2L, Matos 25V A TAER T
MRS AR AT, A RFE 465
LR SR I TS S AL AR o A s TS 1 R R T
TR AR L, 2 5 ) P B [l = A i F AR
BAFMBEMRN RE BRI Horh B e 72
RIETER T BRI LR 2 AR, BT
R VEF T B BCEAT A RTARA R SF
iPhEIE



%5 52 &4 8 1Y Il A S5

TIPS FAR SR S5 AT e ik e

. 2717 -

OH H

N

@ +3 |O| Cluster-forming !é Microemulsification Z % Z Growth E i E
" e

N

3

K8 RF HA IR AL O o 7
Fig. 8 Scheme of the formation of a microemulsion in the resorcinol-formaldehyde polymerization process®®

B 1 e SR I FLES M ATRLAR AN [R) 3R T
PR 7 AR i 17 Tl 3R T AR A S B0 H AN TR 1 AR 4k R
M, JLHpR, Y I E AR PR BH B R T P R
LT 1) RF 566 W08 e % AH ELAE B R B 2 T 77 1 57
-REEZEMEL, PRI A R TS e b i AR 3
B4, Bruno &M S BHLRH B8 17 K S MR
AR LA o0 A h 26 S R0 oA, HLRE SR T
FUR FE RGN FLAR 20 A o) B R AR HE AR, bR AR i

FLEER R, mﬁﬂﬁiﬁﬁ
AT DA Y, R T R AR O Sk B T

uﬂﬁwﬁkﬂé\w%EA\%%$&Méﬁ,
[E, o Se 4 6 1 % P A — 52

Zx LRTIR 0 sk PR ) & P e A PR T
5 85 SR 2 BRSNS
B . IR R NYIIRE . AR i
WFNREE . B R-E NS H RN T 25 . B, &
7 AR PS5 R R ARG e P 4 g R B i e S
B RLAR BRI, 2 R HE oG
A;ﬁﬁ£E§&F%WFwW HE5Z MIEE; fL
PRI AT RN FLAAFRIN 52 9 2 L [R5 o b, it 5]
A%ﬁ&ﬁﬂTUﬁ~ﬁﬁ%mﬁ&%mW@ﬁo

3 REHEE

PURE PRI AR K RURE AL R AN B2 Bt R AR 45 40 T
T ORAEI A BRI RE, TR AR B B T
7 vl (1 PR U5 S L AN R PR — 2P B8 1R
BRI T e i A P L s ) B B . AL
FEGIHT T SR B A fE %ﬁ%%%%%ﬁﬁt,
LR T R IR L R B A T ESHO B
FIRIsZm . HHT, 8 T2 RIS E ﬁﬁﬂ
SER R SRR, 1 R B T2 A 15 2
IR R IR, (ESRAE VR 2 B4 ) R BE 75
T A5 PR T AR 22 B ik

1) R - T ZL R Hrrm, Ja
B N R - AL = N AR P BT A I AR
THEAUEINL S TN 58 3 W IR A2 P P s i
oo RGN BRI AR SF R T B, A

LA IR-BR R . K 2RSS B A 4
THMNEE: TR LESHEN & BRI Ek
A RERISE MR TT, R TUM L R S LA o

2) FETL L AL T B A A BE 4 R i JLAR T 9T 75
[T -1\ L SR VAR A€ AN BN 273 TR 72
ﬂ%ﬁ¢\ﬁ%ﬁﬁ\ﬂﬁmmﬁﬁ$&,ﬁﬁﬁ

VL5 ) = 24 EELA 55 B FAVIEE BE A TN 5 AAITD 56 35 S 45
ﬁﬁ%ﬁi(ﬁﬁﬁﬁhmi)mwmﬂﬁﬁno

3) FEARIS BRI SEBLT BT T, 583
HE L T Z S B 45 F (UL T  S A A

FLARKRAN LR SURAR) IR LA, AT S
BRI B R 42 6] 2%
S 30k

[1] A%, WER, LER, & BRI A R R AL BT B
FIN ). MR T E, 2012, 42(2): 1-6
FENG Jian, FENG Junzong, JIANG Yonggang, et al. Aerosp Mater
Technol, 2012, 42(2): 1-6.

