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Abstract: Design and experiment of polymeric nanocomposites (NCs) for photovoltaic 

applications with outstanding electrical and thermal properties has been investigated with the 

introduction of SiC nanofibers (NFs) into the poly(trimethylene terephthalate)-block-

poly(tetramethylene oxide) (PTT-PTMO) copolymers. In order to enhance the electrical and 

thermal conductivity, different concentrations of SiC NFs, ranging from 0.1 to 3.0 wt %, have 
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been selected to mix with PTT-PTMO via in situ polymerization method. This reaction 

method is an excellent choice for incorporation of high amount of SiC NFs (3 wt %) into the 

polymer that was confirmed by morphological studies. From dielectric spectroscopy studies a 

percolating behavior was confirmed at low percolation threshold (less than 2% wt %). 

Furthermore, the 15 % increment for thermal conductivity appeared with combination of 0.5 

wt % SiC NFs with PTT-PTMO copolymers, which can be affected by manufacturing process 

of NCs, state of nanofillers dispersion and aspect ratio of nanofillers.  

Keywords: thermoplastic elastomers; silicon carbide; electrical conductivity; thermal 

conductivity. 

1. Introduction 

Among all of the renewable energy sources solar photovoltaic technologies are the most 

promising. The strong demand for solar photovoltaic technologies is due to their abundant, 

inexhaustible, and clean characteristics, and possibility of usage in a great number of 

applications [1, 2]. Polymeric based solar cells have recently attracted much attention of 

scientists and industry on account of their several advantages such as scalability, flexibility, 

printability, and low cost [3-5]. Thin polymer foils have been used as transparent [6], semi-

transparent [7] and non-transparent [8] solar photovoltaic systems, in which the incorporation 

of nanomaterials can be a key factor to optimize the operation of solar cells [9, 10]. Seo et al. 

[11] studied the relative improvement in power conversion efficiency of polymer 

nanocomposites (NCs) photovoltaic cells consisting of poly(3-hexylthiophene) (P3HT) and 

functionalized CdSe nanocrystals. Rath and Trimmel [12] carried out the in situ synthesis of 

semiconducting nanoparticles (NPs) in conjugated polymer matrices for photovoltaic 

applications, in which the hybrid solar cells based on conjugated polymers and inorganic 

semiconducting NPs combined beneficial properties of organic and inorganic semiconductors. 

Zhao et al. [13] prepared the hybrid polymer electrolyte nanocomposite with SiO2 nanofiber 
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as the filler for solid state dye-synthesized solar cell. Moreover, polysiloxane/graphite NPs 

films, which thickness corresponds to the lateral dimension of the modified graphite NPs, 

were fabricated by Cho et al. [14], in which the controlled assembly of graphite nanosheets 

(GNs) (5 wt%) enhanced the thermal diffusivity of the NCs by 330% and 200% compared to 

the pristine polymer and the corresponding NCs with a random distribution of GNs, 

respectively. On the other hand, Chen et al. [15] synthesized ultraviolet curable 

organic/inorganic hybrid NCs with good thermal stability, moderate adhesion strength, and 

excellent barrier capability for encapsulation of organic solar cells, using a capillary-driven 

particle-level templating technique, Heeder et al. [16] fabricated multi-functional 

polystyrene/graphite nanoplatelets NCs, in this case the results showed that this novel 

fabrication technique could produce a NC that possesses both excellent transport properties 

and improved mechanical strength. All these mechanical, thermal and electrical evaluations 

are made to estimate the critical conditions of the polymeric NCs constructions into the 

photovoltaic solar devices. Therefore, the challenge is to select the appropriate nanoparticles 

in the aforementioned systems to obtain the best possible efficiency of the process. Ceramic 

silicon carbide (SiC) nanofibers, which improve electron mobility, thermal conductivity and 

further chemical and high temperature resistivity [17-19], can be an option for incorporation 

into novel polymeric materials to be used in photovoltaic utilizations. Moreover, SiC thin 

films are used in a wide range of applications such as high-power electronics and photovoltaic 

and optoelectronic devices [20]. Recently developed poly(trimethylene terephthalate)-block-

poly(tetramethyleneoxide) copolymers (PTT-PTMO), first synthesized and characterized by 

Szymczyk et al. [21], are materials that exhibit low glass transition temperature combined 

with high melting temperature of PTT crystallites even at high flexible segments contents, 

that make them suitable for low and high temperature range applications. When it comes to 

the research on the effects of different types of NPs on PTT-PTMO properties, among others 
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Guskos et al. [22] investigated the temperature dependence of dc magnetization and 

ferromagnetic resonance of two samples containing c-Fe2O3 (maghemite) magnetic NPs 

dispersed at low concentration (0.1 and 0.3 wt %) in PTT-PTMO matrix. Moreover, 

Paszkiewicz et al. [23-25] investigated the effect of three different types of 2D nanofillers i.e. 

montmorillonite (MMT), graphene nanoplatelets (GNP) and graphene oxide (GO) on 

structure and mechanical properties of NCs based on PTT-PTMO copolymer. In another 

work, the effect of polyhedral oligomeric silsesquioxanes (POSS) on the microstructure and 

phase separation of PTT-PTMO copolymers was observed [26], in which thermal analysis 

imply that POSS cages in PTT-PTMO copolymer act as anti-nucleation agents and inhibit the 

crystallization of PTT hard phase during the cooling down process from the melt shifting 

crystallization temperature toward lower values. Furthermore, the addition of single walled 

carbon nanotubes (SWCNT) and GNP enhanced the electrical conductivity of PTT-PTMO 

matrix, particularly in the case of NCs with 0.3 wt. % SWCNT and 0.1 wt. % GNP. 

