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In this work, an approach of a hybrid inclusion of Pt nanoparticles and single-walled carbon 
nanotubes (SWCNTs) in a bismuth telluride (Bi2Te3) matrix is developed to enhance the thermoelectric 
and micromechanical properties. The Pt-SWCNTs/Bi2Te3 nanocomposite films (up to 0.9 wt% of Pt 
nanoparticles with 4.8 wt% of SWCNTs) have been synthesized using a three-electrode potentiostatic 
electrodeposition system. A substantial enhancement of the thermoelectric power factor at 0.6 wt% 
of the Pt nanoparticles was recorded due to a large increment of Seebeck coefficient. The measured 
thermal conductivity values indicated 68% of reduction resulted from a large phonon scattering. These 
improvements result in a remarkable enhancement on overall thermoelectric performance with the 
figure of merit, ZT value reaching 0.99 at room temperature. Meanwhile, in micromechanical analysis, 
the hardness and Young’ modulus values of the nanocomposite increased about 1.5 times and 3.4 times 
higher than those of a pristine Bi2Te3 film, respectively.

Introduction
Thermal energy harvesting process is one of the energy har-
vesting methods, which is based on the conversion of thermal 
energy into electrical energy using a thermoelectric generator 
(TEG) device. In line with recent remarkable developments of 
Internet of Things (IoT) systems and micro energy-autonomous 
systems [1–3], the micro-TEG (μ-TEG) devices have become 
one of the popular types of research to fulfill the demand in 
micro integrated powering systems such as wearable devices and 
wireless sensor networks [4]. However, the μ-TEG device based 
on thermoelectric films usually suffered from low performance 
of energy conversion especially in room temperature applica-
tions. Generally, the thermoelectric films attribute to a relatively 
lower conversion efficiency in low temperature (< 300 °C) appli-
cation due to smaller value of absolute temperature and a lesser 
harvested thermal energy [5]. The efficiency can be calculated 
by a dimensionless figure of merit, expressed as ZT = (S2σ/κ)T 
which involves the values of Seebeck coefficient (S), electrical 

conductivity (σ), thermal conductivity (κ), and absolute temper-
ature (T) of a thermoelectric material. Even the most commonly 
used thermoelectric material, a bulk Bi2Te3, which already has 
high ZT near room temperature (up to 0.7) [5–8] would have 
dropped to 0.16 when it is being synthesized in the film condi-
tion by electrochemical deposition [9, 10]. The use of electro-
chemical deposition in the synthesis process is preferred due to 
cost-effective method, high-efficient technique, and the integra-
tion capability in microfabrication process [11, 12].

To improve thermoelectric performance, one needs to 
increase ZT by increasing the power factor (PF = S2σ) and 
reducing the thermal conductivity, simultaneously. This can be 
achieved by using the synthesis route of nanocomposite process 
especially in the improvement of Bi2Te3. Typically, the compos-
ites of thermoelectric material especially with nano inclusion 
increased the phonon scattering and caused significant reduc-
tion of lattice thermal conductivity [13, 14]. The nanofiller 
inclusion provides selective phonon scattering at the interface 
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between the nanofiller and bismuth telluride matrix. This scat-
tering mechanism allows the electrons with shorter mean free 
paths to pass and reduces the effect of electrical resistivity incre-
ment [14]. In addition, the inclusion of fillers or layered materi-
als in thermoelectric composite can largely diminish electrical 
resistivity by reducing the bandgaps and promotes a resistance-
free path for the electrons [15, 16]. Generally, the research on 
the metal nanoparticle inclusion for the thermoelectric nano-
composite material is limited especially through the synthesis 
method of electrochemical deposition. Recent work by Nguyen 
et al. shows that the incorporation of Au nanoparticles with 
5.0 nm diameter into Bi2Te3 through a co-electrodeposition 
technique significantly increased the Seebeck coefficient but 
reduced electrical conductivity dramatically [17]. The improve-
ment was mainly caused by potential difference between Au par-
ticles and Bi2Te3 matrix, and the potential difference acted as 
energy-dependent barrier. A Cu nanoparticle-Bi2Te3 composite 
formed by plasma sintering exhibits a higher Seebeck coefficient 
and a lower carrier concentration than those of pure Bi2Te3 [18]. 
All the works of nanocomposites that involve metal nanopar-
ticles including the Ag nanoparticles [17–19] experienced a 
significant reduction of the thermal conductivity and lead to 
a high ZT value.

Despite the advantages of metal nanoparticles in contrib-
uting of ZT enhancement in nanocomposite study, to date, 
there has been no definitive evidence that can ensure that metal 
nanoparticles incorporation improved mechanical properties as 
well. One of nanomaterials that can highly affect both improve-
ments in thermoelectric and mechanical properties is carbon 
nanotubes (CNTs) including single-walled CNTs (SWCNTs) 
and multi-walled CNTs (MWCNTs). While graphene is excel-
lent in enhancing thermoelectric performance, the CNTs play 
an important role in increasing mechanical properties than the 
stand-alone graphene inclusion. Recent study shows that the 
hybrid inclusion of both graphene and CNTs was found capa-
ble of increasing mechanical properties while maintaining ther-
moelectric figures of merit [20]. Over the past decades, CNTs 
have already been studied on polymer-based composites and 
steadily benefited for the improvement of both properties [21, 
22]. There have been a few studies related to CNTs/Bi2Te3 com-
posites in contrast to thermoelectric investigation, and much 

less information about the effects of mechanical strengthening 
[23–25]. The study from An et al. revealed that the CNTs have 
helped to increase thermoelectric power factor of CNTs/Bi2Te3 
nanowire composite films by increasing the electron concentra-
tion and, on top of that, the composite benefited in elasticity 
behavior which is suitable for flexible device applications [26].

