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Abstract
In this study, carbon foam (CF) and SiO2 aerogel composite were prepared by the sol–gel method under a circumstance of 
the atmospheric drying process. The Pyrolysis mechanism of carbon foam was investigated through thermal gravimetric 
analysis and Fourier transform infrared spectroscopy (FTIR). Carbon foam having ultralight properties with a density of 
5.44 kg/m3, functions as a skeleton to support the composite. The maximum compressive stress measured for CF/SiO2 aerogel 
composite was about 1.0 MPa. At room temperature, the measured thermal conductivities of the CF and CF/SiO2 aerogel 
composite were 0.035 W/m K and 0.024 W/m K, while at 300 °C, it was reported to be 0.120 W/m K and 0.057 W/m K. 
Aerogel filled in carbon foam cells have significantly reduced the gaseous thermal conductivity of the prepared composite.
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1  Introduction

In recent years, various techniques and methodologies have 
been adopted for the identification of lightweight materials 
having low thermal conductivity. For this purpose, research-
ers have focused on integrating superinsulation materials on 
ultralight and thermal insulating carbon foams [1]. These 
carbon foams are a highly porous material with a three-
dimensional network, along with the advantages of low den-
sity, good corrosion resistance, and excellent thermal and 
electrical properties [2, 3]. Carbon foam was first produced 
by Ford in 1964 by the pyrolysis of phenolic resins. It has 
excellent thermal insulation properties due to its reticular 
glass carbon structure and highly open porosity. Thus, it 
was used by the US military in aerospace for high-temper-
ature insulation. It also has more attractive applications in 
many other fields, such as adsorption, Superior-performance 

Supercapacitors, thermal management, catalyst carrier, and 
electrode materials [4–10]. However, complicated prepara-
tion parameters and high production cost are several draw-
backs that limit the application and development of carbon 
foam. In order to obtain a carbon foam having a uniform 
porous structure, the carbon foam precursor needs to be 
foamed under high pressure (> 10 MPa) and temperature 
(~ 600 °C) [11]. The petroleum-based pitch and the blowing 
agent are mixed in a reaction vessel, followed by foaming at 
a high temperature and a high pressure. Finally, the result-
ing porous pitch foam is pyrolyzed at a high temperature to 
obtain a carbon foam [12, 13]. A graphite foam is obtained 
if the temperature reaches 2400 °C. Thus a kind of novel 
carbon foam is reported, having high porosity (> 99%), 
and a pore size in the range of 20–100 µm. It has a very 
low density (~ 6–8 kg/m3), good flexibility, and improved 
thermal insulation performance (thermal conductivity 
λ < 0.1 W/m K) [14]. The raw material of carbon foam is 
commercial melamine foam having low cost and can be eas-
ily accessed. The new carbon foam has the advantages of 
low cost and simple manufacturing process.

Aerogel is a novel material with a three-dimensional net-
work structure composed of ultrafine particles. A gaseous 
dispersion medium is filled in the porous network structure 
of aerogel. Aerogels generally exhibit a solid state, and 
more than 90% of the internal volume of the molecules are 
filled with gas. Aerogels are prepared in two steps; the first 

 *	 Zhaofeng Chen 
	 zhaofeng_chen@163.com

1	 International Laboratory for Insulation and Energy 
Efficiency Materials, College of Materials 
Science and Technology, Nanjing University 
of Aeronautics and Astronautics, Nanjing 210016, 
People’s Republic of China

2	 Beijing Spacecrafts, China Academy of Space Technology, 
Beijing 100080, People’s Republic of China

http://orcid.org/0000-0002-6343-6333
http://crossmark.crossref.org/dialog/?doi=10.1007/s10934-019-00732-y&domain=pdf


