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Table 1 Preparation and properties of alumina aerogels via structural unit engineering strategies
. . . Thermal conductivity/
Precursor Drying method Density/(g-cm™3) Sggr/(m? g ")&retention (Wem 1K) Morphology Polymorph Ref.
AI(NO;);:9H,0  Ambient-pressure  0.092(300 °C) 519(300 °C) (1200 °C) [5]
drying 0.154(1000 °C)  212&41%(1000 °C)
0.198(1200°C)  78&15%(1200 °C)
AIP EtOH 0.110(RT) 177(RT) Plate-like (800 °C) [11]
0.110(1200°C)  66&37%(1200 °C) (1000 °C)
(1200 °C)
AICL;-6H,0 Co, 0.060(RT) 701(RT) Spherical (800 °C) [12]
0.100(800 °C)  431&61%(800 °C)
AI(NO;);-9H,0 Co, 0.135(RT) 709(RT) Acicular (800 °C) [12]
0.200(800 °C)  289&41%(800 °C)
ASB(TMEOS) EtOH 0.139(300 °C) 200(300 °C) 0.065(800 °C) Plate-like 0(1300°C)  [13]
154&77%(1200 °C) 0.118(1200 °C)
AIP(TEOS) EtOH 0.130-0.370(RT) 115(RT) 0.074(1000 °C) Flatrod-like ~ 6(1400°C)  [14]
60&52%(1400 °C) 0.093(1200 °C) a+mullite(1500 °C)
AIP(TEOS) IPA 280&62%(1000 °C) Plate-like (500 °C) [17]
5(800 °C)
(1000 °C)
ASB,AICl;-6H,0 EtOH 0.230-0.380(RT) 667(RT) 0.040(RT) Plate-like (500 °C) [18]
224&34%(1000 °C) (1300 °C)
105&16%(1300 °C)
AIP EtOH 250(300 °C) Acicular 0(1300°C)  [21]
95&38%(1300 °C)
y-AIOOH Co, 0.146(1400 °C) 79(RT) 0.028(200 °C) Rod-like y(1200°C)  [22]
45&57%(1400 °C) 0.089(1200 °C)
AIP Freeze-drying 0.008-0.028(RT)  39&33%(1400 °C) 0.025(RT) Rod-like 0(1300°C)  [23]
0.095(1000 °C)
BNF sol Co, 0.005(RT) 382(RT) Fibrous  y+5+0(1100°C) [26]
0.260(1100°C)  140&37%(1100 °C) (1300 °C)
AIP(PHMS) Freeze-drying 0.049(1400 °C) 0.033(RT) Fibrous  mullite(1400 °C) [27]
0.073(1000 °C)
AICL;-6H,0 EtOH 0.110(600 °C) 682(600 °C) 0.037(RT) Belt-like (600 °C) [28]
0.145(1000 °C)  377&55%(1000 °C) 0+y(1300 °C)
0.160(1300 °C)  228&33%(1300 °C)

AIP is aluminum isopropoxide; ASB is aluminum tri-sec-butoxide; TEOS is ethyl orthosilicate; TMEOS is trimethylethoxysilane; BNF is boehmite

nanofiber; PHMS is polymethylhydrogensiloxane; RT is room temperature; Solvent notation denotes supercritical drying medium, e.g., “EtOH” =

ethanol-based supercritical drying.
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Table 2 Preparation and properties of alumina aerogels via exogenous doping
. Doping Drying . . Linear Thermal
Aluminum source Density/(g-cm3) Spgr/(m?-g ")&retention ) o Ref.
element method shrinkage/% conductivity/(W-m'-K1)
AICl;-6H,0 Si EtOH 0.053 513(RT) 40.0(1200 °C) [34]
120&23%(1200 °C)
268&5%(1300 °C)
ASB Si EtOH 300(1100 °C) [35]
80&27%(1300 °C)
40&13%(1400 °C)
ASB Si EtOH 0.220 640(260 °C) 0.0232(800 °C) [36]
91&14%(1200 °C)
ASB Si EtOH 0.130 237(300 °C) ~0(1200 °C) 0.1800(1000 °C) [37]
147&62%(1200 °C)
AlCl3-6H,0, AIP Zr Freeze-drying 0.0322(RT) [40]
AICl;-6H,0 Zr EtOH 0.150 413(RT) 9.7(1200 °C) 0.0260(RT) [42]
27&7%(1200 °C) 0.0320(1200 °C)
AIP,AICL;-6H,0, Zr >0.003 14(RT) 12.5(1500 °C) 0.0216(RT) [43]
AI(NO3)3-9H,0 4&29%(1200 °C) ~0.0260(1300 °C)
ASB La EtOH 801(RT) [44]
202&25%(1000 °C)
588&7% (1200 °C)
AICl;-6H,0 La CO, 83&14%(1100 °C) [45]
AINO3)3-9H,0 La EtOH 114&21%(1200 °C) [46]
AICl3-6H,O Sr EtOH 0.210-0.420 350(500 °C) [47]
241&69%(1000 °C)
122&35%(1200 °C)
ASB Y EtOH 0.330-0.360 319(750 °C) [48]
136&43%(1000 °C)
73&23%(1100 °C)
AlCl;-6H,0 Si. Zr EtOH 0.030-0.080 507(RT) ~17.0(1000 °C) [53]
338&67%(1000°C)  ~21.0(1200 °C)
AlCl;-6H,0 Si. Ti CO, 0.130 736(RT) [54]
496&67%(800 °C)
AlCl;-6H,0 Si. Mg. Zr  EtOH 597(RT) 0.1300(1000 °C) [55]
359&60%(1000 °C)
84&14%(1200 °C)
AINO3)3-9H,0 Si. Ti  Freeze-drying 0.140 5.3(1400 °C) 0.0310(RT) [56]
0.0690(1100 °C)
AINO3)3-9H,0 Si. Ti  Freeze-drying ~0.140 2.0(1500 °C) 0.0356(RT) [57]
0.1180(1000 °C)
AlCl;-6H,0 Si. Ti EtOH 0.300 790(RT) 1.6(1200 °C) 0.0260(200 °C) [58]
351&44%(1100 °C) 0.0710(1100 °C)
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Table 3 Preparation and properties of alumina aerogels via isolation phase construction

