
Composites Part B 219 (2021) 108963

Available online 7 May 2021
1359-8368/© 2021 Published by Elsevier Ltd.

Layered double hydroxide/graphene oxide synergistically enhanced 
polyimide aerogels for thermal insulation and fire-retardancy 

Tiantian Xue a, Wei Fan a,**, Xiang Zhang a, Xingyu Zhao a, Fan Yang a, Tianxi Liu a,b,* 

a State Key Laboratory for Modification of Chemical Fibers and Polymer Materials, College of Materials Science and Engineering, Innovation Center for Textile Science 
and Technology, Donghua University, 2999 North Renmin Road, Shanghai, 201620, PR China 
b Key Laboratory of Synthetic and Biological Colloids, Ministry of Education, School of Chemical and Material Engineering, Jiangnan University, Wuxi, 214122, PR 
China   

A R T I C L E  I N F O   

Keywords: 
A. polyimide aerogel 
A. LDH-GO hybrids 
B. thermal insulation 
B. fire-retardancy 

A B S T R A C T   

Environmentally friendly materials with lightweight, good thermal insulation and fire-resistance are highly 
required for energy efficient buildings. Here, layered double hydroxide (LDH) - graphene oxide (GO) synergis
tically enhanced polyimide (PI) aerogels with great thermal insulation, good thermal stability and excellent 
flame retardancy, have been designed and synthesized through a green environmental freeze-drying method 
followed by thermal imidization. LDH can be uniformly dispersed in aqueous solutions by electrostatic in
teractions with GO, thus resulting in uniform dispersion in PI matrix. Due to the physical interaction between the 
two kinds of nanosheets and PI, the pore size of PI/LDH-GO (PLG) composite aerogel was significantly reduced 
from 20 μm to 5 μm, leading to ultralow density (52 ± 3.6 mg cm− 3), low thermal conductivity (36 ± 1.7 mW 
m− 1 K− 1), and high compressive modulus (26 ± 1.8 MPa). More importantly, the addition of two pollution-free 
fire-retardants (LDH-GO) endows the PLG aerogels excellent fire-resistant performance with the limiting oxygen 
index reach up to 43 ± 1.2%, reaching the nonflammable level. Therefore, this work paves a new way for anti- 
flaming and heat insulating materials with great potential for practical applications in energy efficient buildings.   

1. Introduction 

Accounting for about 40% of the world’s energy consumption is used 
to create a comfortable indoor environment [1,2]. Improving energy 
efficiency is critical to the sustainable development of society. At pre
sent, the installation of thermal insulation materials in buildings is a 
widely adopted solution [3,4]. However, the commercial polymer-based 
insulation materials such as polyurethane (PU) and expanded poly
styrene (PS) of are limited by their poor thermal stability, high thermal 
conductivity and flammability (limited oxygen index, LOI<27%) due to 
their intrinsic molecular structure [5–8]. Pursuing low density and low 
thermal conductivity is of great significance for excellent building 
insulating materials. More significantly, the frequent fires highlight the 
importance of flame-retardant and high-temperature resistant building 
insulating materials. 

Aerogel is defined as a gel comprised of a microporous solid in which 
the dispersed phase is gas [9]. Due to its unique three-dimensional 

porous structure, the aerogel exhibits low apparent density, high spe
cific surface area, high porosity and extremely low thermal conductivity, 
which makes aerogel the first choice for energy efficient building ma
terials [10]. Although silica aerogels have undergone in-depth research, 
their wide application is still restricted due to the problems of brittle
ness, poor mechanical strength, easy powdering, and time-consuming 
and costly preparation process [11,12]. In comparison to silica aero
gels, polymer aerogels with designable molecular structure, excellent 
mechanical properties, and low energy consumption have attracted 
wide attentions [13,14]. However, the widely researched polymer aer
ogels such as poly (vinyl alcohol) (PVA), cellulose, and chitosan face the 
problems of poor thermal stability, easily degradation and flammability, 
which limits their application in the field of energy efficient buildings 
[15–17]. To minimize the flammability of those polymer aerogels, 
various types of flame retardants, for example hydroxyapatite (HAP), 
graphene oxide (GO), silicon dioxide (SiO2), and inorganic layered 
compounds have been successfully compounded with polymer aerogels 

* Corresponding author. State Key Laboratory for Modification of Chemical Fibers and Polymer Materials, College of Materials Science and Engineering, Innovation 
Center for Textile Science and Technology, Donghua University, 2999 North Renmin Road, Shanghai, 201620, PR China. 
** Corresponding author. 