[21 HiRFE:, E&dl, [#, & SRR ARk 5 SR 2B 3 N
BTSR[] TR Z, 2022, 52(2): 26-47.

LIU Fengqi, WANG Lukai, MEN Jing, et al. Aerosp Mater Technol,
2022, 52(2): 26-47

[3] PEKALA R W. Organic aerogels from the polycondensation of
resorcinol with formaldehyde[J]. J Mater Sci, 1989, 24(9): 3221-3227.

[4] WIENER M, REICHENAUER G, HEMBERGER F, et al. Thermal
conductivity of carbon aerogels as a function of pyrolysis
temperature[J]. Int J Thermophys, 2006, 27(6): 1826-1843.

[5] &R N JAA B0 TEE R R AR & . 45 R AR 5E[D].
Kb ERRHCORAE, 2017.
YUE Chenwu. Preparation,
Nitrogen-doped Graphene Aerogel for Thermal Insulation [D].

structure and  Performance of
Changsha: National University of Defense Technology, 2017.

[6] HRUBESH L W, PEKALA R W. Thermal properties of organic and
inorganic aerogels[J]. J Mater Res, 1994, 9(3): 731-738.

[7] LU X P, NILSSON O, FRICKE J, et al. Thermal and electrical
conductivity of monolithic carbon aerogels[J]. J Appl Phys, 1993, 73(2):
581-584.

[8] LU X, CAPS R, FRICKE J, et al. Correlation between structure and
thermal conductivity of organic aerogels[J]. J Non Cryst Solids, 1995,
188(3): 226-234.

[91 REICHENAUER G, HEINEMANN U, EBERT H P. Relationship
between pore size and the gas pressure dependence of the gaseous
thermal conductivity[J]. Colloids Surf A Physicochem Eng Aspects,
2007, 300(1/2): 204-210



. 2718 - (REFR Eh 224D

J Chin Ceram Soc, 2024, 52(8): 2709-2721

2024 4

[10] WIENER M, REICHENAUER G, BRAXMEIER S, et al. Carbon
aerogel-based high-temperature thermal insulation[J]. Int J Thermophys,
2009, 30(4): 1372-1385.

[11] CHANG X Y, WU F, CHENG X T, et al. Multiscale
interpenetrated/interconnected network design confers all-carbon
aerogels with unprecedented thermomechanical properties for thermal
insulation under extreme environments[J]. Adv Mater, 2024, 36(7):
€2308519.

[12] HEMBERGER F, WEIS S, REICHENAUER G, et al. Thermal
transport properties of functionally graded carbon aerogels[J]. Int J
Thermophys, 2009, 30(4): 1357-1371.

[13] LU X, ARDUINI-SCHUSTER M C, KUHN J, et al. Thermal
conductivity of monolithic organic aerogels[J]. Science, 1992,
255(5047): 971-972.

[14] LEE O J, LEE K H, JIN YIM T, et al. Determination of mesopore size
of aerogels from thermal conductivity measurements[J]. J Non Cryst
Solids, 2002, 298(2-3): 287-292.

[15] FENG J Z, ZHANG C R, FENG J, et al. Carbon aerogel composites
prepared by ambient drying and using oxidized polyacrylonitrile fibers
as reinforcements[J]. ACS Appl Mater Interfaces, 2011, 3(12):
4796-4803.

[16] FENG J Z, ZHANG C R, FENG J. Carbon fiber reinforced carbon
aerogel composites for thermal insulation prepared by soft
reinforcement[J]. Mater Lett, 2012, 67(1): 266—268.

[17] TKA=. B BEASRR 2 4 IV 70 k] 4% e S % L R v e

#[D]. Kb ERRHE R, 2018.
ZHANG Zhen. Preparation and thermal insulation characterization of
carbon aerogel through self-sacrificial salt templaing routine and
solvothermal method [D]. Changsha: National University of Defense
Technology, 2018.

[18] FENG J Z, FENG J, ZHANG C R. Thermal conductivity of low density
carbon aerogels[J]. J Porous Mater, 2012, 19(5): 551-556.