1306	 Journal of Porous Materials (2019) 26:1305–1312

1 3

step consists of it synthesized by sol–gel method and the 
second step consists of drying it by using a suitable dry-
ing method in order to minimize the damage of the three-
dimensional solid network [15]. Aerogels are highly porous 
(up to 99%) nanostructure materials owing excellent prop-
erties such as high specific surface area (500–1500 m2/g), 
low density (0.01–0.3 g/cm3), and low thermal conductiv-
ity (< 0.025 W/m K) [16]. With the development of sol–gel 
technology and the enhancement of energy-saving aware-
ness, aerogels with light, porous structure have gradually 
attracted people’s attention. It will have more hopeful 
prospects in many fields, such as acoustic barriers, thermal 
insulation, supercapacitors and catalytic supports [17–20]. 
However, most aerogels have the disadvantages of low 
strength, low toughness, and unstable structure, which sig-
nificantly limits their application. There are two main tech-
niques for improving the mechanical properties of aerogels; 
first, by controlling the internal network structure during 
the preparation process; second, by adding a reinforcing 
phase to improve the properties. However, currently, there 
are relatively few studies on carbon foam/aerogel compos-
ites. Xin et al. studied the in-situ growth method to prepare 
a graphene/aerogel composite. Compared to carbon foam, 
the composite has a specific surface area increased by 55% 
and a specific capacitance increased by 72% which can be 
used as a supercapacitor [21]. Zhang et al. investigated pitch-
based carbon foam/silica aerogel composite was studied. The 
compressive strength of the composite is related to carbon 
foam, and the heat insulation performance is improved [22].

In this study, a new CF/SiO2 aerogel composite was pre-
pared by a simple and low-cost method including carboniza-
tion, sol–gel and drying process. Carbon foam with a three-
dimensional network structure obtained by carbonization of 
melamine foam has low cost and simple processing steps. 
Also, the CF/SiO2 aerogel composite preparation by atmos-
pheric drying process has advantages of reduced cost and 
simple experimental equipment requirements over the super-
critical drying technique. Specific mechanical and excellent 
thermal insulation properties have been reported for the CF/
SiO2 aerogel composite, which will have more expected pro-
jections in many fields such as efficient thermal protection 
system, building energy conservation and energy storage.

2 � Experimental process

The melamine foam with a density of 7 kg/m3 and a thick-
ness of 20 mm without flame retardant additives (Henan 
Zhongyuan Chemical Group) was a kind of flexible foam. 
The SiO2 aerogel was prepared by using tetraethyl ortho-
silicate (TEOS), ethyl alcohol (EtOH) and distilled water 
as the raw materials, hydrochloric acid as the catalyst for 

the hydrolysis reaction, and ammonia as the catalyst for the 
polycondensation reaction.

The carbon foam was prepared from melamine foam by its 
carbonization at 350–1100 °C temperature under N2 atmos-
phere. The melamine foam was cut into pieces and placed 
in a tube furnace which was pyrolyzed under the nitrogen 
atmosphere to obtain carbon foam. Aerogels preparation 
was carried out in two steps, synthesis by sol–gel and dry-
ing under a circumstance of the atmosphere. TEOS distilled 
water, and EtOH were added to the beaker by 1:5:5 molar 
ratio and stirred at 60 °C with the help of magnetic stirrer 
for 20 min, while a small amount 4% of diluted hydrochloric 
acid was added slowly to promote hydrolysis. Following, 
adding an appropriate amount (0.05 mol/L) of dilute ammo-
nia was added to adjust the solution’s pH around 6–7. After 
that, the prepared carbon foam sample was immersed in the 
obtained solution, and then the ammonia water was added 
dropwise to promote polycondensation process. Finally, after 
aging and surface modification, the composite sample was 
dried at 100 °C under a circumstance of atmospheric.

The weight loss of the melamine foam during pyrolysis 
was analyzed by a thermogravimetric analyzer (NETZSCH 
STA 449). The microstructure of samples was analyzed 
by SEM (Hitachi SU8000). The FTIR spectrum (Thermo, 
Electron Nexus 670) was used to test the changes of the 
functional groups to verify the reaction mechanisms. The 
compressive stress of samples was tested by Instron3367 
electronic universal testing machine. The thermal conduc-
tivity of the samples at ambient temperature was measured 
by the hot disk (2500s). The Specific surface area and pore 
size distribution were measured by fully automatic specific 
surface and porosity analyzer, a specific surface area meas-
uring instrument (ASAP2020).