This work provides a method to synthesis a new elec-
trodeposited film of Bi2Te3 nanocomposite with the inclusion 
of both SWCNTs and Pt nanoparticles. The incorporation of 
SWCNTs into Bi2Te3 was confirmed to have the capability of 
increasing the Seebeck coefficient; however, it had some uncer-
tainty on improving the electrical conductivity [25, 27]. The 
same applied to Pt nanoparticles, the latest study on the Pt/
Bi2Te3 nanocomposite shows that the Seebeck coefficient has sig-
nificantly increased due to the reduction of electron carrier den-
sity in the nanocomposite [28]. In addition, Kang et al. in their 
study claimed that the existence of Pt nanoparticles in a Sb2Te3 
matrix had caused the band-bending potential formation and 
multiplied the Seebeck coefficient [29]. All these studies either 
utilizing SWCNTs or Pt nanoparticles successfully reduced ther-
mal conductivity through the effective scattering mechanism of 
phonon. These results motivate this study, in which the associa-
tion of both SWCNTs and Pt nanoparticles in the Bi2Te3 can be 
expected to enhance the ZT value in overall. Furthermore, with 
the CNTs involvement in the synthesized nanocomposite in this 
study, one can predict that there should be some improvement in 
mechanical strength which will benefit microdevice fabrication. 
Therefore, this study sets out to develop an electrodeposition 
method of Pt-SWCNTs/Bi2Te3 nanocomposites and objectively 
assess its thermoelectric and micromechanical properties.

Results and discussion
Composition, morphological, and co‑deposition 
analysis

Table 1 shows the amounts of the Pt nanoparticles and the SWC-
NTs blended into each electrolyte. Basically, there were four types 
of the electrolytes (I–IV), in which the contained Pt nanoparti-
cles wt% were varied to synthesize a different composition of the 
films. In average, there was no significant change in SWCNTs 
content of the nanocomposite films since the weight percentages 

TABLE 1:   Pt nanoparticles and 
SWCNTs concentrations in 
electrolyte solutions and deposited 
films. Electrolyte

Nano-material concentration in 
electrolyte (g/L)

Deposited films

Nano-material content in 
deposited film (wt%)

Pt nanoparticles SWCNTs Pt nanoparticles SWCNTs

I 0.0 0.0 Bi2Te3 0.0 0.0

II 0.05 0.2 Pt-SWCNTs/Bi2Te3-A 0.4 ± 0.1 4.8 ± 0.6

III 0.11 0.2 Pt-SWCNTs/Bi2Te3-B 0.6 ± 0.1 4.8 ± 0.6

IV 0.15 0.2 Pt-SWCNTs/Bi2Te3-C 0.9 ± 0.2 4.8 ± 0.6
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of SWCNTs were a constant value in all electrolytes. The success-
ful co-deposited amounts of the SWCNTs in the films were meas-
ured at about 4.8 wt%. The initiated lowest fraction of amount 
of the Pt nanoparticles in the nanocomposite films was 0.4 wt%. 
The amount of co-deposited Pt could be increased by regularly 
increasing the Pt nanoparticles concentration in the electrolyte. 
The thin films with Pt nanoparticles up to 0.9 wt% were prepared 
prior to its thermoelectric property measurements.

A significant difference in size of the Bi2Te3 surface-crystal 
grain structures can be observed through the SEM images for 
both pristine and nanocomposite films. The nanocomposite films 
as shown in Fig. 1(b) generally produced a smaller grain size as 
compared to that of pure Bi2Te3. A typical growth of plate-like 
microstructures for pristine Bi2Te3 as shown in Fig. 1(a) is quite 
identical with previous studies of electrodeposited films [30–32]. 
Meanwhile, the magnified SEM images of Fig. 1(a, b) clearly 

5 

(a) (b) 

(c) (d) 

(e) (f) 

300 nm

2 µm 

2 µm 

2 µm 

2 µm 

2 µm 

300 nm

Pt(0.9wt.%)-SWCNTs/Bi2Te3Pt(0.6wt.%)-SWCNTs/Bi2Te3

Pt(0.4wt.%)-SWCNTs/Bi2Te3SWCNTs/Bi2Te3

Figure 1:   SEM images of the electrodeposited films surface. (a) The pristine Bi2Te3. The inset demonstrates magnified SEM image of the pristine Bi2Te3. 
(b) Magnified SEM image of the Pt(0.9 wt%)-SWCNTs/Bi2Te3. (c) SWNCTs/Bi2Te3. (d–f ) Pt-SWCNTs/Bi2Te3 with different Pt wt%. Arrows in the image (f ) 
indicated the dispersed SWCNTs incorporated on the Pt-SWCNTs/Bi2Te3 surface and some of them partly/fully blended in the Bi2Te3 matrix.
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show the different size of Bi2Te3 surface-crystals structures on 
the nanocomposite film while maintaining the plate-like shape. 
The inclusion of SWCNTs only in the Bi2Te matrix promotes 
reduction of Bi2Te3 surface-crystals structure sizes and even fur-
ther reducing the size with hybrid inclusion of Pt nanoparticles 
is shown in Fig. 1(c–f). A slow growth of Bi2Te3 during the elec-
trochemical deposition process of the nanocomposite might be 
one of the possible reasons why the grain size was significantly 
smaller as compared to that of the pure Bi2Te3. Both the nanoma-
terials need a wrap of the polymer to be suspended and dispersed 
in the electrolyte. The existence of the polymer in the electrolyte 
acted as an insulator layer and was partially hindering electron 
transfer during the reduction of bismuth and telluride ions.

