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Abstract

The effect of bismuth telluride (Bi2Te3) nanoparticles and multi-walled carbon nanotubes (MWCNTs) on ther-
mal destruction and surface morphology of their nanocomposites with polyaniline (PANI) at different nanophase 
contents (Bi2Te3 – 7.3 wt%, MWCNTs – 1.5 wt%), obtained for the first time using the mechanochemical approach, 
has been investigated. It is shown on the basis of the data obtained by simultaneous  thermal analysis and scan-
ning tunnelling microscopy that the introduction of inorganic nanophase has a key effect on the thermal proper-
ties of the synthesised composites PANI–Bi2Te3 and PANI–Bi2Te3–MWCNTs, as well as on their structure. The 
thermal stability of nanocomposites and the initial polymeric matrix, assessed from the temperature of the onset 
of the second mass loss stage, is the same and equal to 166 °C.
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INTRODUCTION

The concept of sustainable consumption of en-
ergy resources reflects in energy-saving systems, 
in particular in the devices combining the func-
tions of thermoelectric generators and thermoe-
lectric coolers [1]. The transformation of thermal 
energy released during the operation of energy-
consuming devices (lasers, capacitors, processors, 
etc.) into electricity allows the latter to be accu-
mulated in energy storage devices and be used 
later on for feeding the same devices. Develop-
ment of the components for energy saving in au-
tonomous technical systems is of special interest. 
The devices containing thermoelectric generators 
and used in wearable electronic systems can be 
the examples of such components [2, 3]. These 
generators and thermoelectric materials used in 

them often possess definite flexibility, which can 
be provided either by a specially chosen sub-
strate [4] or by the particular characteristics of 
the thermoelectric matrix, which is polymeric in 
its nature, as a rule [5]. In this respect, the sys-
tems of special interest are polymer-inorganic 
ones [6], including nanocomposites with nano-
phase bismuth telluride (Bi2Te3) [7]. The applica-
tion of inorganic thermoelectrics, known for their 
excellent ability to transform the energy, as the 
nano-sized component of organic-inorganic ther-
moelectrics allows obtaining the composites with 
a rather high thermoelectric figure of merit for 
the structures of this class [8]. It is important to 
use conducting polymers as a matrix incorporat-
ed in thermoelectrics [9]. A representative of the 
group of these polymers is polyaniline (PANI) [10]. 
Conducting polymers can provide the necessary 
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electrical conductivity of the material, so they are 
extensively used as a component of multiphase 
nanocomposite systems [11]. Carbon materials can 
be also used for this purpose [12], for example, 
multi-walled carbon nanotubes (MWCNTs). They 
are used both as an individual dopant in nano-
composites [13, 14] and as a component in com-
plex polymer-inorganic systems [12].

We have previously successfully synthesized 
PANI–Bi2Te3 and PANI–Bi2Te3–MWCNTs nano-
composites using environmentally friendly and 
available mechanosynthesis, studied their electri-
cal conductivity depending on temperature [15]. 
For the materials to be used at heating in the air, 
an essential parameter is thermal stability, that 
is, stability against thermal destruction, because 
the loss of structural integrity causes changes in 
the physical properties inherent to these materi-
als. Research publications deal with the data on 
the thermal destruction of PANI [16–18], its 
nanocomposites with nanoparticles γ-Al2O3 [16], 
Ag–Cu2O [19], Ni [20], Ag [18] and other particles, 
but thermal destruction of PANI–Bi2Te3 and 
PANI–Bi2Te3–MWCNTs nanocomposites has not 
been studied previously.

To reveal the morphological features of the na-
nophase, transmission electron microscopy (TEM) 
is traditionally used, which has become the gold 
standard in material characterisation, along with 
scanning electron microscopy (SEM). In addition, 
essential information on the surface properties of 
materials can be obtained by scanning tunnelling 
microscopy (STM) [21]. The data obtained using 
STM are also of interest from the practical view-
point because, for example, solid-phase polymer-
inorganic nanocomposites are often used in the 
pressed or moulded forms. These materials are 
used as the components of technical devices that 
are to be conjugated with each other, and it is 
necessary to determine the structural features 
of the obtained surface in this case. This method 
is extensively used to analyse the structure of 
carbon nanomaterials [22, 23], as well as multi-
phase polymer-inorganic nanocomposites contain-
ing MWCNTs [24].