3 � Results and discussion

3.1 � Pyrolysis mechanism of carbon foam

Figure 1 shows the TGA curve of the melamine foam in the 
N2 atmosphere. There are four stages from room temperature 
to 900 °C. The melamine foam is hydrophilic and has a high 
water absorption rate. The weight loss observed during the 
temperature rise from room temperature to 90 °C was mainly 
because of the evaporation of adsorbed water. The second 
stage occurring in the temperature range of 90–370 °C is 
stable and indicates the stability of melamine foam in this 
range. Rapid weight loss occurs in the third stage from 370 
to 410 °C temperature and the fourth stage from 410 to 
1100 °C temperature.

Figure  2 shows the FTIR spectra of melamine foam 
treated at a different temperature in the N2 environment. 
The spectrum of the melamine foam presents characteristic 
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peaks at 813 cm−1, 1337 cm−1, and 1550 cm−1 that are 
assigned to the triazine ring. The absorption at 1152 cm−1 
is a characteristic peak of C–O. The absorption at 1483 cm−1 
is a characteristic peak of –CH2 stretching vibration. The 
absorption at 3395 cm−1 is attributed to –OH. The two 
characteristic peaks of NH2 are slender and sharp and are 
coincided with the broad peak of the hydroxyl group. The 
spectrum of the carbon foam sample treated at 350 °C is 
entirely different from the raw melamine foam, as the peaks 
at 1152 cm−1, 1483 cm−1, 1550 cm−1 and 3395 cm−1 dis-
appear. For the spectrum, the absorptions at 808 cm−1, 
1306 cm−1, 3306 cm−1 and 3380 cm−1 are the characteristic 
peaks of the thiotriazinone group in melamine foam. The 
absorption at 808 cm−1 is attributed to –NH. The absorption 
at 1306 cm−1 is attributed to C–N stretching vibration. The 

absorptions at 3306 cm−1 and 3380 cm−1 are attributed to 
–NH2. For the spectrum of the carbon foam sample treated 
at 450 °C, the absorption at 1277 cm−1 is attributed to C–N, 
The absorptions at 3295 cm−1, and 3382 cm−1 are attrib-
uted to –NH2. For the spectrum of the carbon foam sample 
treated at 750 °C, the characteristic peak becomes very wide, 
and the absorption is attributed to C–N. For the spectrum 
of the carbon foam sample treated at 1100 °C, the absorp-
tion at 778 cm−1 is attributed to CH, while the absorption at 
2270 cm−1 is attributed to C≡C.

The second stage ranges from 90 to 370 °C temperature. 
In this stage, decomposition or cracking of the methylene 
bridge and the ether bond occurs, and the macromolecular 
chain formed by the crosslinking reaction is broken, while 
pyrolysis of melamine or residual hydroxymethyl group 
occurs. The triazine ring structure still exists but becomes 
more and more unstable. The third stage is from 370 to 
410 °C. In this stage, a sharp weight loss (25%) in carbon 
foam takes place due to the decomposition of the triazine 
ring. The fourth stage is from 410 to 1100 °C. In this stage, 
a significant amount of nitrogen is generated in the pyrolysis 
process due to the denitrification reaction of carbon foam.