E-mail addresses: weifan@dhu.edu.cn (W. Fan), txliu@fudan.edu.cn, txliu@dhu.edu.cn (T. Liu).  

Contents lists available at ScienceDirect 

Composites Part B 

journal homepage: www.elsevier.com/locate/compositesb 

https://doi.org/10.1016/j.compositesb.2021.108963 
Received 27 February 2021; Received in revised form 17 April 2021; Accepted 4 May 2021   

mailto:weifan@dhu.edu.cn
mailto:txliu@fudan.edu.cn
mailto:txliu@dhu.edu.cn
www.sciencedirect.com/science/journal/13598368
https://www.elsevier.com/locate/compositesb
https://doi.org/10.1016/j.compositesb.2021.108963
https://doi.org/10.1016/j.compositesb.2021.108963
https://doi.org/10.1016/j.compositesb.2021.108963
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compositesb.2021.108963&domain=pdf


Composites Part B 219 (2021) 108963

2

[18–20]. For example, Wang et al. reported a unidirectional 
freeze-casing technique to assemble graphene-confined zirconium 
phosphate (ZrP/RGO) nanosheets with cellulose nanofibers (CNF) to 
prepare ZrP/RGO/CNF aerogel, which exhibits thermal conductivity of 
18 mW m− 1 K− 1 and LOI of 33.5% [21]. However, the compression 
strength cannot meet the requirements of energy efficient building 
materials, and moreover, ZrP will release toxic gases during combustion. 
Zhu et al. fabricated composite aerogel based on a combination of HAP 
and chitosan, exhibiting excellent fire resistance [22]. However, the 
excellent flame retardancy requires the addition of a large amount of 
HAP (20 wt%-200 wt%), which dramatically increases the density of the 
composite aerogel. Therefore, polymer-based composite aerogels with 
low density, high strength, as well as fire-retardancy and thermal insu
lation are highly desirable for practical applications in building 
insulation. 

Recently, polyimide (PI) aerogel has attracted wide attentions due to 
its excellent mechanical properties, wide operating temperature, good 
corrosion and radiation resistance and self-extinguishing properties 
[23]. For instance, Wang et al. reported a multifunctional PI aerogel 
textile obtained by a freeze-spinning technique, with excellent 
fire-retardant and temperature-resistant performance [24]. Further
more, Wang et al. fabricated a robust and fire-retarded PI/MXene aer
ogels via freeze-drying and thermal imidization, exhibiting the peak 
heat release rate of 49.8 W g− 1 [25]. Liu et al. prepared PI/GO com
posites by in-situ polymerization of PI on GO. During the combustion 
process, GO will accumulate and cover the PI surface to form a protec
tive layer. These graphite layers will effectively increase the LOI value 
by preventing the transfer of oxygen and heat [26]. However, a large 
amount of smoke will be generated during the combustion process of PI, 
which may cause suffocation of personnel at the fire site. Therefore, 
further improving the fire resistance and smoke suppressing perfor
mance of PI aerogels is of great importance. Layered double hydroxide 
(LDH) is a non-toxic, smoke suppressing and environmentally friendly 
flame retardant, which has been widely applied as additives for 
flame-retardant polymer composites [27]. However, there are strong 
interaction between the host layer and the interlayer anion of LDH, 
which hinders the dispersion of LDH in solvents and polymer matrix. 
Therefore, it is still a challenge to achieve uniform dispersion of LDH in 
the polymer matrix, thereby improving the overall performance of the 
polymer aerogel. 