[19] fiRdEfe, TRIGHI, Fh3g X, 2. SR AR BT R EIR i
5Sewtsu[]. MR F AR, 2006, 20(6): 571-575.

XIE Weihua, ZHANG Boming, DU Shanyi, et al. Chin J Mater Res,
2006, 20(6): 571-575.

[20] BOCK V, NILSSON O, BLUMM J, et al. Thermal properties of carbon
aerogels[J]. J Non Cryst Solids, 1995, 185(3): 233-239.

[21] BFSE. BAHER T H BRI SE S RH ) & 5 PR RERT ST [D]. K ib:
FE B A AR K2, 2012.

FENG Junzong. Preparation and characterization of carbon aerogel and
composite for thermal insulation [D]. Changsha: National University of
Defense Technology, 2012.

[22] BI C, TANG G H. Effective thermal conductivity of the solid backbone
of aerogel[J]. Int J Heat Mass Transf, 2013, 64: 452-456.

[23] TANG G H, BI C, ZHAOQ Y, et al. Thermal transport in nano-porous
insulation of aerogel: Factors, models and outlook[J]. Energy, 2015, 90:
701-721.

[24] AL-MUHTASEB S A, RITTER J A. Preparation and properties of
resorcinol-formaldehyde organic and carbon gels[J]. Adv Mater, 2003,
15(2): 101-114.

[25]WU D C, FU R W, ZHANG S T, et al. Preparation of low-density
carbon aerogels by ambient pressure drying[J]. Carbon, 2004, 42(10):
2033-2039.

[26] WU D C, FU R W, SUN Z Q, et al. Low-density organic and carbon
aerogels from the sol-gel polymerization of phenol with
formaldehyde[J]. J Non Cryst Solids, 2005, 351(10-11): 915-921.

[27] PEKALAR W, ALVISO C T, LU X, et al. New organic aerogels based
upon a phenolic-furfural reaction[J]. J Non Cryst Solids, 1995, 188(1/2):
34-40.

[28] LONG D H, ZHANG J, YANG J H, et al. Chemical state of nitrogen in
carbon aerogels issued from phenol-melamine—formaldehyde gels[J].
Carbon, 2008, 46(9): 1259-1262.

[29] JIA X F, DAI B W, ZHU Z X, et al. Strong and machinable carbon
aerogel monoliths with low thermal conductivity prepared via ambient
pressure drying[J]. Carbon, 2016, 108: 551-560.

[30] FENG J Z, FENG J, ZHANG C R. Shrinkage and pore structure in
preparation of carbon aerogels[J]. J Sol Gel Sci Technol, 2011, 59(2):
371-380.

[31] BOCK V, EMMERLING A, FRICKE J. Influence of monomer and
catalyst concentration on RF and carbon aerogel structure[J]. J Non
Cryst Solids, 1998, 225: 69-73.

[32] TAMON H, ISHIZAKA H, ARAKI T, et al. Control of mesoporous
structure of organic and carbon aerogels[J]. Carbon, 1998, 36(9):
1257-1262.

[33] TAMON H, ISHIZAKA H, MIKAMI M, et al. Porous structure of
organic and carbon aerogels synthesized by sol-gel polycondensation of
resorcinol with formaldehyde[J]. Carbon, 1997, 35(6): 791-796.

[34] YAMAMOTO T, NISHIMURA T, SUZUKI T, et al. Control of
mesoporosity of carbon gels prepared by sol-gel polycondensation and
freeze drying[J]. J Non Cryst Solids, 2001, 288(1-3): 46-55.

[35] XU Y L, YAN M F, WANG S S, et al. Synthesis, characterization and
electrochemical properties of carbon aerogels using different organic
acids as polymerization catalysts[J]. J Porous Mater, 2017, 24(5):
1375-1381.

[36] MERZBACHER C I, MEIER S R, PIERCE J R, et al. Carbon aerogels
as broadband non-reflective materials[J]. J Non Cryst Solids, 2001,
285(1-3): 210-215.