3.2 � Microstructure of carbon foam and CF/SiO2 
aerogel composite

The microstructural morphology of the carbon foam sample 
obtained at 750 °C is shown in Fig. 3a. Carbon foam has a 
three-dimensional network similar to melamine foam. The 
connecting node is a triangular ligament with four branches, 
which are open and connected to each other. Due to volume 
shrinkage and chemical reaction during pyrolysis, some 
carbon foam fibers broke at the joint of the triangular liga-
ment, and the carbon foam skeleton structure was damaged 
to some extent. Average pore diameters of carbon foam 
were in the range of 40–80 µm. The average pore size of 
the carbon foam was reduced compared to melamine foam 
because of the significant volume reduction during the pyrol-
ysis process. Figure 3b shows the model of the carbon foam 
architecture. The micron-sized dendritic fibers of the carbon 
foam were interwoven with each other, and the cross-section 
of the fibers was triangular. The cells of the carbon foam 
became small, and the fibers became thinner as compared to 
the melamine foam. During the pyrolysis process, the transi-
tion of the polymer to the carbon material occurred, and the 
elasticity gradually decreased.

Figure 4a shows the micro-morphology of CF/SiO2 aero-
gel composite. It is demonstrated that micro-block aerogel 
was filled with carbon foam cells. The prepared aerogel 
had cracks but did not have much influence on the compos-
ite structure. That is because when the carbon foam sam-
ple immersed in the obtained solution, aerogel precursor 
undergoes a sol–gel process in the cells of carbon foam. 

Fig. 1   The TGA curve of the melamine foam

Fig. 2   FTIR spectra of melamine foam treated at different tempera-
ture in atmosphere of N2
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The three-dimensional network structure of carbon foam 
maintained their original shape and played a role in sup-
porting the composite as the skeleton. Since the carbon foam 
easily adsorbed the sol, the organic gel and the carbon foam 
were combined with each other. The aerogel had been filled 
with cells of carbon foam, and the filling rate of cells was 
high. From the high magnification SEM image of CF/SiO2 
aerogel composite (Fig. 4b), the three-dimensional network 
structure of carbon foam remained intact and had not been 
damaged due to silica aerogel filling. The silica aerogel, 
filled with cells of carbon foam maintained a complete block 
shape, but cracks on the surface were unavoidable due to 

drying under ambient pressure. The reason for the crack on 
the surface is that under a circumstance of the atmospheric 
drying process, the hydroxyl groups on the surface of the 
aerogel are condensed with each other. The surface tension 
causes the internal skeleton structure to shrink, resulting in 
cracks on the surface. At the same time, the presence of 
cracks also indicates that SiO2 aerogel does not have excel-
lent mechanical properties. Not all the cells of the carbon 
foam were full of aerogel, and some of the cells still have 
space. Cells of carbon foam are squeezed to a certain extent, 
but the degree of deformation is not large. The magnified 
SEM image (Fig. 4c) shows a concave triangle fiber shape 

Fig. 3   Micro-morphology and 
model of sample, a Micro-
morphology of carbon foam, 
b model of the carbon foam 
architecture

Fig. 4   Micro-morphologies and 
modle of sample, a–c Micro-
morphologies of CF/SiO2 
aerogel composite, d model of 
the CF/SiO2 aerogel composite
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of carbon foam was not tightly bound to the aerogel and 
there was space between them. A small amount of aerogel 
remained on the fibers and ligaments of the carbon foam, 
indicating that the gel was tightly bound to the carbon foam 
at the beginning of the synthesis. Due to the external vibra-
tion, the carbon foam and the aerogel gradually separate, 
which will have a relatively large impact on the mechanical 
properties of the carbon foam. Figure 4d shows the model 
of the CF/SiO2 aerogel composite architecture.

3.3 � Compressive strength of carbon foam and CF/
SiO2 aerogel composite

Figure 5a shows the compressive stress–strain curves of car-
bon foam. It indicates carbon foam is always in an elastic 
state when compressed. The maximum compressive stress of 
carbon foam treated at 750 °C was 0.06 MPa. The strength of 
carbon foam treated at 1100 °C was too low, and the maxi-
mum compressive stress was only 0.01 MPa. If the mechani-
cal properties of the carbon foam are inferior, then it can 
not function as a skeleton of the composite. The shrinkage 
of the aerogel will destroy the CF/SiO2 aerogel composite 
during the drying process. Although not fully carbonized, 
the carbon foam treated at 750 °C is highly carbonized. It 
can be used as a skeleton to support composite. So carbon 
foam treated at 750 °C was chosen as a precursor for the 
preparation of composites.