In this work, LDH-GO synergistically reinforced PI composite aero
gels have been reported with robust mechanical behavior, high fire 
retardancy and excellent thermal insulation performance. The PI/LDH- 
GO (PLG) composite aerogels were synthesized by a pollution-free 
freeze-drying method and thermal imidization process. Because of the 
large number of hydrophilic groups, GO can stabilize LDH nanosheets in 
aqueous solution by electrostatic interaction, thus leading to homoge
nous distribution of LDH-GO hybrids in PI matrix. The resulting PLG 
aerogels display the integrated performance of low density (52 ± 3.6 mg 
cm− 3), high porosity (>93%), and high compression modulus (26 ± 1.8 
MPa). More importantly, due to the synergetic interaction of two inor
ganic nanosheets, the PLG aerogels exhibit super-insulation and high 
flame-retardant performance, which shows broad application prospects 
in energy efficient buildings and other fields. 

2. Material and methods 

The LDH-GO hybrids were obtained by a certain amount of LDH was 
added to the GO solution, further ultrasonicated (see details in sup
porting information). The LDH, GO and poly (amic acid) (PAA, poly
imide precursor) was fabricated by according to previous works [23,28, 
29]. Briefly, PAA was dissolved in DI water, followed by adding LDH-GO 
hybrid solution, resulting in a homogenous PAA/LDH-GO hydrogel. The 
PLG aerogels were obtained by freeze-drying and thermal imidization. 
PLG aerogels incorporated with X wt% LDH and Y wt% GO were noted 
as PLG-XY. For comparison, binary composite aerogels with 6 wt% GO 

were noted as PG-6, and 6 wt% LDH were noted as PL-6, respectively. 

3. Results and discussions 

Fig. 1a illustrates the fabrication process for PLG aerogels. First, the 
as-prepared LDH (+) and GO (− ) were homogenized in DI water to form 
well-dispersed LDH-GO hybrids. Afterwards, PAA solution were blended 
with above LDH-GO hybrids to form a homogeneous gel. After subse
quent freeze-drying and thermal imidization, the PLG aerogel was 
finally obtained. During the thermal imidization process, GO is partially 
reduced as indicated by the Raman spectra (Fig. S1). As shown by the 
Raman spectra of PAA/LDH-GO and PLG aerogel in Fig. S1, the D/G 
band ratio of PLG (0.89) is higher than that of PAA/LDH-GO (0.70), 
indicating the enhanced graphitization of GO by thermal imidization 
[30]. The as-fabricated PLG aerogel can stand on the “setaria viridis” 
without any bending (Fig. 1b) due to its high porosity (>93%) and low 
density (low to 52 ± 3.6 mg cm− 3). In spite of its lightweight nature, the 
PLG aerogel is strong enough and exhibits good anti-compression 
properties. As shown in Fig. 1c and 0.4 g PLG aerogel can support a 
beaker containing 2000 ml of water without deformation, which is more 
than 5000 times its own weight. Furthermore, the PLG aerogels show 
good structural formability and can be tailored into letters of PI-LDH-GO 
(Fig. 1d). From infrared thermal images, the upper surface temperature 
of corresponding aerogels in the shape of letters (thickness of 5 mm) is 
under 100 ◦C with stage temperature above 200 ◦C, indicating the 
excellent thermal insulating ability of PLG aerogels. 

