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Aerogels from polypyrrole/carbon nanotubes-based 
polymeric blends
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Abstract: Novel silica aerogels were produced from carbon nanotubes/carbon black/polypyrrole 
(NTC/CB/PPy) blends, and their structure characterized by FT-IR analysis. X-ray diffraction analysis 
confirms the presence of amorphous silica and a new reflection at 2θ = 13°, which had not been reported 
before. SEM micrographs of the aerogels reveal the connectivity of the micropores of the material, along 
with the different fillers (NTC/CB/PPy), which allow to increase the water absorption of the aerogels 
and to increase thermal stability. The mechanical and thermal properties of the resulting aerogels are 
significantly better than those of similar materials reported in the literature. 
Keywords: aerogels, tetraethyl orthosilicate (TEOS), carbon nanotubes (NTC), polypyrrole (PPy), poly-
mer gels.

Aerożele krzemionkowe na bazie polimerowych mieszanin polipirolu 
i nanorurek węglowych 

Streszczenie: Otrzymano nowe aerożele krzemionkowe z wykorzystaniem mieszanin nanorurek wę-
glowych, sadzy węglowej i polipirolu (NTC/CB/PPy). Strukturę wytworzonych aerożeli scharaktery-
zowano na podstawie widm FT-IR. Metodą dyfrakcji rentgenowskiej potwierdzono w nich obecność 
amorficznej krzemionki, stwierdzono też, wcześniej nieopisywane, odbicie przy 2θ = 13°. Mikrofoto-
grafie SEM aerożeli wykazały połączenia mikroporów krzemionki z cząstkami różnych napełniaczy 
(NTC/CB/PPy), pozwalające zwiększyć absorpcję wody przez aerożele i ich stabilność termiczną. Wyka-
zano, że właściwości mechaniczne i termiczne powstałych aerożeli są znacznie lepsze niż właściwości 
podobnych materiałów opisanych w literaturze.
Słowa kluczowe: aerożele, ortokrzemian tetraetylu (TEOS), nanorurki węglowe (NTC), polipirol (PPy), 
żele polimerowe.

The synthesis of novel materials under controlled condi-
tions allows to obtain molecular structures with specific 
characteristics such as elasticity, color, transparency, low 
chemical reactivity, electrical behavior, thermal and acous-
tic resistance, as well as resistance to fracture, among other 
properties [1, 2]. In 1930, Kistler proposed replacing the 
liquid phase of a hydrogel with a gas, which allowed him 

to produce the very first aerogel in 1931 [3]. Aerogels are 
nanostructured materials, obtained by extracting the liq-
uid phase from a highly swollen hydrogel under certain 
conditions, in which there is a collapse of molecular net-
work structure; this process is commonly carried out at 
temperature and pressure above the critical point of the 
solvent. The high porosity (up to 99%) and the nanotexture 
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of aerogels provide them very interesting properties, such 
as extremely low density (0.01–0.3 g/cm³), high specific 
surface area (100–2000 m²/g) and low thermal conductivity 
(<0.02 W/mK) [2, 4–6]. In general, the elaboration of aero-
gels comprises two main steps: the formation of a wet gel 
and the drying of the wet gel to form an aerogel. Different 
types of aerogels can be made using silica, alumina, chro-
mium oxide, tin or carbon as a base. The vast majority of 
silica aerogels reported in recent years are made using 
silicone alkoxy precursors. The most commonly used are 
tetramethylorthosilane [TMOS: Si(OCH3)4] and tetraethy-
lorthosilane [TEOS: Si(OCH2CH3)4] [4, 5, 7–12]. Some of the 
industrial applications of aerogels include thermal insula-
tion, acoustic insulation, catalyst support and aerospace 
applications [3, 13–17]. Good heat insulation is necessary 
in many fields, including the aerospace industry (aircrafts, 
spacecrafts), vehicles, civil construction, air condition-
ing systems and a great variety of industrial processes. 
Semiconductors have a lower electrical conductivity than 
metallic conductors but higher electrical conductivity than 
a good insulator. At very low temperatures, pure semi-
conductors behave as insulators. Subjected to high tem-
peratures and mixed with impurities or in the presence of 
light, the conductivity of semiconductors can increase dra-
matically and reach levels close to those of metals. Given 
the great demand for aerogels that can be used for ther-
mal insulation and electrical and mechanical conduction, 
it would be greatly useful to develop novel, more efficient 
materials for specific applications. Accordingly, the pur-
pose of the present work was to produce novel aerogels 
made using a ternary mixture (carbon nanotubes/black 
smoke/polypyrrole) [18–22], to improve the thermal stabil-
ity and the mechanical properties of aerogels reported in 
the literature or commercially-available. 