Figure 5b shows the compressive stress–strain curves of 
CF/SiO2 aerogel. It indicates that the maximum compressive 
stress of composite was about 1.0 MPa. When the strain 
was from 0 to 0.45, the composite was always in an elastic 
state, and compressive strength raised smoothly and stead-
ily. After the strain reached 0.45, the elastic state changed 
to a plastic state, and the state of the stress–strain curve 
was wavy. Pure aerogel prepared by atmospheric drying is 
brittle, so it has inferior mechanical properties. However, 
The maximum stress of the composite was much larger than 
that of carbon foam. On one hand, carbon foam functions 
as a skeleton to support composite. On another hand, silica 
aerogel had been full of the cells of carbon foam and tightly 

combined with concave triangle fibers. When the composite 
is subjected to compressive stress, the SiO2 aerogel matrix 
begins to produce first cracks, but the deflection of the aero-
gel crack, the separation of the interface, and the resistance 
of the carbon foam fibers being pulled out delay the expan-
sion of the crack.

3.4 � Thermal conductivity of carbon foam and CF/
SiO2 aerogel composite samples

The thermal conductivity of carbon foam and composites 
were measured at room temperature (at ambient pressure) 
and 300 °C (in He atmosphere), respectively. Figure 6 shows 
the thermal conductivity of samples. At the room tempera-
ture, thermal conductivities of carbon foam and CF/SiO2 
aerogel composites were 0.035 W/m K and 0.024 W/m K, 
respectively. Moreover, the thermal conductivity of CF 
is 0.12 W/m K. at 300 °C. However, the CF/SiO2 aerogel 
composite sample possess a better thermal conductivity 
compared to the CF at 300 °C, which is 0.057 W/m K. The 
following aspects can explain the reason why the resulted 
composite material has better thermal insulation properties.

Fig. 5   Stress–strain curves of 
samples, a Stress–strain curve 
of carbon foam, b Stress–strain 
curve of CF/SiO2 aerogel

Fig. 6   Thermal conductivities of CF and CF/SiO2 aerogel composite
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Figure 7 shows the schematic illustration of the heat 
transferring mechanism in the carbon foam and CF/SiO2 
aerogel composite. Thermal conductivity is mainly due to 
solid conduction (λs), gas conduction (λg) and heat radiation 
(λr). At room temperature, the radiative thermal conductiv-
ity is negligible. The heat transfer direction is from top to 
bottom.Red arrows indicate heat transfer along the carbon 
foam skeleton for solid conduction. Green arrows indicate 
heat radiant. Blue arrows of Fig. 7a indicates gas conduction 
in carbon foam, and Fig. 7b blue arrows indicate gas heat 
conduction in aerogel.

For the gas conduction, the gaseous thermal conductivity 
in CF/SiO2 aerogel composite sample can be calculated by 
the following equations [23].

(1)� = �g + �s + �r

(2)�g = 0.461(2.25� − 1.25)

(
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�mg

)
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g
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Here, P is pressure (Pa), T is temperature (K), kB = 
1.38 × 10−23 J/K is the Boltzmann constant, NA=6.23 × 1023 
is the Avogadro constant, ξ is the adiabatic index of gas, mg 
is the molecular mass, Cv is the specific heat at constant vol-
ume, lm is the mean free path of the gas molecules, SS is the 
specific surface area, ρ0 is thedensity, and ϕ is the porosity .

For air, ξ = 1.4, dg = 3.53 × 10−10 m, mg = 4.648 × 10−26 kg, 
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Fig. 7   Schematic illustration 
of the heat transfer mechanism 
of samples, a CF, b CF/SiO2 
aerogel composite

Fig. 8   a isothermal nitrogen adsorption and desorption curves of CF/SiO2 aerogel composite, b pore size distribution of CF/SiO2 aerogel com-
posite
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 where SS = 850.7 m2/g = 850700 m2/kg, ρ0 = 180 kg/m3, 
ϕ = 92%, P = 105 Pa, T = 300 k; λg = 0.009 W/m K.