The homogeneous dispersion of LDH-GO hybrids is the key premise 
for fabrication of PLG aerogels. SEM observations indicated that the LDH 
produced by urea-assisted co-precipitation exhibits a regular hexagonal 
shape, with size ranging from 1 to 2 μm and thickness of several tens of 
nanometers (Fig. 2a–c). The micro-size of LDH facilitates its embedding 
into the pore walls of aerogels. The XRD patterns of CO3-LDH and NO3- 
LDH are shown in Fig. S2. According to the XRD data, the interlayer 
distance of CO3-LDH is 0.75 nm, and that of NO3-LDH is increased to 
0.83 nm, which is beneficial for the dispersion of LDH in water [31]. 
Fig. 2d shows the digital photographs of the GO, LDH-GO, and LDH 
aqueous suspension. Pure LDH can not be stably dispersed in water and 
precipitated at the bottom of the bottle. Interestingly, the LDH-GO hy
brids with the mass ratio of 1:1 maintains stable dispersion (Fig. 2d), 
which is attributed to the remaining negative charge of GO and its hy
drophilicity [32]. When the mass ratio of GO to LDH is 1:2 and 1:4, 
precipitation of LDH-GO occurs since the negative charge of GO is 
neutralized by the positive charge of LDH. This is further confirmed by 
zeta potential of GO, LDH-GO hybrids and LDH in aqueous solution 
(Fig. 2e). As shown in Fig. 2e, GO is negatively charged (− 37.4 mV) 
while LDH is positively charged (+17.3 mV), indicating that GO is much 
more stable than LDH in aqueous solution. The zeta potential of LDH-GO 
hydribs is slightly less negative than that of GO, owing to the intro
duction of positively charged LDH. The zeta potential of LDH-GO hy
brids with mass ratio of 1:1, 1:2 and 1:4 reaches − 22.7 mV, − 14.2 mV 
and − 13.4 mV, respectively, indicating that LDH-GO hybrid at a mass 
ratio of 1:1 is more stable in aqueous solution than the two others. 
Hence, unless specifically stated, the PLG composite aerogels were 
prepared with LDH-GO hybrid at a mass ratio of 1:1. The uniformity of 
LDH in GO solution can be intuitively observed from TEM images 
(Fig. S3 & Fig. 2f), which clearly reveals that several LDH is scattered 
and tightly attached to GO, with wrinkles on the GO sheets that may 
caused by electrostatic adsorption between LDH (+) and GO (− ). The 
successful synthesis of LDH-GO hybrid is also verified by the XRD 
characterization in Fig. S4, showing both the characteristic peaks of GO 
and LDH. In contrast, LDH is usually in a state of aggregation without GO 
(Fig. S5). SEM (Fig. 2g) and EDS mapping (Fig. 2h) images of PLG aer
ogel confirm the uniform distribution of LDH in the PI matrix, with the 
Mg and Al elements representing LDH uniformly distributed [33]. In 
addition, the hexagonal LDH sheets can be observed in the pore walls of 
PLG aerogel as shown by TEM images in Fig. S6, further indicating the 
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uniform distribution of LDH in the composite aerogel. 
The typical SEM images of PI and PLG aerogels with varied LDH and 

GO contents are shown in Fig. 3. Typically, freeze-drying leads to an 

open porous structure with the pore size in the micron range. PI aerogel 
exhibited three-dimensional network with wrinkle pore walls and 
irregular pore size distribution (Fig. 3a and b). As for pure PI aerogel, it 

Fig. 1. Fabrication and characterization of the PLG aerogels. (a) Schematic illustration of the preparation of PLG aerogels. Digital photographs showing the PLG 
aerogels (b) standing on the “setaria viridis”, (c) compressed by a beaker (2000 ml) with full water, and (d) that can be shaped into letters of PI-LDH-GO and 
corresponding infrared images of PLG aerogel on a 200 ◦C hot stage for 10 min. 