Figure 1(c–f) shows SWCNTs visibly co-deposited onto the 
film surface and disoriented in random directions. Since the 
commercialized SWCNTs can be up to 10 µm in length [27], 
some of the observed SWCNTs were partly incorporated under 
the crystalline Bi2Te3. The growth of Bi2Te3 did not only estab-
lish on its overlapped growth but the electrocrystallization also 
occurred on the surface of the SWCNTs as shown in Fig. 1(b). 
This could happen if the SWCNTs were partly/fully free from the 
polymeric wrap during the incorporation process and provided 
a conductive surface for the nucleation of Bi2Te3. All of these 
can be explained by understanding the possible mechanisms 
for the nanomaterials to be co-deposited. One of the conceiv-
able mechanisms might follow the Guglielmi’s model where 
the nanomaterials are proposed to be surrounded by adsorbed 
cations in electrolyte [33, 34]. The adsorbed ions generated a 
positive net charged on the Pt nanoparticles and SWCNTs and 
initiated attraction force in the diffusion layer. The attraction 
force in the diffusion layer made the nanomaterials capable to 
temporarily attach on the electrode surface. In the meantime, 
continuous growth of Bi2Te3 near the attached nanomaterials 
eventually enables the trapping of nanomaterials [30]. The Pt 
nanoparticles and SWCNTs move toward the electrode depend 
not only on the diffusion (based on different concentration in 
electrolyte) but also on the effect of hydrodynamic [35, 36]. 
As discussed in this study, the electro-steric stabilization may 
provide a certain degree of positive charges surrounding the 
Pt nanoparticles and SWCNTs. Therefore, the electromigration 
might be considered as another factor to aid the particles trans-
portation toward the electrode.

Figure 2 shows the XRD spectrums for the electrodepos-
ited Pt-SWCNTs/Bi2Te3 nanocomposite and pristine Bi2Te3 
films. The XRD analysis was conducted on the nanocompos-
ite samples with the maximum and minimum Pt wt%. The 
sample of the pure Bi2Te3 film exhibited (015), (1010), and 
(110) diffraction peaks. The same peaks were detected on the 
nanocomposite samples with an additional diffraction peak of 
(0210). All the peaks were confirmed and represented as typical 
Bi2Te3 orientation similar to the previous electrodeposited pure 

Bi2Te3 [37–39]. All synthesized samples were characterized as 
polycrystalline structure oriented with different dominance of 
diffraction peak. Normally, the (1010) orientation was a quite 
typical dominance orientation for the electrodeposition using 
negative potential. However, the effect of Pt particles and SWC-
NTs inclusion in Bi2Te3 matrix made the (015) orientation to 
become significantly dominant and improved the crystallinity 
of the (110) and (0210) orientations. The existence of strong 
(015) structure orientation for the nanocomposite films char-
acterized the film’s surface to be quite rough with low density 
[39]. A weak (220) orientation indicated the Pt diffraction peak 
as compared to the face-centered cubic lattice of Pt [40, 41]; 
however, the peak was only visible at 0.9 wt% of Pt.

The high-resolution transmission electron microscopy 
(HRTEM) observation was conducted to analyze the micro-
structure of the Pt-SWCNTs/Bi2Te3 nanocomposite which 
consisted of 0.6 wt% Pt nanoparticles. Figure 3(a) shows sev-
eral black spots area indicating Pt nanoparticles. The aver-
age diameter of deposited Pt nanoparticles was about 8.0 nm, 
near to the value of dispersed Pt nanoparticles in the elec-
trolyte. Figure 3(b) depicts the selected area electron diffrac-
tion (SAED) pattern that represents as illuminated rings from 
diffraction of incident beam, indicating microstructures with 
randomly oriented small grains. The lattice fringes of the Pt-
SWCNTs/Bi2Te3 nanocomposite show lattice defects due to the 
lattice distortions, as displayed in Fig. 3(c). The inclusion of 
both SWCNTs and Pt nanoparticles promotes the formation 
of extrinsic stacking faults as observed at D5 and D6 locations. 
Other defects such as dislocation core can also be identified 
at D1–D4 locations. Further analysis on the grain size was 
performed by utilizing the XRD data through the XRD line 
broadening analysis. The integral breadth was used to estimate 

Figure 2:   XRD data for pure Bi2Te3 and Pt-SWCNTs/Bi2Te3 at 0.4 wt% and 
0.9 wt% of Pt nanoparticles deposited.
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the line broadening, and the calculation of the average grain 
size was computed by Scherrer equation. The average grain 
size of pristine Bi2Te3 was estimated to be about 32 ± 4 nm 
and the grain size of for the nanocomposite was significantly 
reduced to 11 ± 3 nm for the lowest Pt nanoparticles content, 
as listed in Table 2.