EXPERIMENTAL PART

Materials

Tetraethyl orthosilicate (TEOS) CAS:78-10-4, SiC8H20O4, 
208.33 g/mol; hydrochloric acid (HCl) CAS: 7647-01-0; 
ethanol (CH3CH2OH) CAS: 64-17-5; ammonium hydrox-
ide (NH4OH), CAS: 1336-21-6; carbon nanotubes (NTC) 
Sigma-Aldrich CAS:308068-56-6; carbon black (CB), 
CB: Química Meyer, CAS: 1333-86-4; polypyrrole (PPy) 
Sigma-Aldrich CAS: 30604-81-0. 

Ultrapure CO2 , Infra SA. de CV.

Preparation of aerogels 

A mixture of TEOS/ethanol/water was prepared in a molar 
ratio of 1 : 9 : 6 in an ultrasonic bath with constant stirring. 
HCl 1 N was added until obtaining a pH = 2. The result-
ing mixture was placed in a sealed container and subjected 
to an ultrasonic bath at 60°C for 1 h. Afterwards, ammo-
nium hydroxide was added in the same proportion as HCl, 
in addition, loads are added in different proportions and 

the stirring was kept for 24 h. The aerogels obtained were 
dried under supercritical conditions (1000 psi = 6.89 MPa) 
in a CO2 atmosphere [23–25]. The same procedure was used 
for all the aerogels obtained in the present work. Loads are 
added in different proportions. The mixtures that con-
tain a single charge such as TEOS-CB, TEOS-NTC and 
TEOS-PPy contain 99.4% of TEOS and 0.06% of each load. 
Binary mixtures such as TEOS-CB-NTC, TEOS-PPy-CB 
and TEOS-PPy-NTC contain 99.4% of TEOS and 0.03% of 
each charge. The TEOS-NTC-CB-PPy ternary mixture con-
tains 0.02% of each load.

Methods of testing

Infrared spectroscopy

The samples of aerogel dust were analyzed by 
Fourier transform infrared (FTIR-ATR) analysis with 
a PerkinElmer model Spectrum Two, at room tempera-
ture (27°C). The samples were analyzed with 16 scans 
averaging 4 cm-1 resolution between 4000 cm-1 to 650 cm-1. 
The FTIR-ATR analysis was used to characterize the pres-
ence of specific chemical groups of the materials.

Thermogravimetric analysis (TGA)

The thermogravimetric analysis (TGA) was performed 
(Netzsch, instrument STA449F3 Jupiter) by heating pow-
dered samples from 25 to 800°C at 10°C/min in a nitrogen 
atmosphere. 

X-ray diffraction (XRD)

This analysis was performed using an X-ray diffrac-
tometer (D8 Discovery, Bruker) at 40 kV and 40 mA with 
a radiation source of Cukα1, at a range 20 of 5–65° and 
5–45°, using a step time of 43.2 s at room temperature. 

Impedance spectroscopy (IES)

The samples of aerogel dust were analyzed by imped-
ance spectroscopy (IES) with a Agilent model 4396B 
using a band frequency of 0 Hz to 7 MHz was applied. 
The above, to study the behavior of charge transfer and 
ion diffusion.

Scanning electron microscopy (SEM)

The samples were coated with a thin layer of gold by sput-
tering (Denton Vacuum, model Desk V) and their morphol-
ogies were observed under a scanning electron microscope 
JEOL model JSM-6010A that operated at voltage of 20 kV. 

Variance analysis

The analysis was performed using an ANOVA 
table, with a level of significance of 0.05, establishing 
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a Null Hypothesis Ho: TEOS = TEOS-CB = TEOS-NTC 
= TEOS-PPy = TEOS-CB-NTC = TEOS-PPy-CB = 
TEOS-PPy-NTC = TEOS-NTC-CB-PPy and an alternative 
hypothesis H1: The means of the treatments are different. 