The goal of the present work was to study the 
effect of the inorganic nanophase on thermal de-
struction of PANI–Bi2Te3 and PANI–Bi2Te3–
MWCNTs nanocomposites synthesised mechano-
chemically, and to investigate the features of the 
morphology of pressed samples depending on 
their composition.

EXPERIMENTAL

Materials 

Aniline (RM-Engineering, Russia) was distilled 
in vacuum in the inert atmosphere prior to use. 
Sodium persulphate (Reachim, Russia), HCl of spe-
cially pure grade (Sigma-Tek, Russia), polyethyl-
ene glycol (PEG-400, Merck, Germany), powdered 
tellurium (Alfa Aesar, USA), bismuth nitrate pen-
dahydrate (NPF Nevskiy Khimik, Russia), ethanol 
(Konstanta-Farm, Russia), NaOH (Reachim, Rus-
sia), hydrazine hydrate (Vekton, Russia) and multi-
walled carbon nanotubes (MWCNTs, Suzhou Tan-
feng Graphene Technology Co., China) were used 
without additional purification. Dialysis bag (Scie
nova GmbH, Germany) with a pore diameter of 
3.5 kDa was used for dialysis.

Methods of investigation 

The infrared (IR) spectra of samples prepared 
as tablets with KBr were recorded within the 
wavenumber range 4000–400 cm–1 using an IR 
Fourier spectrometer 3100 FT IR (Varian, USA) 
according to the procedure described in detail 
in [15]. Powder X-ray diffraction (XRD) analysis 
was carried out using a D8 ADVANCE diffractom-
eter (Bruker, Germany) equipped with a Goebel 
mirror, with CuKα-radiation in the Locked Cou-
pled mode, with 1 s exposure. The elemental com-
position was determined by X-ray energy-disper-
sive microprobe analysis using a scanning electron 
microscope TM 3000 (Hitachi, Japan) with an 
X-ray detector SDD XFlash 430-4 and using a 
CHNS-analyser Flash 2000 (Thermo Fisher Scien-
tific, USA).

Simultaneous thermal analysis (STA) of the 
samples was carried out using a STA449F1 Jupi-
ter thermal analyser (Netzsch, Germany), at the 
heating rate of 10 °C/min in the air. Heating was 
carried out within the temperature range 27–
1000 °C in corundum crucibles for differential 
scanning calorimetry (DSC). The volatile products 
of reactions proceeding during thermal destruc-
tion of the samples were detected with a QMS403C 
Aeolos mass spectrometer (Netzsch, Germany), 
connected to the thermoanalyser through a quartz 
capillary 75 μm in diameter, encapsulated in a 
shell made of stainless steel. The feedline was 
well insulated and heated to 200 °C to prevent 
the condensation of gases. The voltage at the 
electron ionisation source in the mass spectrom-
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eter was 70 eV, the ions were recorded with a 
secondary electron multiplier. Experiments were 
carried out multiply to test the reproducibility of 
the obtained experimental values. The data pre-
sented in the work are averaged. The STA meth-
od combines thermogravimetry (TG), DSC and 
mass spectrometry of volatile products. The mass 
loss (%) was calculated from TG curves taking 
the initial sample mass as 100 %. The mass change 
derivative with respect to the temperature is 
designated as the differential thermogravimetry 
(DTG) curve. 

To investigate the surface morphology, the 
samples of PANI and PANI–Bi2Te3, PANI–Bi2Te3–
MWCNTs nanocomposites were pressed into tab-
lets of 11 mm in diameter, 1 mm thick. The im-
ages of tablet surfaces in STM mode were obtained 
using a scanning probe microscope SMM-2000 
(PROTON, Russia, No. 46918 in the State Reg-
istry of Measuring Equipment of the Russian 
Federation). STM-frames 1.117 × 1.117 μm and 
558.3 × 558.3 nm in size were obtained by scan-
ning the surface of tablets. 