[37] REUR M, RATKE L. Subcritically dried RF-aerogels catalysed by
hydrochloric acid[J]. J Sol Gel Sci Technol, 2008, 47(1): 74-80.

[38] BARBIERI O, EHRBURGER-DOLLE F, RIEKER T P, et al.
Small-angle X-ray scattering of a new series of organic aerogels[J]. J
Non Cryst Solids, 2001, 285(1-3): 109-115.

[39] FU R, ZHENG B, LIU J, et al. The fabrication and characterization of
carbon aerogels by gelation and supercritical drying in isopropanol[J].
Adv Funct Mater, 2003, 13(7): 558-562.

[40] MULIK S, SOTIRIOU-LEVENTIS C, LEVENTIS N. Time-efficient
acid-catalyzed synthesis of Resorcinol-Formaldehyde aerogels[J].
Chem Mater, 2007, 19(25): 6138-6144.

[41] MULIK S, SOTIRIOU-LEVENTIS C, LEVENTIS N. Macroporous
electrically ~ conducting carbon networks by pyrolysis of
isocyanate-cross-linked resorcinol-formaldehyde aerogels[J]. Chem
Mater, 2008, 20(22): 6985-6997.

[42] HUANG X Y, YAN M, LU H L, et al. A novel method to synthesize
high-strength elastic gel and carbonized aerogel[J]. Appl Surf Sci, 2022,
580: 152240.

[43] FAIREN-JIMENEZ D, CARRASCO-MARIN F, MORENO-
CASTILLA C. Porosity and surface area of monolithic carbon aerogels
prepared using alkaline carbonates and organic acids as polymerization
catalysts[J]. Carbon, 2006, 44(11): 2301-2307.

[44] BRANDT R, PETRICEVIC R, PROBSTLE H, et al. Acetic acid
catalyzed carbon aerogels[J]. J Porous Mater, 2003, 10(3): 171-178.



%5 52 &4 8 1Y

1T H SR RARR I R & PR AR R KT 7 ik . 2719 -

[45] BRANDT R, FRICKE J. Acetic-acid-catalyzed and subcritically dried
carbon aerogels with a nanometer-sized structure and a wide density
range[J]. J Non Cryst Solids, 2004, 350: 131-135.

[46] #itFEE. RAHEIL I SRAE[D]. Ma/RIE: Pa/RIE TR, 2010.
YANG Haixia. Preparation and characterization of carbon aerogels [D].
Harbin: Harbin Institute of Technology, 2010.

[47] TAMON H, ISHIZAKA H. Influence of gelation temperature and
catalysts on the mesoporous structure of resorcinol-formaldehyde
aerogels[J]. J Colloid Interface Sci, 2000, 223(2): 305-307.

[48] #IRTE, WESE, ZHRA, 5. VAR LR B AT 4 3 5 5 R R
WE GBI F R M. 568 E R, 2016, 33(6):
1251-1258.

YANG Xiaoging, FENG Junzong, JIANG Yonggang, et al. Acta Mater
Compos Sin, 2016, 33(6): 1251-1258.

[499WU D C, FU R W, YU Z Q. Organic and carbon aerogels from the
NaOH-catalyzed
supercritical drying in ethanol[J]. J Appl Polym Sci, 2005, 96(4):
1429-1435.

[50] HORIKAWA T, HAYASHI J, MUROYAMA K. Controllability of pore
characteristics of resorcinol-formaldehyde carbon aerogel[J]. Carbon,
2004, 42(8-9): 1625-1633.

[51] &SR, HRTUGARIORL 5B K] % . RAE RN IR AL [D]. Ki&:
RIEF TR, 2002.

LI Wencui. Study on preparation, characterization and application of a

polycondensation of  resorcinol-furfural  and

new nano-material carbon aerogel [D]. Dalian: Dalian University of
Technology, 2002.

[52] BARRAL K. Low-density organic aerogels by double-catalysed
synthesis[J]. J Non Cryst Solids, 1998, 225: 46-50.

[53] LI W C, LU A H, SCHUTH F. Preparation of monolithic carbon
aerogels and investigation of their pore interconnectivity by a
nanocasting pathway[J]. Chem Mater, 2005, 17(14): 3620-3626.