Fig. 2. Dispersity of LDH-GO hybrids. (a–c) SEM images of LDH. (d) Digital photographs of GO, LDH-GO, and LDH aqueous suspension. (e) Zeta potential of GO, 
LDH-GO and LDH in water. (f) TEM image of LDH-GO hybrids. (g) SEM images and (h) corresponding EDS mappings of C, O, Mg and Al of the PLG aerogel. 
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suffers from severe shrinkage during the freeze-drying and thermal 
imidization process, resulting in wrinkle pore walls. PI aerogel shows 
large pore size in the range of 3–20 μm with a broad distribution 
(Fig. 3c). However, the PLG-33 aerogel with incorporation of 3 wt% LDH 
and 3 wt% GO exhibited uniform three-dimensional network with 
smooth pore walls and pore size of ~5 μm (Fig. 3d and e). It can be 
clearly seen that the pore diameter of PLG-33 becomes smaller as 
compared with pure PI aerogel from the pore size distribution in Fig. 3f. 
The smaller pore size and smooth pore walls of PLG-33 aerogel are 
attributed to the strong physical or chemical interactions between PAA 
chain and GO during the gelation process, which could inhibit the 
shrinkage during the freeze-drying and thermal imidization [34]. As 
shown in Fig. S7a, the CO–NH bond of PAA/LDH-GO has a red shift due 
to the hydrogen bond between the GO sheets and PAA. Furthermore, the 
rheological behaviors of PAA/LDH-GO solution displayed a distinct 
shear-thinning behavior and a higher viscosity than that of PAA 
(Fig. S7b), also demonstrating a strong interaction existed between PAA 
chains and GO sheets [35]. However, with the excessive addition of LDH 
and GO, the connection of the PLG-55 aerogel pore wall became broken 
and even appeared fibrous structure, which can be presumably attrib
uted to a large number of LDH-GO hybrids hindered the cross-linking of 
PAA during the sol-gel process (Fig. 3g and h). As for the pore size 
distribution (Fig. 3i), PLG-55 aerogel has a large number of small pores 
distributed, but in fact it is the fragmentation of large pore structure. The 
smaller pore size and continuous three-dimension porous structure of 
PLG-33 aerogel benefit the prolong of the heat conduction path, 
reducing the thermal conductivity and resisting the flame [36]. 

Thermal conductivity is an important index to evaluate the thermal 
insulation ability of energy building materials. As for PI aerogel, it suf
fers from severe shrinkage during the thermal imidization process, 
causing high density (85 ± 2.2 mg cm− 3), high shrinkage (47 ± 2.7%), 
low porosity (93.2 ± 1.8%), and high thermal conductivity (56 ± 1.2 
mW m− 1 K− 1) (Fig. 4a & Fig. S8). Interestingly, by simply integrating 
LDH-GO hybrids with PI, the PLG aerogel exhibits low density, low 
shrinkage, high porosity, and low thermal conductivity (Fig. 4a & 
Fig. S8). With the increase of LDH-GO content, the shrinkage rate of PLG 
aerogels is decreased from 47% to 29% with 3 wt% LDH and 3 wt% GO. 
This can be attributed to the fact that LDH-GO increases the cross-linking 
point which can support aerogel structure and share the thermal stress 
during the thermal imidization process. Meanwhile, the porosity also 
increases from 93% for PI to 96% for PLG-33 (Fig. S8b). Due to high 
porosity and low shrinkage, the density also decrease from 85 ± 2.2 mg 
cm− 3 for PI to 52 ± 3.6 mg cm− 3 for PLG-33 (Fig. S8c). Further 
increasing the content of LDH-GO, the shrinkage rate of PLG composite 
aerogels increases, resulting in reduced porosity and increased density, 
since the excess LDH-GO hybrids may aggregate and hinder the gelation 
of PAA. The PLG-33 aerogel with 3 wt% LDH and 3 wt% GO can achieve 
the lowest thermal conductivity of 36 ± 1.7 mW m− 1 K− 1, much lower 
than that 56 ± 1.2 mW m− 1 K− 1 for pure PI aerogel, 49 ± 2.1 mW m− 1 

K− 1 for PG-6 with 6 wt% GO, and 47 ± 1.4 mW m− 1 K− 1 for PL-6 with 6 
wt% LDH (Fig. 4a). In contrast to pure PI aerogel without nanosheets, 
PLG-33 aerogels, benefiting from small pore size (5 μm) and appropriate 
amount of interfacial thermal resistance generated by nanosheets, the 
so-called Kapitza resistance, leading to both low solid thermal 