Evaluation on thermoelectric power factor

The incorporation of SWCNTs was expected to increase the elec-
trical conductivity based on the result of the SWCNTs/Bi2Te3 
synthesized in this study as listed in Table 3. The SWCNTs/

Bi2Te3 nanocomposite has been synthesized as the same method 
of the Pt-SWCNTs/Bi2Te3 nanocomposite by excluding the 
mixture of Pt nanoparticles. However, the effect of SWCNTs 
on enhancing an electrical transportation has been suppressed 
when the Pt nanoparticles was simultaneously incorporated in 
the Bi2Te3 film. The electrical conductivity of the nanocompos-
ite reduced regularly as the Pt content increased as shown in 
Fig. 4(a). The largest drop of the electrical conductivity was at 
0.9 wt% of Pt nanoparticles. The reduced electrical conductiv-
ity affected by a lower carrier concentration as shown in Table 3 
characterizes a typical semiconductor composite materials 

(a) (b) 

(c) 

Bi2Te3(015) 

Bi2Te3(1010) 

Bi2Te3(110) 

Pt(220) 
Bi2Te3(0210) 

2 nm 

Figure 3:   TEM images of the cross-section area of electrodeposited Pt-SWCNTs/Bi2Te3 nanocomposite. (a) High resolution of TEM image showing Pt 
particles (black spots pointed by arrows). (b) Selected area electron diffraction (SAED) pattern. (c) Lattice defects by referring to dislocation cores (D1–
D4) and stacking faults (D5 and D6).
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behavior [5, 42]. This phenomenon of lower carrier concentra-
tion of the Bi2Te3-based nanocomposite also occurred on the 
previous study of electrodeposited Pt/Bi2Te3 film [28]. The study 
proved that the presence of the Pt nanoparticles in the Bi2Te3 
matrix decreased the carrier concentration as compared to the 
pristine Bi2Te3 film. A decreased n-type carrier concentration 
of the Pt-SWCNTs/Bi2Te3 nanocomposite signified an increase 
of holes carrier concentration. The Pt nanoparticles inclusion 
possibly developed a significant number of acceptors, which 
functions as a hole due to its positive potential [43].

A study from Ko et al. proved that the Pt nanoparticles 
inclusion in the Sb2Te3 matrix is capable to increase the holes 
carrier concentration to up to 2.5 times than a pristine Sb2Te3. 
Their study proposed that the incorporation of Pt nanoparticles 
enlarged the gap between Fermi energy level and the valence 

band of Sb2Te3, thus noticeably increased the number of holes 
[29]. This might happen to Bi2Te3 as well, which eventually 
reduced the total fraction of the carrier concentration and 
reduced fermi energy level of Bi2Te3 matrix. Similarly, it hap-
pened to Cu particles incorporation into Bi2Te3 as reported in 
reference [18], in which the carrier concentration has reduced 
significantly to more than half as compared to pure Bi2Te3 at 
only 0.13 wt% Cu content. Despite the effect from Pt nanopar-
ticles, the existence of SWCNTs in Pt-SWNTs/Bi2Te3 nanocom-
posites looks like it further enhanced the high Seebeck coeffi-
cient for Bi2Te3. The possibility for SWCNTs to increase Seebeck 
coefficient cannot be denied since it had been proven in previous 
studies [25, 27]. Both studies were in a good agreement to state 
that an optimized content of SWCNTs in the Bi2Te3 matrix can 
noticeably increase the Seebeck coefficient.

TABLE 2:   Summary of average 
grain size and microstrain on 
pristine Bi2Te3 and Pt/Bi2Te3 
nanocomposite films at 2θ = 27.7°, 
41.3°, and 57.3°.

Electrodeposited films

Co-deposited Pt 
nanoparticles 

(wt%)
Co-deposited 
SWCNTs (wt%)

Integral Breadth, 
β at 2θ = 27.7, 

[rad]

Average 
grain size 

[nm]

Average 
microstrain 

(10–3)

Bi2Te3 0.0 0.0 0.6 × 10–2 32 4.3

Pt-SWCNTs/Bi2Te3-A 0.4 ± 0.1 4.8 ± 0.6 1.1 × 10–2 12 9.8

Pt-SWCNTs/Bi2Te3-C 0.9 ± 0.2 4.8 ± 0.6 1.2 × 10–2 11 10.7

TABLE 3:   Summary of electrical properties of pristine Bi2Te3 films, SWCNTs/Bi2Te3, and Pt-SWCNTs/Bi2Te3 nanocomposite films studied in this work and 
Pt/Bi2Te3 nanocomposite film from author’s previous work [28].

Type of films Pt (wt%) SWCNTs (wt%)
Seebeck coefficient 

[µV K−1]
Electrical conductiv-

ity [S cm−1]
Power factor [µW 

m−1 K−2]

Carrier concentra-
tion, n (× 1017) 

[cm−3]