It was considered that
If F(calc) > F(Tab) then H1 is accepted and Ho is rejected.
If F(Tab) > F(calc) then Ho is accepted and H1 is rejected

RESULTS AND DISCUSSION

Infrared spectroscopy analysis (FT-IR)

The aerogels were characterized by FT-IR analysis. 
Figure 1 shows the FT-IR spectra of the aerogels, with the 
characteristic adsorption peaks. The peak at 1080 cm-1 
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Fig. 1. FT-IR spectrum of: a) TEOS, b) TEOS, TEOS-NTC, TEOS-PPy, TEOS-CB, c) TEOS, TEOS-PPy-CB, TEOS-PPy-NTC and 
TEOS-CB-NTC
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Fig. 2. Thermogravimetric analysis of silica aerogels (TEOS) and 
aerogels with the different loads (0.06% of the total load is used, 
it is distributed among the loads) used PPy, NTC, CB

T a b l e  1.  Thermogravimetric analysis of the first stage of de-
gradation and % mass loss

Aerogel: composite 
material

Temperature 
°C

Mass loss 
%

TEOS/CB 123.74 6.02

TEOS/PPy 122.02 6.00

TEOS/CB/NTC 111.52 3.59

TEOS/NTC 109.64 3.73

TEOS/NTC/CB/PPy 108.35 4.21

TEOS/PPy/NTC 107.18 4.36

TEOS/PPy/CB 105.54 4.40

TEOS 96.53 3.51
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corresponds to the stretching vibrational mode of the 
Si-O-Si of the TEOS structure (this signal has already been 
reported) [26, 27]. At 1600 cm-1 it is possible to observe 
a peak that corresponds to the stretching vibrational mode 
of the C=C present in polypyrrole and carbon nanotubes 
structures. The different fillers used caused the strength 
of the O-H stretch signal to decrease (3000–3500 cm-1). 
This occurred due to the aliphatic structure of the fillers.

Thermal properties 

In all cases, the results of thermogravimetric analysis 
show a mass loss at 105°C (Fig. 2), which is attributed 
mainly to the loss of water adsorbed from the material 
used to make the aerogels. The greatest loss of weight is 
observed in the range of 150°C to 500°C and is directly 
related to surface dehydroxylation in aerogels containing 
PPy, NTC or CB as a reinforcing material. 

The above results are discussed in a previous work in 
which only PPy was used and that found that this load 
disappears at near 200°C [21]. Table 1 shows the TGA 
data of the samples. The results show that the loads used 
increased the thermal stability of the materials in the first 
stage of degradation, which corresponds to the release of 
the absorbed water. The thermal analysis of the obtained 
aerogels shows that the loads used in these materials 
reduced the percentage of waste.

X-ray diffraction

Figure 3 shows the X-ray diffractograms of the obtained 
aerogels, confirming the presence of a peak at approxi-
mately 2θ = 23°, as is typical for amorphous silica [18], and 
an angle of 26.6° (Fig. 3c), which corresponds to the amor-
phous part of the polypyrrole. However, our results also 
show a new peak at 2θ = 13° that had not been reported 
before (Fig. 3c). 

It is worth noting that when adding the loads this sig-
nal disappears, an indication of structural changes in the 
materials. It is possible to observe a diffraction angle of 
26.6°, which corresponds to the amorphous band of the 
polypyrrole, and two diffraction angles at 24° and 44° 
that correspond to the carbon black, of which the first 
coincides with the amorphous structure of TEOS at 23°, 
and of polypyrrole at 26°. It should be noted that a signal 
of 44 is very small [20, 24].

Impedance spectroscopy 

Figure 4 shows the specific conductivity of the com-
posite aerogels. The quaternary mixture TEOS-CB-NTC-
PPy shows the highest value of electrical conductivity 
(1.4 · 10-10 S/cm), followed by the binary mixtures TEOS-CB, 
TEOS-NTC and TEOS-PPy. In general, the specific electri-
cal conductivity of these binary mixtures is about 1.0 · 10-10 
to 1.2 · 10-10 S/cm). The electrical conductivity of all the mix-
tures (binary, ternary and quaternary) is about 8 · 10-11 to 
1.4 · 10-10 S/cm, with a frequency of 1 · 10-13 Hz. There are 
reports of polyethylene with PPy with an electrical conduc-
tivity of 1.052 · 10-10 S/cm (using concentrations of 5% of PPy) 
[28–31]. It is important to note that we can use a smaller 
load to achieve appropriate electrical conductivities. 
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Fig. 4. Specific conductivity results of silica aerogels (TEOS) and 
aerogels with the different loads used PPy, NTC, CB