[54] ZHANG Z, ZHAO S, CHEN G B, et al. Influence of acid-base catalysis
on the textural and thermal properties of carbon aerogel monoliths[J].
Microporous Mesoporous Mater, 2020, 296: 109997.

[55] GAN Z C, ZHAO S, ZHANG Z, et al. Hierarchically porous and
high-strength  carbon aerogel-based composite for solar-driven
interfacial evaporation[J]. J Sol Gel Sci Technol, 2023, 107(2):
388-400.

[56] WU D C, FU R W. Synthesis of organic and carbon aerogels from
phenol-furfural by two-step  polymerization[J].
Mesoporous Mater, 2006, 96(1-3): 115-120.

[577WU D C, FU R W. Requirements of organic gels for a successful

Microporous

ambient pressure drying preparation of carbon aerogels[J]. J Porous
Mater, 2008, 15(1): 29-34.

[58] ZHOU X P, WANG Y F, XIAO L J, et al. Preparing carbon black
aerogel quickly by chemical vapor deposition[J]. Compos Commun,
2023, 37: 101460.

[59] ALLAHBAKHSH A, BAHRAMIAN A R. Self-assembled and
pyrolyzed carbon aerogels: An overview of their preparation
mechanisms, properties and applications[J]. Nanoscale, 2015, 7(34):
14139-14158.

[60] RUBEN G C, PEKALA R W, TILLOTSON T M, et al. Imaging
aerogels at the molecular level[J]. J Mater Sci, 1992, 27(16):
4341-4349.

[61] ARIBELL. cSelh R BEIR i) 46 e S5 A PERERF 75 [D]. Abat: Jbutfb T
K2, 2009.

XU Xiaohong. Preparation, structure and properties of modified carbon

aerogels [D]. Beijing: Beijing University of Chemical Technology,
2009.

[62] WU D C, FU R W, ZHANG S T, et al. The preparation of carbon
aerogels based upon the gelation of resorcinol-furfural in isopropanol
with organic base catalyst[J]. J Non Cryst Solids, 2004, 336(1): 26-31.

[63] FRMas. HrAler e smar <R S A e % S YERERT D). &
JE: e ERREEEOR R, 2022,

GUO Penglei. Preparation and properties of novel fiber-reinforced
carbon aerogel composites [D]. Hefei: University of Science and
Technology of China, 2022.

[64] SALIGER R, BOCK V, PETRICEVIC R, et al. Carbon aerogels from
dilute catalysis of resorcinol with formaldehyde[J]. J Non Cryst Solids,
1997, 221(2/3): 144-150.

[65] = T W, silUE, FF4 30, BB K HAT BB BT IR (1 F 52
BERE[I]. BT 284 5 B, 2003, 19(5): 473-480.

WU Dingcai, ZHANG Shuting, FU Ruowen. lon Exch Adsorpt, 2003,
19(5): 473-480.

661, Br—R, AT, 5. MyReA BB M & RRIED]. K E,
1996(3): 36-40.

XIE Kai, CHEN Yimin, HOU Benchun, et al. Carbon, 1996(3): 36-40.

[67] AMARAL-LABAT G, SZCZUREK A, FIERRO V, et al. Impact of
depressurizing rate on the porosity of aerogels[J]. Microporous
Mesoporous Mater, 2012, 152: 240-245.

[68] LIANG C H, SHA G Y, GUO S C. Resorcinol-formaldehyde aerogels
prepared by supercritical acetone drying[J]. J Non Cryst Solids, 2000,
271(1/2): 167-170.

[69] Bk, BRfh, Thag, 5. W H I8 i o My e i e 5 e OREIR it 42
HERE[I]. fh223EH)R, 2021, 84(3): 194-203.

JIA Xianfeng, CHEN Wei, MA Cheng, et al. Chemistry, 2021, 84(3):
194-203.

[70] YANG Z, LI J, XU X J, et al. Synthesis of monolithic carbon aerogels
with high mechanical strength via ambient pressure drying without
solvent exchange[J]. J Mater Sci Technol, 2020, 50(15): 66—74.