Procedure for PANI synthesis  
in the form of emeraldine salt 

The synthesis of PANI in its electrically con-
ducting form was performed according to the 
procedure described in detail in [15] with insig-
nificant amendments. Freshly distilled aniline in 
the amount of 4.56 mL was added to 50 mL of a 
1 M HCl solution. After thermostating the reac-
tion mixture for 30 min at 5 °C, 20 mL of a 2.4 M 
aqueous solution of Na2S2O8 was added slowly, 
drop by drop, while stirring. The reaction was 
conducted at 3–5 °C for 6 h. After the indicated 
time, the dark-green reaction mixture was sub-
jected to dialysis with respect to distilled water 
for 12 h to remove residual inorganic reagents 
and the products of their reaction. Then the 
formed polymer was filtered off using a Schott 
filter, with subsequent multiple washing with 
water and ethanol, dried in the air at room tem-
perature. The yield was 93.2 %. The product con-
tains, wt%: С 55.61; H 4.20; N 9.33. No ash is 
formed. 

Synthesis of Bi2Te3 nanoparticles  
stabilised with polyethylene glycol (PEG-400)

In a three-necked flask, 6.2 mL of N2H4•H2O 
was added to 2.5 g of NaOH. While stirring, the 
reaction mixture was heated to 70 °C. Then the 

reaction mixture was bubbled with argon, 4 g of 
powdered tellurium was added, and the mixture 
was kept for 30 min under intense stirring in the 
inert atmosphere until the complete dissolution of 
tellurium. The obtained bluish-violet mixture con-
tained Te2– ions. Then the mixture was added to a 
solution of Bi(NO3)3•5H2O in ethylene glycol (EG) 
(10.43 g in 30 mL of EG), and then 9.38 mL of 
polyethylene glycol (PEG-400) was added to the 
resulting black mixture. Thus obtained pegylat-
ed Bi2Te3 nanoparticles were thermostated at 
30 °C in argon for 20 min, after which the formed 
Bi2Te3 nanoparticles were separated by centri-
fuging (3000 r.p.m., 15 °C, 7 min) and multiple 
washing of the precipitate with water to neutral 
pH. The yield of Bi2Te3 nanoparticles was 41.2 %. 
Analysis data, wt%: С 1.00; H 2.32; ash 96.68.

Procedure of the mechanochemical synthesis  
of PANI–Bi2Te3 nanocomposite

A mixture of PANI powder (4.8 g) and Bi2Te3 
nanoparticles (1.2 g) was subjected to treatment 
for 60 min in a ball mill ML-1 (NPEF Ekon, Rus-
sia) with the working chamber made of titani-
um. After mechanochemical treatment, 5.65 g of 
PANI–Bi2Te3 composite was unloaded, which 
corresponds to the yield equal to 94 %. Analysis 
data, wt%: С 42.28; H 3.63; N 7.83; ash 20.55.

Procedure for obtaining PANI–Bi2Te3–MWCNTs  
nanocomposite

A mixture of PANI (4.8 g), Bi2Te3 nanoparti-
cles (1.2 g) and MWCNTs (0.09 g) was placed in 
the ML-1 ball mill and subjected to treatment for 
60 min. The yield of PANI–Bi2Te3–MWCNTs was 
96–98 %. Analysis data, wt%: С 41.40; H 3.47; 
N 7.55; ash 20.40.

RESULTS AND DISCUSSION

A detailed description of the synthesis process 
and the structure of initial electrically conducting 
salt of PANI, as well as the Bi2Te3-containing 
composite based on PANI was presented else-
where [15]. In the present work, we studied the 
features of thermal destruction in the air, ther-
mal stability parameters of the obtained nanocom-
posites PANI–Bi2Te3 and PANI–Bi2Te3–MWCNTs, 
and the effect of the nanosized Bi2Te3 phase and 
MWCNTs on the specific features of the surface 
structure of pressed PANI, PANI–Bi2Te3 and 
PANI–Bi2Te3–MWCNTs. The object of investiga-
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tion was PANI sample in its electrically conduct-
ing form: emeraldine salt. According to the IR 
spectroscopic data (Fig. 1, a), the spectrum of ini-
tial PANI is characterised by a set of absorption 
bands (a. b.) in the region of 500–4000 cm–1. The 
a. b. determined in the spectrum relate to the 
stretching vibrations of С=С bonds of quinondi-
imine fragments at 1577 cm–1 and С–С phenylene 
diamine fragments at 1492 cm–1; to the vibrations 
of Сbenzene–N=Сquinoid bonds and the bending vi-
brations of C–N bonds at 1374 and 1299 cm–1, 
respectively; to the stretching vibrations of C–N+ 
polaron structures at 1243 and 1134 cm–1; to the 
in-plane bending vibrations of С–Н bonds in ben-
zenoid rings as a shoulder at 1043 cm–1 and out-
of-plane stretching vibrations of С–Н bonds in 
benzenoid rings at 818 cm–1 [15]. An intense a. b. 
at 3422–3424 cm–1 is most probably due to the 
presence of adsorbed water molecules in KBr 
using for sample preparation. The introduction of 
Bi2Te3 nanoparticles into the polymer PANI ma-
trix as a result of mechanochemical activation is 
accompanied by retaining the a. b. observed for 
polyaniline. 