Bi2Te3 – – − 115 620 820 4.5 ± 1.0

Pt/Bi2Te3 [23] 1.9 – − 184 528 528 1.9 ± 0.1

SWCNTs/Bi2Te3 – 4.4 − 51 1487 381 15.1 ± 2.0

Pt-SWCNTs/Bi2Te3-C 0.9 4.8 − 226 290 1477 0.8 ± 0.1

Figure 4:   Deposited Pt nanoparticle concentration dependence of (a) Seebeck coefficient and electrical conductivity. (b) Power factor and Seebeck 
coefficient. All nanocomposite films had 4.8 wt% of SWCNTs.
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In contrast with the performance of the electrical conduc-
tivity, the Seebeck coefficient of Pt-SWNCTs/Bi2Te3 was sig-
nificantly improved as Pt nanoparticles content increase. The 
Seebeck coefficient can be reduced by reducing the carrier con-
centration as reported from previous findings regarding metal 
particles inclusion in Bi2Te3 [18, 28]. As referred to the com-
parison of carrier concentrations with a pristine Bi2Te3 film and 
other nanocomposite films shown in Table 3, it had a reason-
able trend that the lower carrier concentration contributes to 
higher Seebeck coefficient. The contradict effect was identical 
with the Seebeck coefficient, S formula based on basic theory 
of free electrons [44],

where kB, h, e, n, and m* are Boltzmann’s constant, Planck’s con-
stant, electronic charge, carrier concentration, and effective mass 
of the carrier. The expression strongly proposed that a thermo-
electric material with lower carrier density has a higher Seebeck 
coefficient value. Figure 4(b) shows the calculated thermoelec-
tric power factor increased for the Pt-SWNCTs/Bi2Te3 nano-
composite as compared to the pure Bi2Te3 due to high contribu-
tion of Seebeck coefficient value. The optimum value of power 
factor was recorded at 0.6 wt% of Pt nanoparticles even though 
the maximum Seebeck coefficient was recorded at maximum 
content of Pt nanoparticles due to significant reduction electrical 
conductivity. Table 3 also shows that the calculated power factor 
was mainly affected by the value of Seebeck coefficient based on 
the comparison of Pt/Bi2Te3, SWCNTs/Bi2Te3, and Pt-SWCNTs/
Bi2Te3 nanocomposite films.

(1)S =

(

8π2k2B
/

3eh2
)

m ∗ T
(

π
/

3n
)2/3

,

Evaluation on thermal conductivity and ZT

Figure 5(a) shows the temperature different dependence of 
the applied frequency for every synthesized film, and the cal-
culated value of thermal conductivity is shown in Fig. 5(b). 
As the Pt nanoparticles content increased, the thermal con-
ductivity value dropped at lower value than one-third of the 
value of pure Bi2Te3. Thermal conductivity of semiconductor 
materials is mainly determined by lattice thermal contribu-
tion. In general, lattice vibration greatly influences the pho-
non mean free path according to the kinetic and the Boltz-
mann transport equation theories [45–47]. In other words, 
low thermal conductivity recorded for the nanocomposite 
film might be based on a reduction of phonon mean free 
path. There are three mechanisms of scattering process that 
can affect the phonon free path as explained by Matthiessen’s 
phonon free path formulation [45]: the effect of boundary, 
impurity, and phonon–phonon scattering processes. The 
combination effect of impurity scattering process provided 
by Pt nanoparticles and SWCNTs inclusions additionally 
enhanced the mid to long-wavelength phonons scattering 
mechanism [48].

It is worth to mention that the long-wavelength phonon 
is dominant in thermal transportation at room temperature 
condition according to Wien’s displacement law for phonons 
states [47]. Therefore, every effect that is capable of increas-
ing scattering mechanism of the long-wavelength phonon 
can largely influence the reduction of thermal conductivity, 
including the effect of the distance between the included Pt 
nanoparticles. Based on TEM images, the shortest distance 
between the Pt nanoparticles can be lower than 5.0 nm. The 

Figure 5:   Thermal conductivity results obtained from the differential 3ω method measurement system. (a) Effective temperature difference for the 
synthesized films as a function of frequency. (b) Calculated thermal conductivity for a pure Bi2Te3 and different Pt nanoparticles content in the 
Pt-SWCNTs/Bi2Te3.
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nanometer-order distance between the particles increased the 
phonon scattering as it is closed to the value of Bi2Te3 mean 
free path [48]. Furthermore, the existence of Pt nanoparti-
cles in the nanocomposite acted as localized barriers which 
can effectively scatter the mid to long-wavelength phonon as 
proven in the previous study of Pt/Bi2Te2.7Se0.3 nanocomposite 
film [49].

The hybrid effect contributed by Pt nanoparticles and 
SWCNTs inclusions can be verified by comparing the Pt/
Bi2Te3 and the Pt-SWCNTs/Bi2Te3 nanocomposites. The 
existence of 1.9 wt% of the Pt nanoparticles only in the elec-
trodeposited Bi2Te3 film reduced the thermal conductivity to 
0.87 Wm−1 K−1 [28]. However, by coexisting inclusion with 
SWCNTs, the value largely dropped to 0.5 Wm−1 K−1 at even 
half of the Pt content (0.9 wt%) as depicted in Fig. 5(b). From 
these results, it is confirmed that the association with SWC-
NTs exaggerated the reduction of thermal conductivity. The 
boundary between the Bi2Te3 and the nanomaterials might 
deliver another mechanism to scatter the long-wavelength 
phonon. The incorporated SWCNTs in Bi2Te3 most prob-
ably developed the incoherent interface between Bi2Te3 and 
SWCNTs, which intensified the phonon scattering through the 
boundary, as reported by Ahmad and Wan [27]. Moreover, a 
smaller grain size attributed by the Pt-SWCNTs/Bi2Te3 nano-
composite as compared to pristine Bi2Te3 also contributed in 
scattering the phonon. Smaller grain size means higher den-
sity of grain boundaries, which might enhance the boundary 
scattering effect. The grain size effect on the thermal conduc-
tivity in this study seems to be consistent with previous stud-
ies that specifically reported on pure Bi2Te3 [50, 51]. Those 
studies came to an agreement where the phonon will be effec-
tively scattered with a finer grain size due to grain boundaries 
scattering mechanism.