Fig. 3. Morphology of PI and PLG aerogels. SEM images of (a–b) PI aerogels, (d–e) PLG-33 aerogels, (g–h) PLG-55 aerogels, and (c, f, i) corresponding pore size 
distribution of the aerogels. 
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conductivity and gas thermal conductivity [37]. The oxygen-rich func
tional groups of GO can form physical crosslinks with PAA, increase the 
degree of crosslinking, and reduce shrinkage and the density of aerogels, 
leading to improved thermal insulation properties of aerogels. Further
more, in contrast to PG or PL with single nanosheet, PLG-33 aerogels, 
benefiting from multiple interfacial thermal resistance between PI, LDH 
and GO, exhibits reduced solid conduction of the wall, leading to low 
thermal conductivity. In addition, as shown in Fig. S9, the PLG-33 aer
ogels show similar thermal conductivity in different directions, indi
cating the isotropic feature of PLG-33 aerogels. Therefore, the PLG-33 
composite aerogels with outstanding thermal insulation performance 
exhibit great potential for practical applications in energy efficient 
building. 

Excellent mechanical strength is a prerequisite for practical appli
cation of aerogel materials. The compression modulus of PLG aerogels 
first increased and then decreased with the increase of LDH-GO nano
sheets. Compared to 18 ± 1.1 MPa of PI aerogel, the compression 
modulus of PLG-33 aerogels reaches 26 ± 1.8 MPa (Fig. 4b). The high 
compression modulus of PLG-33 aerogel is mainly due to: (ⅰ) compared 
to large pores, smaller pores provide more paths to distribute stress 
(Fig. 4c), (ⅱ) LDH-GO hybrids are evenly distributed in the pore wall of 
PLG-33 aerogel, which can further disperse the stress [4]. In contrast, 
the compression modulus of the PG-6 and PL-6 aerogels with the same 
amount of single nanosheets decreased, especially that PL-6 aerogel with 
6 wt% LDH even decreased to 2.2 ± 0.5 MPa. This is due to that LDH is 
easy to aggregate and precipitate in the PI matrix, forming many stress 
concentration points, which are easily damaged when subjected to force. 
The corresponding stress-strain curves shown in Fig. 4d and e, typically 
exhibit three characteristic stages for honeycomd-like aerogels: a linear 
elastic regime at 0%–10% strain due to elastic deformation and slightly 
deformed pore structure, a subsequent plateau stage at 10%–60% strain 
because the pore structure begins to collapse, and finally a densification 
region after 60% strain since the overall plastic deformation occurs, 
leading to rapidly increased apparent density and stress [38]. Moreover, 
we compared the Young’s modulus and the thermal conductivity of PLG 

aerogel with other typical fire-risistant aerogels (Fig. 4f). The PLG aer
ogel exhibits much higher Young’s modulus than other aerogels listed in 
Fig. 4f with little difference in thermal conductivity [39–46], showing 
great potential for practical applications. 

In order to further explore the flame retardancy of aerogels, we 
conducted cone calorimetry tests on PI aerogels and PLG-33 aerogels 
respectively, and corresponding heat release rate (HRR), total heat 
release (THR), total smoke release (TSR) and CO production (COP) were 
obtained (Fig. 5a–d and Table S1). The HRR curves revealed that PI 
aerogel burnt rapidly after ignited, and a sharp HRR peak (69.6 ± 1.1 
kW m− 2) arose at 26 s (Fig. 5a). When 3 wt% LDH and 3 wt% GO were 
added, the HRR peak value (25.8 ± 1.0 kW m− 2) of the PLG-33 aerogel 
decreased by 63.7%, and the combustion time decreased by 61.8%, 
indicating that the addition of LDH-GO hybrids slowed down the com
bustion of PI aerogel. From the THR curves (Fig. 5b), the THR increase of 
PLG-33 aerogel was relatively slow, which is only 27% of that of PI 
aerogel in the end. Compared with the PI aerogel, the low HRR and THR 
of PLG-33 aerogel can be attributed to the formation of a shielding layer 
by LDH-GO hybrids to protect the underlying materials. The LDH-GO 
hybrid as a shielding layer can prevent the transfer of flammable small 
molecules generated by thermal degradation to the combustion inter
face, while delaying the diffusion of external O2 into the interior [47]. 
The TSR is also significantly reduced with the addition of LDH-GO hy
brids (Fig. 5c), probably because LDH can release water and CO2 from 
hydroxides when been heated, thus reducing the concentration of 
combustible gas and blocking oxygen [48]. Although the increase rate of 
COP of PLG-33 aerogel is slightly higher than that of PI aerogel, the total 
COP is still very low, within a safe and acceptable range (Fig. 5d). In 
general, aerogels with higher limiting oxygen index (LOI) exhibit higher 
flame retardant ability [49]. Compared with PI aerogel, the LOI value of 
PG-6 aerogel, PL-6 aerogel and PLG-33 aerogel raise to 40 ± 1.3%, 42 ±
1.1% and 43 ± 1.2%, displaying that combustion condition for PLG-33 
aerogel is the most demanding (Fig. 5e). TGA results show that the 
addition of LDH-GO also improves the thermal stability of aerogels 
(Fig. 5f). The main weight loss of the PI aerogel starts at 500 ◦C, while 