According to XRD data (see Fig. 1, b), the av-
erage size of nanophase crystals in the synthe-
sised PANI–Bi2Te3 nanocomposite, calculated ac-
cording to the Scherrer equation, is 17.0 nm. The 
diffraction pattern of PANI–Bi2Te3 nanocompos-
ite is characterised by the presence of a number 
of reflections with different intensities, corre-
sponding to (101), (015), (1010), (110), (0015), (205), 
(0210) and (1115) planes of the rhombohedral lat-
tice of bismuth telluride, which, in turn, is in good 
agreement with the diffraction pattern of standard 
bismuth telluride samples (JCPDS 15-0863). 

Thermal analysis of PANI samples has been 
represented in detail in [16–18]. According to the 
results of these works, thermal destruction of 
PANI can proceed in two or three stages. A three-
stage thermal destruction of the PANI–HCl salt 
system was observed in [17]: mass loss (5–6 %) up 
to 110 °C corresponds to the first stage of decom-
position due to water evaporation, a decrease in 
mass (4 %) within the range of 110–310 °C at the 
second stage is due to simultaneous bound water 
evaporation and de-doping process (HCl remov-
al); the largest mass loss at the third (main) stage 
relates to the oxidative destruction of the doped 
polymer. The destruction of PANI can be com-
pleted in the region near 600 °C [17]. A two-stage 
destruction of PANI–HCl was observed in [16]. 
The first stage of thermal destruction, associated 
with water evaporation and leading to 8 % mass 
loss by PANI, was observed at 90 °C, while mas-
sive destruction of the polymer proceeds in the 
region of 200–620 °C, with the minimum on the 
DTG curve at 400 °C. After polymer destruction 
is completed at 620 °C, the sample mass remained 
unchanged and accounted for 2.3 % of the initial 
value. A three-stage destruction of PANI was ob-
served in [18]. According to DSC data described 
in [18], water removal from PANI proceeded up 
to 100 °C. The next stage of thermal decomposi-
tion, involving the destruction of monomers with 
small molecular mass and de-doping process, was 
observed as a shoulder on the DSC curve within 
temperature range 250–300 °C. The main de-
struction, followed by PANI melting, was depict-
ed on the DSC curve as the exothermal peak at 
380.3 °C and the endothermic peak at 495.7 °C, 
respectively.

Fig. 1. IR spectra (a) and XRD patterns (b) of polyaniline (PANI) (1) and the PANI–Bi2Te3 nanocomposite (2). 
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The major regularities of the thermal destruc-
tion of PANI, obtained in the present investiga-
tion, are in good agreement with the previously 
published data [18]. 