The densities of crystal structural defects including the point 
defect and stacking fault in a nanocomposite matrix are nor-
mally quite higher than that of the pristine one as reported in 
the previous studies [26, 28, 52]. The defect density may be worst 
in the condition of smaller grain growth as in the Pt-SWCNTs/
Bi2Te3 nanocomposite due to high number of point defects. As 
proved by Gleiter, the point defects tend to exist in the grain 
boundary which can contribute to the increment of the defect 
density [53]. The existence of crystal defects effectively scattered 
the short-wavelength phonon in the nanocomposite because of 
the scattering mechanism of mass-difference and local strain 
fields generated [49, 54]. As a result of the poor thermal conduc-
tivity exhibited by the nanocomposite films, the calculated figure 
of merit, ZT reached to 0.99, which is a more than five times 
increment than that of the pristine Bi2Te3 film. The significant 
high ZT values were clearly observed at Pt content 0.6 and 0.9 
wt% due to a substantially low thermal conductivity (less than 
0.6 W m−1 K−1) and high power factor, as shown in Fig. 6.

Evaluation on micromechanical properties 
of Pt‑SWCNTs/Bi2Te3
Figure 7(a) shows typical curves of indentation depth cor-
responding to measured load by the ultramicro-indentation 
device on the synthesized samples consisting of a pristine 
Bi2Te3 and two different compositions of the Pt-SWCNTs/
Bi2Te3 nanocomposite films. One of the nanocomposite sam-
ples, the Pt-SWCNTs/Bi2Te3-I, had similar composition of Pt 
nanoparticles and SWCNTs with the Pt-SWCNTs/Bi2Te3-C as 
listed in Table 1. On the other hand, the Pt-SWCNTs/Bi2Te3-II 
had 37% higher amount of SWCNTs in the matrix and same 
content of Pt nanoparticles. The penetration depth ranged 
within 0.4–0.8 µm and was maintained to be less than 10% of 
the sample thickness to avoid any possibility of the substrate 

Figure 6:   Deposited Pt nanoparticle concentration dependence of; (a) Thermal conductivity and thermoelectric figure of merit, ZT. (b) Power factor and 
thermoelectric figure of merit, ZT at room temperature. All nanocomposite films had 4.8 wt% of SWCNTs.
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influence. The observed depth–load curve based on the exist-
ence of elastic and plastic deformations of samples during the 
indentation process encompasses the loading and unloading 
stages. Generally, the load values increased as the indenter 
penetrated the sample surface and exponentially increased 
depending on the hardness of sample. The hardness measure-
ment provided a degree of validation by producing consistent 
hardness value of pure Bi2Te3 film with the previous work of 
an electrodeposited Bi2Te3 film [55] as shown in Fig. 7(b).

In overall, Pt-SWCNTs/Bi2Te3 nanocomposite films took 
less indentation depth as compared to pure sample of Bi2Te3 
(d2 < d1). The lower distance of penetration shows that the 
nanocomposite material attributed to higher hardness prop-
erties, which provided more resistance for the material to 
deform. Figure 7(b) presents the measured hardness of the 
Pt-SWCNTs/Bi2Te3-I nanocomposites increases to 0.67 GPa, 
which is 72% increment as compared to the pristine sample. 
The figure also shows the estimated Young’s modulus of the 
Pt-SWCNTs/Bi2Te3-I nanocomposite significantly increased 
at about 3.4 times higher than that of the pristine sample. In 
reference to the grain size reduction in the nanocomposite, 
grain-boundary strengthening (also known as Hall–Petch 
strengthening) might be one of the reasons that hindered 
plastic deformation through the dislocation mechanism.

Higher hardness and higher Young’s modulus recorded 
for the nanocomposite attribute to the decorated SWCNTs 
that acted as reinforced materials to hinder the localized plas-
tic deformation. The Van der Waals force developed at the 
interface of the Bi2Te3 and SWCNTs leads to steady interfacial 
bonding which able to transfer the load from Bi2Te3 matrix 
to SWCNTs additive [56]. With superior Young’s modulus of 
SWCNTs (~ 1000 GPa) [57], the deformation initiation will be 
efficiently suppressed at any load transferred. In general, the 

covalent functionalized CNTs provide better interfacial bond-
ing in nanocomposite phase due to the involvement of strong 
covalent bonding. Although the capability to load transfer is 
quite limited due to the non-covalent (polymer wrapping) 
functionalization of SWCNTs prepared in this study, it still has 
a certain degree of effect for load transfer capability [58, 59]. 
In addition, due to possible existence of electrostatic interac-
tion between the SWCNTs additive and the Bi2Te3 matrix, the 
combination effect with Van der Waals force further enhanced 
the interfacial load transfer ability [60]. The main role of 
SWCNTs in the enhancement was verified by the result of 
Pt-SWCNTs/Bi2Te3-II. About 10% and 30% improvement of 
hardness and Young’s modulus, respectively, exhibited by the 
Pt-SWCNTs/Bi2Te3-II is compared to the Pt-SWCNTs/Bi2Te3-I 
nanocomposite. By obtaining both improvements, it clearly 
can be seen that, the increase of SWCNTs amount would 
increase the mechanical strength of the Bi2Te3 film.