Fig. 4. Thermal insulation and mechanical properties of PLG aerogels. (a–b) Thermal conductivity and compression modulus of PI, PLG, PL, and PG aerogels. (c) The 
possible compression mechanisms of PLG and PI aerogels. (d, e) Strain-stress curves of PI, PLG, PL, and PG aerogels. (f) Thermal conductivity versus compression 
modulus for aerogel-like materials, including boron nitride aerogels (hBNAGs, Ref. [39]), SiO2 aerogels (Ref. [40]), PVA/chitosan aerogels (P/CA, Ref. [41]), GO 
aerogels (Ref. [42]), nanocellulose aerogels (Ref. [43]), PVA/MMT (Ref. [44]), CS/MMT (Ref. [45]), MMT/CAP (Ref. [46]) and PLG aerogels. 
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the PLG-33 aerogel is delayed to 550 ◦C, which is much higher than the 
decomposition temperature of other polymer aerogels. During the 
thermal degradation of PLG-33 aerogel, LDH reacts with polymer to 
form a dense carbon layer, which can delay the thermal degradation rate 
of PI, leading to the increase of initial thermal decomposition temper
ature of PLG-33 as compared with PI aerogel [50]. After being soaked in 
ethanol and ignited, the volume of PI aerogel contracted seriously after 
full combustion, while PLG-33 aerogel self-extinguished after the con
sumption of ethanol, with the volume remained basically unchanged 
(Fig. S10). Through vertical combustion test, the pure PI aerogel burns 
violently and exhibits large shrinkage after burning (Fig. 5g). In 
contrast, PLG-33 aerogel has excellent self-extinguishing ability in the 
air, and basically does not produce smoke (Fig. 5h). The morphology of 
PLG-33 aerogel after vertical combustion (SEM image in Fig. 5i) in
dicates that the porous structure of PLG-33 aerogel remains, while the 
pore walls become thicker due to partial carbonization, which also ex
plains the retention of the macroscopic morphology of aerogel. There
fore, it can be concluded that the addition of an appropriate amount of 
LDH-GO can inhibit the combustion and smoke release of the aerogel, 
and greatly improve the flame retardancy of the composite aerogel. The 
excellent flame retardancy of PLG aerogel improves its safety as a 
building insulating material. 

It is necessary to study the thermal insulation behavior of thermal 
insulation materials at different temperatures for applications in wide 
temperature range. The thermal conductivity of PLG-33 aerogel rises 
slowly with increasing temperature from − 50 ◦C to 300 ◦C (Fig. 6a). At 
− 50 ◦C, its thermal conductivity is as low as 27 ± 1.3 mW m− 1 K− 1, and 
with the temperature rises to 300 ◦C, the thermal conductivity is also 