The thermograms and the DTG and DSC 
curves of PANI, PANI–Bi2Te3 and PANI–Bi2Te3–
MWCNTs samples are shown in Fig. 2. According 
to STA data, thermal destruction of the synthe-
sised PANI sample in the form of its emeraldine 
salt proceeds in three stages. Water removal, de-
tected within the temperature range 27–141 °C 
with the minimum on DTG curve at 79.5 °C caus-
es 9 % mass loss. The second stage of destruction 
is represented on the DSC curve by the exother-
mal shoulder at 166–219 °C, and on the DTG 
curve by a scarcely noticeable minimum within 
this temperature range. Mass loss was 0.6 %. The 
mass spectra of the second stage of destruction 
exhibit prevailing release of the species with 
mass numbers 28–38, corresponding, most prob-
ably, to the products of polymer de-doping and 
its partial depolymerisation (removal of HCl and 
low molecular weight monomers). The third stage 
of the thermal destruction of PANI, correspond-
ing to the largest mass loss by the sample, starts 
at 219 °C and ends at 577 °C. After this stage, the 
residual mass is conserved at a level of 5 %, in 
spite of further heating (see Fig. 2, a). This stage 
of polymer destruction is a consequence of com-
plex decomposition processes, represented on the 
DTG curve by overlapping bands with shoulders 
at 287, 371 °C and minima at 470, 547 °C (see 
Fig. 2, b). These thermal processes are observed 
on the DSC curve (see Fig. 2, c) as exothermal 
maximums at 377, 460 °C and an endothermic 
minimum at 530 °C. The shoulder at 287 °C on 
the DTG curve corresponds to the release of sub-
stances mainly with mass numbers 35 (Cl–), 41 
(C2H3N from aromatic N-methyl-heterocycles). 
The exothermal effect at 460 °C corresponds to 
the release of the products of thermal decomposi-
tion of PANI characterised by a set of maxima 
with mass numbers 30–32. Mass loss at the third 
stage of polymer destruction was 84.7 %. 

The introduction of Bi2Te3 nanoparticles into 
PANI has a crucial effect on thermal destruction 
processes. The first stage of decomposition, name-
ly water evaporation, is identified within the 
temperature range 27–121 °C with a minimum 
on the DTG curve at 78 °C and endothermic ef-
fect at 87 °C on the DSC curve. Completion of 
water removal from the nanocomposite is ob-
served at a lower temperature in comparison 
with the matrix, which may be due to more in-
tense water evaporation as a consequence of the 
difference in the specific heat values between 
nanophase and the matrix. The loss of nanocom-
posite sample mass (7.1 %) is smaller in compari-
son with PANI (9 %). A decrease in this pa-

Fig. 2. Results of the studies of samples: PANI (1), PANI–
Bi2Te3 (2) and PANI–Bi2Te3–MWCNTs (3) using the methods: 
a – thermogravimetry (TG), b – differential thermogravime-
try (DTG), c – differential scanning calorimetry (DSC). Here 
and in Fig. 3: PANI – polyaniline; MWCNTs – multi-walled 
carbon nanotubes; m – mass, %; Т – temperature, °C.



	 THERMAL DESTRUCTION OF POLYANILINE-BASED BISMUTH TELLURIDE NANOCOMPOSITES� 799

rameter with the addition of nanoparticles was 
previously observed in some polymer-inorganic 
nanocomposites [25, 26]. This effect is likely to be 
associated with the lower hygroscopicity of the 
nanocomposite in comparison with the polymeric 
matrix. The second stage of destruction manifests 
itself on TG and DTG curves in the region of 
166–230 °C, it is represented on the DSC curve 
by the exothermal shoulder at 220 °C. Mass loss 
was 0.8 %. The third stage of destruction, corre-
sponding to the largest mass loss by the nano-
composite PANI–Bi2Te3 (68 %), starts somewhat 
later (230 °C) than for the polymeric matrix, and 
ends at 487 °C. The destruction of nanocomposite 
is likely to proceed in four stages: on the DTG 
curve, one may see a shoulder at 289 °C, two 
overlapping minimums at 364 and 379 °C, mass 
loss at 426 °C. On the DSC curve, these processes 
correspond to a shoulder at 345 °C, two exother-
mal effects at 368 and 385 °C, and exothermal 
effect at 428 °C. According to the mass spectra, 
the release of volatile reaction products with 
mass numbers 15–35 is observed at the third 
stage of destruction. The introduction of nano-
particles into PANI leads to the emergence of the 
fourth stage of thermal destruction, starting at 
779.3 °C and ending outside the measurement 
area (>977 °C), with a clear minimum at 937.4 °C 
on the DTG curve. A weak exothermal effect is 
detected on the DSC curve at 937 °C. This stage 
is likely to be connected with nanophase Bi2Te3 
melting. The loss of nanocomposite mass, observed 
in this experiment at the last stage, was 6.4 %. 