[71] JOB N, THERY A, PIRARD R, et al. Carbon aerogels, cryogels and
xerogels: Influence of the drying method on the textural properties of
porous carbon materials[J]. Carbon, 2005, 43(12): 2481-2494.

[72] Z=3L0E, FIERL. AHVEIRTF AR (1) AVERORIL. Hil4&
53473 RIS K 244]), 2001, 25(3): 374-380.

LI Jihui, HU Jinsong. J Hebei Norm Univ Nat Sci, 2001, 25(3):
374-380.

[73] KOCKLENBERG R, MATHIEU B, BLACHER S, et al. Texture
control of freeze-dried resorcinol-formaldehyde gels[J]. J Non Cryst
Solids, 1998, 225: 8-13.

[74] TAMON H, ISHIZAKA H, YAMAMOTO T, et al. Influence of
freeze-drying conditions on the mesoporosity of organic gels as carbon
precursors[J]. Carbon, 2000, 38(7): 1099-1105.

[75] ZHANG S Q, WANG J, SHEN J, et al. The investigation of the
adsorption character of carbon aerogels[J]. Nanostruct Mater, 1999,
11(3): 375-381.

[76] LIN C, RITTER J A. Carbonization and activation of sol-gel derived
carbon xerogels[J]. Carbon, 2000, 38(6): 849-861.

[771 HANZAWA Y, HATORI H, YOSHIZAWA N, et al. Structural changes
in carbon aerogels with high temperature treatment[J]. Carbon, 2002,
40(4): 575-581.

[78] MATOS I, FERNANDES S, GUERREIRO L, et al. The effect of
surfactants on the porosity of carbon xerogels[J]. Microporous
Mesoporous Mater, 2006, 92(1-3): 38-46.



- 2720 - CERR 2R 4D J Chin Ceram Soc, 2024, 52(8): 2709-2721 2024 4

[79] THUBSUANG U, ISHIDA H, WONGKASEMIJIT S, et al. Advanced 2010, 358(1-3): 13-20.
and economical ambient drying method for controlled mesopore [82] HAGHGOO M, YOUSEFI A A, ZOHURIAAN MEHR M J. Nano
polybenzoxazine-based carbon xerogels: Effects of non-ionic and porous structure of resorcinol-formaldehyde xerogels and aerogels:
cationic surfactant on porous structure[J]. J Colloid Interface Sci, 2015, Effect of sodium dodecylbenzene sulfonate[J]. Iran Polym J, 2012,
459: 241-249. 21(4): 211-219.

[80] WU D C, FU R W, DRESSELHAUS M S, et al. Fabrication and [83] TONANON N, TANTHAPANICHAKOON W, YAMAMOTO T, et al.
nano-structure control of carbon aerogels via a microemulsion- Influence of surfactants on porous properties of carbon cryogels prepared
templated sol-gel polymerization method[J]. Carbon, 2006, 44(4): by sol-gel polycondensation of resorcinol and formaldehyde[J]. Carbon,
675-681. 2003, 41(15): 2981-2990.

[81] BRUNO M M, COTELLA N G, MIRAS M C, et al. Characterization of [84] NISHIYAMA N, ZHENG T, YAMANE Y, et al. Microporous carbons
monolithic porous carbon prepared from resorcinol/formaldehyde gels prepared from cationic surfactant-resorcinol/formaldehyde composites[J].
with cationic surfactant[J]. Colloids Surf A Physicochem Eng Aspects, Carbon, 2005, 43(2): 269-274.