lower than 65 ± 1.4 mW m− 1 K− 1, which shows that PLG-33 aerogels are 
suitable for thermal insulation in different temperature environments. 
The low thermal conductivity makes the PLG-33 aerogels have poten
tiality of infrared stealth. In the infrared thermal image, the color of the 
PLG-33 aerogel with a thickness of 10 mm on the hand is almost the 
same as that of the environment, which means the covered part of the 
hand is invisible under infrared detection device (Fig. 6b). These 
excellent thermal insulation properties keep the upper surface temper
ature of the PLG-33 aerogel (thickness 10 mm) below 150 ◦C on the top 
of the flame for a long time (Fig. 6c). The thermal conductivity of PLG 
aerogel at 30 ◦C in humid environment was also investigated (Fig. S11). 
The PLG aerogel displays low thermal conductivities of 36 ± 1.7, 42 ±
1.0, 48 ± 1.4, 52 ± 2.0 and 57 ± 1.8 mW m− 1 K− 1 at 20%, 40%, 60% and 
80% relative humidity, respectively (Fig. S11a). Although the thermal 
conductivity of PLG-33 aerogel increases with humidity slightly, it still 
remains quite a low level due to its hydrophobicity (Fig. S11b). Excellent 
fire resistance and thermal insulation are the most desirable properties 
of building cladding materials, especially for high-rise buildings. As a 
demonstration, we use PLG-33 aerogel (thickness of 5 mm) as the 
thermal insulation inner layer of a plastic “house”, and simulate the 
temperature change inside and outside the house using infrared light as 
the heat source (Fig. 6d). As shown in Fig. 6e, after 20 min of illumi
nation, the external temperature (T1) of the house has risen from 21 ◦C 
to 46 ◦C, and the internal temperature of the house (T2) can still be 
maintained at a comfortable temperature below 30 ◦C to achieve human 
body thermal comfort [51] with the PLG-33 aerogel as thermal insu
lating layer. In comparison, the internal temperature rose rapidly and 
exceeded 36.3 ◦C after 20 min for “house” with commercial PS foam as 

Fig. 5. Flame retardant and thermal stability of PLG aerogels. (a–d) Combustion behaviors of PLG-33 and PI aerogels by cone calorimeter test. (e) The LOI values of 
aerogels. (f) TGA curves of PLG-33 and PI aerogels under N2 atmosphere. (g) Digital photographs of vertical combustion of pure PI aerogels in 10 s. (h) Digital 
photographs of vertical combustion of PLG-33 aerogels and (i) SEM image of corresponding PLG-33 aerogel after combustion. 
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interlayer (Fig. 6f & Fig. S12). This distinct difference indicates a 
favorable thermal insulating ability of the PLG-33 aerogel, demon
strating its great potential in the energy efficient buildings. 

4. Conclusions 

In conclusion, we report a newly designed polymer composite aer
ogel with high flame retardant, low thermal conductivity and high 
strength for thermal insulation applications. The PLG aerogel has been 
fabricated with the addition of LDH-GO hybrids, followed by freeze- 
drying and thermal imidization process. In the composites, GO im
proves the dispersion of LDH in PI matrix by electrostatic adsorption and 
excellent hydrophilic ability, thus improving the mechanical perfor
mance of PLG composite aerogel with high compression modulus up to 
26 ± 1.8 MPa. Moreover, due to the reduced pore size caused by 
increased number of cross-linking points formed by GO and PI chains, 
the thermal conductivity of PLG-33 composite aerogel is reduced to 36 
± 1.7 mW m− 1 K− 1 at room temperature (27 ± 1.3 mW m− 1 K− 1 at 
− 50 ◦C and 65 ± 1.4 mW m− 1 K− 1 at 300 ◦C). In addition, incorporation 
of LDH-GO hybrids can significantly enhance the flame retardancy of PI 
matrix, resulting in PLG aerogels with LOI value up to 43 ± 1.2%, 
reduced HRR peak value of 25.8 ± 1.0 kW m− 2 and limited smoke 
release, and enhanced decomposition temperature up to 550 ◦C. 
Therefore, the PLG aerogel with lightweight, robust mechanical, great 
flame-resistant and super-thermal insulation properties may find broad 
applications in many civil and military fields. 
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