The first stage of PANI–Bi2Te3–MWCNTs 
nanocomposite decomposition was determined to 
proceed within the temperature range 27–122 °C, 
with the minimum on DTG curve at 73.4 °C. This 
stage manifests itself on the DSC curve as the 
endothermic peak at 80 °C. The mass loss at the 
first stage of decomposition is 6.4 %. The second 
stage of decomposition is observed within the 
temperature range 166–240 °C as a shoulder on 
the DSC curve at 206 °C. Mass loss is 1.1 %. The 
third (main) stage of nanocomposite destruction, 
detected within the range 240–572 °C, is evidence 
of a number of destructive processes: on the DTG 
curve, there are a shoulder at 347 °C; overlapping 
minimums at 369.2 and 382.1 °C, and the effects 
observed at 422 and 509.8 °C. These processes are 
also represented on the DSC curve as an exothermal 
shoulder at 347 °C, overlapping exothermal effects 
at 372.2 and 381.3 °C, maxima at 424.5 and 509.0 °C. 
It should be stressed that the presence of MWCNTs 
in the nanocomposite has caused the appearance of 

exothermal effect at 509.0 °C, which is absent in 
the STA data of PANI–Bi2Te3 nanocomposite. 
According to the data of mass spectroscopy, the 
third stage of destruction involves the release of 
compounds with mass numbers 15–41. The mass 
loss at the third stage is 66.4 %. The fourth stage 
of PANI–Bi2Te3–MWCNTs decomposition proceeds 
similarly to PANI–Bi2Te3 within the temperature 
range 779.3–977.0 °C. However, the corresponding 
minimum on the DTG curve (see Fig. 2, b) is like-
ly to occur at a higher temperature than 977.0 °C 
(out of the temperature range for this experiment). 
Mass loss at this stage is 6.3 %. 

As shown in [27], the thermograms of PANI 
and PANI–MWCNTs only insignificantly differ 
from each other in the duration of the main de-
struction stage and in the shape. In this respect, 
it appears logical to assume that the addition of 
MWCNTs to PANI–Bi2Te3 would not lead to sub-
stantial differences in their thermograms. Maybe, 
for this reason the thermograms of PANI–Bi2Te3 
and PANI–Bi2Te3–MWCNTs are almost identical 
and differ substantially from the STA data for 
PANI. However, it is necessary to note that the 
introduction of MWCNTs into PANI–Bi2Te3 na-
nocomposite causes much more rapid destruction 
of the nanocomposite in the region of 369 °C, the 
appearance of destruction process at 509 °C, the 
change of the fourth stage of destruction, an in-
crease in the residual mass, which is also character-
istic of nanocomposites containing only MWCNTs 
as the nanophase [28, 29]. 

The TG data give information on the param-
eters characterising thermal stability of the sam-
ples. As a rule, thermal stability is determined as 
the temperature corresponding to the onset of 
destruction stage following the stage related to 
water removal (ToII). A convenient parameter of 
thermal stability is also the temperature corre-
sponding to the highest mass loss rate (Tm). At 
the same time, thermal stability is calculated as 
the temperature of a definite degree of mass loss 
during destruction, mainly 5, 10, 30, 50 % (T5, T10, 
T30, T50, respectively) [30]. The information on 
thermal stability can also be obtained from such 
parameters determined from TG data as the re-
sidual mass, and by calculating the heat resist-
ance index (THRI) according to equation [31]:

THRI = 0.49(T5 + 0.6(T30 – T5))

The calculated parameters of PANI thermal sta-
bility are shown in Fig. 1. One can see that the 
initial destruction of PANI and nanocomposites 
occurs at a temperature higher than 166.0 °C, in-
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dependently of the presence of type of nanophase. 
At the same time, the temperature corresponding 
to the largest mass loss decreases from 470.0 to 
379.0 °C after the introduction of nanoparticles 
into PANI, while after the addition of MWCNTs 
it drops to 368.7 °C. With the addition of Bi2Te3 
nanoparticles, the parameters T5 and T10 increase 
from 81.0 to 88.0 °C and from 228.2 to 272.3 °C, 
respectively. The introduction of MWCNTs into 
the nanocomposite also leads to further increase 
in T5 and T10 to 91.5 and 292.9 °C, respectively. 
A different situation is observed for T30 and T50. 
The presence of Bi2Te3 nanoparticles causes a de-
crease in T30 from 370.0 (for PANI) to 360.1 °C, 
and T50 from 433.4 to 379.3 oC. The presence of 
MWCNTs in the system causes a slight increase 
in these parameters, however, they do not reach 
the values corresponding to PANI: T30 increases 
to 366.0 °С, and T50 to 381.5 °C. In the presence of 
Bi2Te3 nanoparticles, a decrease in THRI from 
124.7 to 123.1 °C is indicative, while after the ad-
dition of MWCNTs this parameter becomes high-
er (125.5 °C) than the value determined for PANI. 
The residual mass increases with the introduction 
of Bi2Te3 (and with the addition of MWCNTs), 
reaching 18.6 %. The observed changes of thermal 
stability parameters occur as a consequence of 
different nature and rates of destruction process-
es for PANI and nanocomposites, which is associ-
ated with their composition. 