As well known, the mean free path of the air molecules 
at ambient pressure is about 70 nm. Aerogel is full of cells 
of carbon foam, and the mean pore size of CF/SiO2 aero-
gel composite is tiny. Figure 8a shows isothermal nitrogen 
adsorption and desorption curves of CF/SiO2 aerogel com-
posite. The specific surface area of the composite calcu-
lated by the BET method is 850.7 m2/g. Figure 8b shows 
the pore size distribution of CF/SiO2 aerogel composite. 
Mean pore size of CF/SiO2 aerogel composite is 10.4 nm, 
far less than mean free path of the air molecules at ambi-
ent pressure. Pure carbon foam has a huge pore size in the 
range of 40–80 µm and the specific surface area of carbon 
foam treated at 750 °C is 270.9 m2/g [14]. According to 
Eq. (5), We can conclude that the CF/SiO2 aerogel com-
posite has a small gaseous thermal conductivity compared 
to carbon foam. The tiny pore size in the aerogel limits the 
collision between gas molecules and between gas molecules 
and solid particles. Solid phase SiO2 content in the aerogel is 
minimal, and gas is full of the three-dimensional structure. 
SiO2 aerogel has a high specific surface area which resultes 
in a very low solid thermal conductivity. Aerogel filling in 
cells of carbon foam dramatically reduces gaseous thermal 
conductivity, whereas the added solid thermal conductiv-
ity is very low, resulting in a significant decrease in total 
thermal conductivity. At the room temperature, thermal con-
ductivities of carbon foam and CF/SiO2 aerogel composites 
were 0.035 W/m K and 0.024 W/m K, respectively. The gas 
thermal conductivity of the CF/SiO2 aerogel composite is 
only 0.09 W/m K(T = 300K, P = 105 Pa), which is far lower 
than the gas thermal conductivity of the carbon foam. Gas 
thermal conductivity of carbon foam is about 0.26 W/m K, 
similar to the thermal conductivity of air.

At 300 °C, the thermal insulation properties of the com-
posite are still very good, up to 0.057 W/m K. Aerogel filled 
in cells of carbon foam significantly reduce the gaseous ther-
mal conductivity of the composite.

4 � Conclusions

(1)	 Carbonization of melamine foam at 350–1100 °C tem-
perature successfully prepared ultralight and thermal 
insulation carbon foam. The pyrolysis process of car-
bon foam is carried out into four stages. In the first 
stage, the adsorbed water vapor is volatilized by heat-
ing. In the second stage, decomposition or cracking of 
the methylene bridge and the ether bond occurs, and 
the macromolecular chain formed by the crosslinking 
reaction is broken, and simultaneous pyrolysis of mela-
mine or residual methylol groups occurs. In the third 
stage, the triazine ring decomposes. In the fourth stage, 

a significant amount of nitrogen is generated during the 
pyrolysis process due to the denitrification reaction of 
the carbon foam.

(2)	 It indicates that the maximum compressive stress of 
composite was about 1.0 MPa. Carbon foam func-
tions as a skeleton to support composite. When the 
composite is subjected to compressive stress, the 
SiO2 aerogel matrix begins to produce first cracks, 
but the deflection of the aerogel crack, the separa-
tion of the interface, and the resistance of the carbon 
foam fibers being pulled out delay the expansion of 
the crack.

(3)	 It indicates that the CF/SiO2 aerogel composites have a 
better thermal insulation property at room temperature 
and 300 °C. Aerogel filling in cells of carbon foam 
dramatically reduces gaseous thermal conductivity, 
whereas the added solid thermal conductivity is very 
low, resulting in a significant decrease in total thermal 
conductivity.
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