Conclusions
This study presented a novel method to incorporate two nanoma-
terials: Pt nanoparticle and SWCNTs, into a Bi2Te3 matrix. The 
nanocomposite films were prepared with different Pt contents 
but maintained at same amount of SWCNTs (4.8 wt%). The exist-
ence of Pt nanoparticles and SWCNTs in the Pt-SWCNTs/Bi2Te3 
nanocomposite film changed both the grain size and the car-
rier concentration significantly, as compared to the pure Bi2Te3 
film. The electron density for the nanocomposite decreased and 
reduced the electrical conductivity as the Pt content increases. 
The reduced electron concentration benefited the Seebeck coef-
ficient of the nanocomposite, where the value was significantly 
increased to almost twice than that of pure Bi2Te3 film. This 

Figure 7:   (a) Indentation depth dependence of force for both pristine Bi2Te3 and Pt-SWCNTs/Bi2Te3 nanocomposite films. (b) Measured hardness and 
estimated Young’s modulus of Bi2Te3 and Pt-SWCNTs Bi2Te3 films.



 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 
 V

ol
um

e 
37

  
 I

ss
ue

 2
0 

 O
ct

ob
er

 2
02

2 
 w

w
w

.m
rs

.o
rg

/jm
r

Article

© The Author(s), under exclusive licence to The Materials Research Society 2022 3454

resulted in the increased thermoelectric power factor to 1820 
µWm−1 K−2 which was more than two-time increment at an opti-
mized 0.6 wt% Pt nanoparticles content. The impurity scatter-
ing mechanism caused by the Pt nanoparticles and SWCNTs in 
the Bi2Te3 phase was one of the factors that effectively scattered 
the mid to long-wavelength phonons. As a result, the thermal 
conductivity attributed by the Pt-SWCNTs/Bi2Te3 nanocom-
posite films largely dropped to 0.5 Wm−1 K−1. High Seebeck 
coefficient and low value of thermal conductivity for the nano-
composite films lead to a notable increase in ZT up to ~ 1.0 at 
room temperature. Despite the excellent thermoelectric proper-
ties, the mechanical strength in hardness and elastic modulus 
also increased as compared to the pristine film. High reinforcing 
effect caused by SWCNTs incorporation in the nanocomposite 
could be the main factor in enhancing the mechanical properties.

Materials and methods
Nanocomposite synthesis process

Both the pristine Bi2Te3 and Pt-SWCNTs/Bi2Te3 nanocomposite 
films were synthesized by a potentiostatic electrochemical depo-
sition system with a three-electrode cell at room temperature. 
The electrochemical cell encompassed Pt strip as a counter elec-
trode, silver/silver chloride (Ag/AgCl) as a reference electrode, 
and a chromium–gold (Cr/Au) seed layer on a glass substrate 
as a working electrode. The Cr/Au seed layer was formed by a 
magnetron sputtering system. All electrolyte solutions consisted 
of 3.2 mM Bi3+ and 7.2 mM HTeO2+ ions in 1.0 M nitric acid 
(HNO3). The electrolytes used for the deposition of nanocom-
posite films were prepared with a mixture of 2.0 nm-diameter Pt 
nanoparticles (0.03–0.10 g/L) and SWCNTs (0.2 g/L). The com-
mercially prepared Pt nanoparticles with a diameter of 2.0 nm 
were in a liquid form blended in a polyvinylpyrrolidone (PVP) 
solution, where it can be expected that the Pt nanoparticles were 
covered by the polymeric molecules to enhance the affinity to 
aqueous solutions. Same concept also applicable to SWCNTs, 
in which the surface must be coated by polymeric molecules to 
enhance the solubility in the aqueous electrolyte.

Typically, CNTs have very low hydrophilicity and stability 
in aqueous solutions, which can easily lead to aggregation issue. 
This aggregation is mainly caused by the hydrophobicity and 
strong Van der Waals interaction among the CNTs [61]. There-
fore, the SWCNTs need to be modified to provide hydrophilic 
surface property. In this study, an easy method to modify the 
SWCNTs surface had been carried out through the non-covalent 
modification, where the surface was wrapped by a cationic poly-
mer, poly(diallyldimethylammonium chloride) (PDDA). Unlike 
covalent modification which uses surfactant molecules, the non-
covalent method does not involve any chemical reaction and car-
boxyl groups introduction on the SWCNTs surface that might 
cause a certain degree of graphitic structure damage [62–64]. It 

is important to reduce the possibility of CNTs surface damage 
at the beginning of preparation to avoid a change of intrinsic 
properties of CNTs, such as electrical conductivity and mechani-
cal toughness [65]. The surface of the CNTs was coated by PDDA 
using the non-covalent bonding through the mixing, stirring, 
and sonication processes [66]. The sonication also functions to 
dissolve the aggregated CNTs while in powder condition. At the 
end of the sonication step, the SWCNTs were suspended and 
dispersed in the PDDA solution due to the polymer wrapping 
effect that is also known as the steric and depletion stabilization 
[61, 67, 68]. Then, the solution underwent filtration process along 
with distilled water to remove the excessive PDDA.