The STM images of PANI and nanocomposites 
(PANI–Bi2Te3 and PANI–Bi2Te3–MWCNTs) are 
shown in Fig. 3. The structure of the sample sur-
face is directly dependent on sample composition 
(see Fig. 3, a, d). Thus, the structure of the PANI 
surface is formed by randomly distributed poly-
mer molecules. The structure is rather uniform, 
there are no significant depressions and hills. The 
height difference between the deepest depression 
and the highest hill is not large, it is only 31.7 nm. 
The structure of the PANI–Bi2Te3 nanocomposite 
surface is radically different (see Fig. 3, b, e). The 

height difference between the deepest depres-
sion and the highest hill is substantial (58.2 nm). 
A specific feature of the surface structure of this 
sample is the presence of clearly visualised two 
types of hills. The hills of the first type are 
37.0 nm high; they possess larger area and arbi-
trary shapes. These hills have sloping surfaces 
with height difference between the extreme 
points of the slope equal to 23.0 nm. These regions 
of the STM frame is likely to show the surface 
under which the nanophase is absent along a def-
inite distance, and PANI is located closer to the 
surface. The second type of hills possesses smaller 
area, and the shape is close to spherical. The diam-
eter of these grains varies from 40.0 to 476.0 nm, 
while the height varies from 19.0 to 58.2 nm. The 
hills of the second type can be Bi2Te3–PANI na-
noparticles with the core-shell structure, located 
either close to the surface or at a definite depth 
but clearly observable under PANI layer. The 
structure of PANI–Bi2Te3–MWCNTs nanocom-
posite surface is substantially different from 
other samples (Fig. 3, c, f). The maximum differ-
ence in surface height was 44.8 nm. Three quasi-
regular systems of different directionality are 
clearly observed in the STM frame (see Fig. 3, c). 
Each system is represented by almost parallel ex-
tended heights of different thickness. The system 
observed in the lower part of the frame is form
ed by three hills with sloping edges, similar in 
height (10.0–12.0 nm), length (443.0 nm) and 
width (121.0–173.0 nm). These structures spring 
from the left lower corner, elevate to the right 
upper one and end abruptly in their upper part. 
This system may be a rather deepened group of 
MWCNTs, so that the morphological features of 
MWCNTs are not visible in its surroundings, and 
surface relief characteristic of PANI is observed. 
The system located closer to the surface and 
shown in the left upper corner of the STM frame 
is composed of three interrupted hillocks 12.0 nm 
high. The width of each hill varies substantial

TABLE 1 

Parameters of thermal stability of the samples: PANI and nanocomposites PANI–Bi2Te3 and PANI–Bi2Te3–MWCNTs