T a b l e  3.  Variance analysis of the results of the electrical conductivity  of the composite aerogels

Origin of
variations

Sum of
squares

Degrees of
freedom

Average of
squares F(calc) Probability Critical

value for F(Tab)
Between
groups 6.47E+14 7 9.24E+13 10691.72 3.06E-15 3.50

Within the
groups 6.91E+10 8 8 645 527 621

Total 6.47E+14 15
H0: TEOS = TEOS-CB = TEOS-NTC = TEOS-PPy = TEOS-CB-NTC = TEOS-PPy-CB = TEOS-PPy-NTC = TEOS-NTC-CB-PPy

H1: The means of the treatments are different

T a b l e  2.  Electrical resistivity of silica aerogels (TEOS) and 
aerogels with the different loads used PPy, NTC, CB

Aerogel: composite material Resistance, Ω
TEOS 7.12E+06

TEOS-CB 8.96E+06
TEOS-NTC 2.95E+06
TEOS-PPy 1.65E+06

TEOS-CB-NTC 1.63E+07
TEOS-PPy-CB 1.70E+07

TEOS-PPy-NTC 1.85E+07
TEOS-NTC-CB-PPy 4.34E+06



POLIMERY 2020, 65, nr 7–8 521

Table 2 shows the results of electrical resistivity. It 
can be seen that the samples with low resistivity are the 
binary mixtures with TEOS-PPy and TEOS-NTC, as well 
as the quaternary mixture TEOS-CB-NTC-PPy. These 
samples were also those with greater conductivity.

Table 3 shows the results of a variance analysis of the 
response to electrical resistivity of the aerogels as a func-
tion of the loads. 

The results show that F(calc) > F(Tab); therefore, H1 was 
accepted, demonstrating that the means of the treatments 
are different, which means that using different loads had 
a significant effect on the results.

Morphological characterization

The load distribution was analyzed using a JEOL scan-
ning electron microscope (SEM) (JSM-6010A) in high vac-
uum mode (3500× and 20kV). Figure 5 shows the micro-
graphs (SEM) of our aerogels. It is possible to see the 
porosity of the material, as well as the presence of some 
of the loads that were added to the aerogels, such as the 
NTC (Fig. 5a), CB (Fig. 5b) and PPy (Fig. 5c).

Figure 6 shows the micropores of the material. The 
aerogels have micropores of approximately 0.03 microns, 
corresponding to 33 nm. These micropores have been 
reported in works where they only obtain the TEOS aero-
gel which is corroborated in this work (SEM micrographs 
at 17000×), while Fig. 7 shows the diameter of the nano-
tubes, which is approximately 83 nanometers. In the liter-

ature, there are reports of aerogels made from TEOS that 
mention that the pores or internal spaces of the material 
measure from 50 to 100 nm, coinciding with the pores 
obtained by us [22].

CONCLUSIONS 

Composite aerogels were obtained using the sol-
gel process with different loads (NTC, CB, PPy), and 
subsequently dried under supercritical conditions. 
Composite aerogels were characterized by different tech-
niques. FT-IR showed the different loads used and the 
functional groups characteristic of the network of aero-
gels made from TEOS. The addition of these loads gave 
certain hydrophilic properties to our aerogels, which 
absorbed more water and also had greater thermal stabil-
ity during the first stage of degradation as a result of the 
hydrogen bonding links generated by water. The X-rays 
analysis showed that the presence of loads caused some 
structural changes in our material. Impedance spec-
troscopy showed that the addition of loads to our mate-
rial contributed to produce an electrical conductivity 
response in the order of 10-10 (S/cm), as has already been 
reported in other works that used other loads. The sta-
tistical analysis showed that the loads had a significant 
effect on the electrical resistivity of the obtained aerogels, 
with a confidence level of 0.05 (5%).

The porosity of the aerogels was confirmed by SEM, 
with an average pore size of 0.03 micrometers, equivalent 

Fig. 5. SEM micrographs of composite aerogels: a) TEOS-NTC 8000×, b) TEOS-CB 2500×, c)TEOS-PPy 1500×

1 µm 5 µm

Fig. 7. SEM micrographs of composite aerogel TEOS-NTC to 
5000×

Fig. 6. SEM micrographs of composite aerogel TEOS-CB to 
17000×

a) b) c)
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to 33 nm. The results provide important information for 
future work related to the development of aerogels with 
useful electrical and thermal resistance properties.
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