Progress on Sol-Gel Synthesis and Related Structures of Carbon Aerogels

MEN Jing, FENG Junzong, JIANG Yonggang, LI Liangjun, HU Yijie, FENG Jian
(Science and Technology on Advanced Ceramic Fibers and Composites Laboratory, College of Aerospace Science and Engineering,
National University of Defense Technology, Changsha 410073, China)

Extended Abstract

Carbon aerogels are one of the most promising materials for high-temperature thermal insulators under inert atmosphere owing
to their properties of low density, low thermal conductivity, ultra-high temperature resistance in inert atmospheres, and high infrared
specific extinction coefficient. At present, there have been some studies on carbon aerogel thermal insulations at home and abroad,
but most of them focus on the improvement of mechanical, antioxidant and ablation resistance properties, the simplification and low
cost of the preparation process, as well as the ultralight and super-elastic properties of carbon aerogel. There is few study about how
to further optimize the high-temperature thermal insulation performance of carbon aerogel thermal insulations. The excellent thermal
insulation properties of carbon aerogels are inseparable from their special nanopore and skeleton structures, therefore, realizing the
controllable preparation of the structures of carbon aerogels is the key point to further optimize the thermal insulation properties and
to facilitate the practical applications. This paper introduces the relationship between the structure and thermal insulation property of
aerogel, summarizes the research progress on the effect of sol-gel preparation process on the structure of carbon aerogel thermal
insulation, and provides an appropriate outlook on the research direction of the preparation process.

The thermal conductivity of carbon aerogel represents its thermal insulation performance to a certain extent, and can be used as
an indicator for the initial screening of carbon aerogel thermal insulation. Generally, the lower the thermal conductivity of the material,
the better the thermal insulation performance is expected. Based on heat transfer theory, the thermal conductivity of carbon aerogel is
represented as the sum of contributions from solid thermal conductivity, gaseous thermal conductivity, radiative thermal conductivity,
and coupling thermal conductivity. Under certain environmental conditions, the thermal conductivity is mainly closely related to
the structure (such as particle size, pore size and porosity, etc.) and density of carbon aerogel. Therefore, mastering the
correspondence between structure and thermal conductivity, and then guiding the design of the preparation process of carbon
aerogel, is the key point to obtain carbon aerogel thermal insulation materials with low thermal conductivity. Therefore, mastering
the correspondence between structure and thermal conductivity and then guiding the design of the preparation process of carbon
aerogel is the key to obtain low thermal conductivity carbon aerogel thermal insulations. In order to obtain low thermal
conductivity, the pore size (at least less than the average free range of gas molecules) and particle size of carbon aerogel should be
as small as possible, uniformly distributed, a density of not too large (about 0.10-0.15 g/cm?, and combined with the requirements
for the mechanical strength of the material).

The structure of carbon aerogel is mainly determined by its preparation process, and the preparation of organic aerogel by sol-gel
method is the first step to obtain carbon aerogel. Therefore, the structure of carbon aerogel depends on the structure of organic aerogel,
which is affected by the sol-gel reaction and its proceeding conditions, mainly including the concentration of reactants, the type and
concentration of catalysts, the parameters of gel-aging and the carbonization process. Among them, the concentration of reactants and
the type and concentration of catalysts have the most significant effect on the structure of carbon aerogels. The particle size of the
aerogel is mainly affected by and inversely proportional to the concentration of catalyst. The density is mainly affected by and
proportional to the concentration of reactants. The pore size distribution and the volume of mesopores are jointly affected by both of
them. In order to prepare carbon aerogel thermal insulation with high specific surface area, low density and abundant mesopores, base
catalyst is generally selected, at a concentration of not too low. Besides, the specific surface area and the volume of mesopores of
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carbon aerogels are larger than those of their corresponding organic aerogels at low catalyst concentrations. Additionally, the
structural properties of the aerogels can be further improved by introducing surfactants.

Summary and prospects Although the potential application of carbon aerogels as high-temperature thermal insulators has been
confirmed in some fields, they still face great challenges in the research of many basic problems and practical applications. (1)
Establish theory and simulation techniques, to predict the chemical reaction and material migration in the sol-gel process. Develop
characterization method including observation of the sol-gel process, such as nucleation, growth and aging. Investigate the influence
of process parameters on the nucleation, growth and aging process and analyze the corresponding reaction mechanisms. (2) Enrich the
characterization methods for microstructures and develop the three-dimensional reconstruction of microstructure and the prediction of
thermal insulation performance, so as to better understand the influence of microstructure on thermal insulation performance. (3)
Establish the influence of process parameters on microstructure, so as to realize the controllable preparation of carbon aerogel with
low thermal conductivity.
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