Sample ToII, °С Tm, °С T5, °С T10, °С T30, °С T50, °С THRI, °С mr, %

PANI 166.0 470.0 81.0 228.2 370.0 433.4 124.7 5.0

PANI–Bi2Te3 166.0 379.0 88.0 272.3 360.1 379.3 123.1 17.1

PANI–Bi2Te3–MWCNTs 166.0 368.7 91.5 292.9 366.0 381.5 125.5 18.6

Notes. 1. ToII – temperature corresponding to the onset of the second stage of destruction; Tm – temperature cor-
responding to the minimum on DTG curve; T5, T10, T30, T50 – temperatures at which the sample mass loss is 5, 10, 30, 
50 %, respectively; THRI – heat resistance index; mr – residual sample mass after experiment. 2. PANI – polyaniline; 
MWCNTs – multi-walled carbon nanotubes.
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ly (37.0–121.0 nm), and their shapes are individu-
ally irregular and complex. The edges of hills 
often form semi-circles 24.0–40.0 nm in diameter 
(see Fig. 3, c, f), slightly going out of the hill plane 
(by 12.0–15.0 nm). The shape of the hills of this 
system indicates the presence of spherical parti-
cles, which may be Bi2Te3 nanoparticles coated 
with PANI, and the particles are localised in the 
direct vicinity to the extended PANI–MWCNTs 
structures. The third system of hillocks, repre-
sented in the upper right corner of the STM 
frame, is located close to the surface and is char-
acterised by the average height of 41.0 nm. This 
system includes two broad (the average width 
being 130.0 and 106.0 nm) hills 772.7 and 600.0 nm 
long, a group of two closely located narrow (48.0 
and 35.0 nm) and extended (533.0 nm) hills 31.7 
and 23.2 nm high, and three parallel ridges of 
small height (10.0 nm). These irregularities are 
due to substantially deepened PANI–MWCNTs, 
complex layered structures located close to the 
surface, which may be PANI–MWCNTs with 
closely located PANI–Bi2Te3 particles. So, the 
PANI–Bi2Te3–MWCNTs sample is the intercalat-
ed nanocomposite: the polymer is present around 

each of nanophases represented in the composite, 
and the groups of similarly directed hills are ob-
served, which are possibly the components of na-
nocomposite, MWCNTs and Bi2Te3, interconnect-
ed through PANI.

CONCLUSION

In the present work, the effect of nanophase 
on the thermal destruction of PANI–Bi2Te3, PANI–
Bi2Te3–MWCNTs nanocomposites and on the spec-
ificity of the surface of tablets pressed from these 
nanocomposites is investigated by STA and STM. 
The STA data for both types of nanocomposites 
are to a great extent similar, but differ substan-
tially from the data for the matrix (PANI). It is 
determined that the introduction of nanophase 
Bi2Te3 has a significant effect on all destructive 
processes in the composite, which is especially 
vividly pronounced on TG, DTG curves within 
the temperature range of the main (third) stage 
of destruction (230–487 °C): the mass loss by the 
sample accelerates dramatically within the tem-
perature range of 326–402 °C, while the destruc-
tion of PANI proceeds slower within a broad 

Fig. 3. Images obtained by scanning tunnelling microscopy (STM frames), the size: 1.117 × 1.117 μm (a–c), 558.3 × 558.3 nm (d–f), 
of sample surface with the height difference: PANI – 31.7 nm (a, d), PANI–Bi2Te3 – 58.2 nm (b, e), PANI–Bi2Te3–MWCNTs – 
44.8 nm (c, f). For designations, see Fig. 2. 



802	 A. V. ZHMUROVA et al.

temperature range (219–577 °C). The introduc-
tion of MWCNTs leads to a more vigorous de-
struction of the nanocomposite in the region of 
369 °C and to the emergence of a destructive pro-
cess at the end of the third stage. A distinguish-
ing feature of thermally stimulated processes in 
the nanocomposites of both types is the occur-
rence of the fourth stage of destruction, proceed-
ing within the high-temperature region (at 779–
977 °C), while in PANI all processes are completed 
at 577 °C. The introduction of the nanophase 
causes a decrease in mass loss at the first and 
third stages of thermal destruction. At the third 
stage, this parameter is equal to 84.7, 68.0 and 
66.4 % for PANI, PANI–Bi2Te3 and PANI–Bi2Te3–
MWCNTs, respectively.

It is established that the structure of nano-
composite surface is directly dependent on the 
composition. Analysis of the STM frames has 
shown that the surface relief of the PANI–Bi2Te3 
nanocomposite is characterised by the randomly 
localised regions of sharply standing out hills with 
spherical shapes and varied height, which are not 
observed in the images of PANI surface. Com-
parison of nanoparticles sizes, determined using 
XRD method, with the structures observed in 
STM frames allows assuming that the nanopar-
ticles possess the core-shell structure with the 
outer layer represented by PANI, while the inner 
one being Bi2Te3. The surface of the PANI–Bi2Te3–
MWCNTs nanocomposite possesses radically dif-
ferent structure: the STM images exhibit a com-
plex of the systems of quasi-regular hills in dif-
ferent directions, which are most probably the 
inorganic nanophase, namely MWCNTs and Bi2Te3, 
interconnected through PANI. 
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