Aluminum source  Isolation phase ~ Drying method ~ Sger/(m? g ')&retention  Linear shrinkage/% Thermal conductivity/(W-m™""K™') ~ Ref.
AICL- 6H,0 Si0, EtOH 524(600 °C) 0.0295(RT) [63]
384&73%(1000 °C)
124&24%(1200 °C)
ASB Si0, EtOH 317(RT) 5.0(1300 °C) 0.0310(RT) [64]
136&43%(1300 °C)
ASB Mullite EtOH 576(800 °C) [67]
121&21%(1200 °C)
66&11%(1300 °C)
AI(NO3)3-9H,0 Mullite Freeze-drying 2.8(1600 °C) 0.0320(RT) [19]
AIP sioC o, 0.7(1500 °C) 0.0531(RT) [60]
0.0851(1500 °C)
AIP c o, 98&79%(1500 °C, Ar) 0.0370(RT) [68]
0.0650(1200 °C)
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T I R AR A R B TR AT (SR s G AR R
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Zr. La %5)LL K il b S AR (0 Si0z. Tk A
SiIOC &) =DA% 0o 5w, A ER B (1 i sy i 1
REHUAS 1 3 25 A, FLJ A8 IS M\ 1000 °C 42
FFZ 1600 C, RN ir e kE TR G H S5
MRS, R AR S AFR R T SEAR I )
ERE . AR L AR S R R RIE 7 8 B 55
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Extended Abstract

Driven by the rapid development of hypersonic vehicles and long-duration spacecraft, increasingly severe aerothermal
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environments have imposed unprecedented demands on thermal protection systems, requiring novel thermal insulation materials that
combine low density, ultralow thermal conductivity, and excellent high-temperature durability. Aerogels, with their three-dimensional
nanoporous networks, ultrahigh porosity, and suppressed solid- and gas-phase heat transport, are promising candidates for thermal
protection applications. Among them, conventional silica aerogels, despite their excellent insulating properties, are typically limited to
service temperatures below 800 °C due to structural densification and performance degradation at elevated temperatures. In contrast,
alumina aerogels can operate above 1000 °C while maintaining low thermal conductivity and demonstrating superior
high-temperature stability, making them a focal point in the field of high-temperature thermal insulation.

However, alumina aerogels still face serious challenges under high-temperature conditions. During heating, alumina undergoes
successive phase transitions; in particular, above approximately 1000 °C, the transformation to thermodynamically stable a-Al2O3
involves reconstruction from a cation-vacancy-rich spinel-like structure to a close-packed corundum structure. This transition causes
rapid densification, substantial volumetric shrinkage, and particle sintering. As a result, the specific surface area and porosity collapse
rapidly, causing the thermal insulation performance to deteriorate sharply at high temperatures, which severely restricts practical
application.

To address these issues, recent efforts to improve the high-temperature performance of alumina aerogels can be grouped into
three main strategies: 1) structural-unit engineering, in which highly crystalline or anisotropic building blocks are designed to enhance
the thermal stability of the aerogel skeleton; 2) extrinsic doping, in which elements such as Si, Ti, Zr, and La are introduced to
suppress the nucleation and grain growth of a-Al2O3; and 3) isolation phase construction, in which thermally stable secondary phases
are formed between alumina particles to retard sintering after phase transformation. This review summarizes recent progress in these
three strategies, analyzes of their underlying mechanisms, and discusses future directions for developing alumina aerogels with higher
temperature resistance.

Summary and prospects This review systematically summarizes recent advances in enhancing the temperature resistance of
alumina aerogels through three key strategies: structural-unit engineering, extrinsic doping, and isolation phase construction. These
approaches have effectively delayed alumina phase transformation and suppressed high-temperature sintering, increasing the
short-term service temperature from approximately 1000 °C to as high as 1600 °C while maintaining low thermal conductivity and
structural integrity at elevated temperatures. However, for applications requiring higher temperatures and longer exposure times,
future research should prioritize multiscale synergistic design, infrared opacification, mechanical reinforcement, and deeper
investigation of the microscopic mechanisms of high-temperature phase transformation and sintering. Integrating the integration of
emerging technologies such as multiscale simulation and artificial intelligence is expected to accelerate the development of alumina
aerogels that simultaneously achieve ultrahigh-temperature structural stability and durable thermal insulation functionality.

Keywords alumina aerogels; temperature-resistant thermal insulation; structural-unit engineering; isolation phase construction