The mixing process of polymeric coated of Pt nanoparti-
cles and SWCNTs in the prepared electrolyte solution involved 
magnetic stirring with constant N2 purging. Beforehand, the 
electrolyte went through another two hours of sonication to fur-
ther stabilize those nanomaterials. Additional functionalization 
might happen for both the Pt nanoparticles and the SWCNTs 
due to H+ (from acidic electrolyte) adsorption on its surface 
and provided electro-steric stabilization [62, 69]. The electro-co-
deposition was performed in a potentiostatic periodic-reverse 
pulses deposition at room temperature. Meanwhile, the duty 
cycle (Ton/(Ton + Toff)) was controlled at 33% for all deposi-
tions with rapid co-deposition occurred during 100 ms of Ton 
at applied potential − 90 mV, Eon. The electrolyte was magneti-
cally stirred at 250 rpm throughout the deposition process to 
preserve a uniform concentration of the Pt nanoparticles and the 
SWCNTs. The N2 purging was also applied during the process 
to reduce possible incorporation of oxygen. For a pulse electro-
deposition method, deposition was carried out to serve better 
control on the composition and microstructure, which reduces 
porosity issue and enhances the film structure reliability [70, 71]. 
With consistent deposition time, the film thickness was main-
tained at approximately 1 µm (measured by scanning electron 
microscopy image of cross-sectional sample).

Measurements and analyses

The morphological study to analyze the crystallite formation 
of synthesized films was performed by using scanning electron 
microscopy (SEM) and its crystal structures were characterized. 
The energy-dispersive X-ray spectroscopy (EDX) was used to 
measure the elemental composition of the deposited films. The 
crystal structures were characterized by X-ray diffraction (XRD) 
spectrum with Cu(Kα) radiation (λ = 0.15418 nm). The crys-
tallographic orientation and lattice defects were confirmed by 
high-resolution images of TEM (HRTEM), selected area elec-
tron diffraction (SAED), and weak-beam dark field (WBDF). 
The electrical conductivity was recorded by measuring the sheet 
resistivity of all samples through four-probe resistivity measure-
ment. A Seebeck measurement system had been used to measure 
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the generated voltage and temperature difference by a steady-
state method. All samples were transferred into molded epoxy as 
an insulator layer. Both measurements of electrical conductivity 
and Seebeck coefficient had been conducted at room tempera-
ture and systematically compared with previous works of elec-
trodeposited Bi2Te3 films [28, 72].

The carrier concentration of the samples was evaluated by 
a four-probe Hall voltage measurement system, and the related 
calculation was referred to the standard test method of ASTM 
International F76-86 [73]. This study used a differential 3ω 
method to evaluate the thermal conductivity of all samples. Two 
types of specimens need to be prepared; one of them is a speci-
men with the deposited film (called as sample specimen) and the 
other is without any deposited film (called as reference speci-
men). Both types of specimens were required for the fabrication 
of a resistive micro heater on the surface of the sample and the 
reference. Details of the microfabrication parameter and process 
can be referred to the previous work [28]. The fabricated micro 
heater on both specimens also functioned as a thermometer to 
record the temperature variation of the deposited film through 
the change of the first (V1ω) and third (V3ω) harmonic voltages. 
The effective temperature differences across the deposited film 
(ΔTf) on the sample specimen and its thermal conductivity (κ) 
were calculated by following equations [74],

where Ps and Pr are the heater electrical powers on the sample 
and reference specimens, respectively. Meanwhile, L and w are 
the length and width of the heater, respectively.

The micromechanical property measurements that cover 
the evaluation on hardness and elastic modulus were per-
formed by an ultramicro-indentation measurement system. 
The indentation system utilizes a continuous stiffness measure-
ment (CSM) method where the measured load and displace-
ment are continuously recorded during the constant indenta-
tion process up to a specified maximum load. The system is 
capable of measuring the hardness without needing to perform 
in discrete unloading cycles and the constant indentation speed 
as low at 5 nm/s. The system parameter is ideal to measure a 
sudden change of micromechanical properties in nonuniform 
materials because of the existence of certain microstructure 
defects in the synthesized films [75]. The indenter used is made 
from diamond, which had almost zero self-deformation due to 
its high hardness value and the indenter is shaped by Berkovich 
triangular pyramidal. The hardness value is deduced by the 
maximum indentation load divided by the projected contact 
area of the indentation. The projected area is calculated by 
considering the contact depth, d obtained from the recorded 
load–displacement curve and an indenter [76].

(2)�Tf = �Ts −
(

Ps
/

Pr
)

�T2

(3)κ = Pstf
/

Lw�Tf

Meanwhile, the elastic modulus or known as the Young’s 
modulus can be estimated through the measured stiffness of 
the unloading data recorded after the indentation. An analysis 
to determine the contact stiffness of the indentation can be 
computed from a tangent of the upper one-third of unload-
ing curve as proposed by a Doerner–Nix method [77], and 
the calculation is related with the elastic contact theory [78, 
79]. Thus, the sample’s Young’s modulus, Es, can be calculated 
through the following equation,

where vs is the Poisson’s ratio of sample, P is the maximum 
indentation load, and Sl is the slope of the unload curve at the 
maximum depth point. H is the maximum displacement, both 
Poisson’s ratio, vi and Young’s modulus, Ei are parameters of 
the indenter. The values of Poisson’s ratio and Young’s modulus 
of the diamond indenter are 0.07 and 1140 GPa, respectively. 
Meanwhile, the Poisson’s ratio of the samples is assumed to be 
0.25 as a typical value for most materials especially for the esti-
mation of Young’s modulus through indentation test [78, 80].
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