Additionally, it was found that when the ratio of SWCNT to GNP was 5:1, i.e. 0.5 wt % of 

SWCNT and 0.1 wt % of GNP, the PTT-PTMO-based NCs exhibited an increase of thermal 

conductivity of ca 30% if compared to neat PTT-PTMO [27]. This suggests that the 

combination of two types of nanofillers, which differ in shape, allows to obtain the synergistic 

effect for the electrical and thermal conductivity enhancement of PTT-PTMO copolymer. 

   The main objective of this study was to obtain electrically and thermally conductive elastic 

thin polymer foils that can be used in photovoltaic devices. The flexibility and high thermal 

resistance capability of the PTT-PTMO copolymers are the crucial features to make these 

materials suitable candidates for incorporation of NPs in photovoltaic devices. To the best 

knowledge of the authors, the study on the effect of SiC NPs on the electrical and thermal 

conductivity of PTT-PTMO copolymer is reported for the very first time and further 
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discussions about the morphology and characteristics of the NCs are brought in the next 

sections. 

 

2. Experimental methods 

2.1. Materials and synthesis procedure 

SiC nanofibres were produced via self-propagating high-temperature synthesis (SHS) from 

elemental Si and poly(tetrafluoroethylene) (PTFE) powder mixtures. The synthesis is highly 

exothermic redox reaction, where PTFE is an oxidant and Si is a reducer. The reaction follows 

a scheme presented below: 

2(CF)2 + 2Si → SiC+ SiF4+C       (1) 

The presented scheme is a simplification since the reaction runs at both high temperatures and 

high pressures and, most likely, under non-equilibrium conditions. It is a multistage process 

and products are not limited to those above presented because some fluorides and soot can be 

also produced. However, SiC nanofibers are the main product. The combustions were carried 

out in a modified calorimeter bomb, a stainless steel reactor with volume of 2700 cm3. 

Detailed description of the reactor is presented elsewhere [28]. The reactants (PTFE and Si, 

36%:64%) were well mixed, loaded into the quartz crucible and moved into the reactor, than 

the reactor was filled with combustion gas -CO at a pressure about 10 atm (the pressure which 

was previously defined as optimal [28]). The reaction was started by resistive heating of 

carbon thread. After the ignition the reaction ran in an exothermic mode. The whole synthesis 

lasted about few seconds. The averaged combustion temperatures were evaluated using 

emission spectroscopy to be above 2000 K. After the synthesis the product was collected and 

purified following a previously established protocol [29].   
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NCs based on PTT-PTMO block copolymer with SiC NFs were synthesised by melt 

transesterification and subsequently polycondensation following the procedure described 

previously [21, 23-26]. Before the synthesis, an appropriate amount of nanofibers was 

dispersed in bio-1,3-propanenediol (bio-PDO) (Susterra®Propanediol, DuPont Tate&Lyle, 

USA) using ultra-high speed stirrer (Ultra-Turax T25) and sonicator (Homogenizer HD 2200, 

Sonoplus, with a frequency of 20 kHz and 75% of power 200 W) in each case for 15 min. 

Then the first step, the transesterification reaction, was carried out, i.e. the prepared dispersion 

in bio-PDO, along with dimethyl terephthalate (DMT, Sigma-Aldrich) and tetrabutyl 

orthotitaniate (TBT, Fluka) catalyst was loaded into 1dm3 steel reactor (Autoclave Engineers 

Inc, USA). This stage was conducted under nitrogen flow in the temperatures range of 165-

180 °C for 2.5 hour in the presence of catalyst. When the first step was completed, the 

poly(tetramethylene oxide) glycol with a molecular weight of 1000 g/mol (PTMG, Terathane 

1000, DuPont, USA), thermal stabilizer Irganox 1010 (Ciba-Geigy, Switzerland) and second 

portion of catalyst (TBT) were added. At this stage, the polycondensation reaction was being 

proceeded at a temperature of 250 oC under reduced pressure of ~15 Pa. Synthesis was 

finished when the melt reached a specified melt viscosity’s value, which corresponds to the 

high molecular weight copolymer. The obtained NC was extruded from the reactor under 

nitrogen flow in the form a streak, cooled to room temperature in the water bath and then 

granulated. The neat PTT-PTMO copolymer, which was the reference sample, was 

synthesized following the same procedure. 

2.2. Methods of characterization 

2.2.1. X-Ray Diffraction (XRD) 

The XRD analysis has/have been performed for the purified, powder samples. The 

purification procedure is presented elsewhere [29]. The products were measured at XRD 

Powder Diffractometer D8 Discover (WAXS) Cu Kα radiation, λ=1.54 Å. 



7 
 

2.2.2 Transmission  electron microscopy (TEM) 

The samples for TEM analysis were shortly sonicated in ethanol, then the solution was 

deposited on the TEM grids. The analyses were performed using transmission electron 

microscope Zeiss Libra 120. 

2.2.3. Scanning electron microscopy (SEM) 

     The structure of SiC nanofillers (before treatment) and NCs were observed by scanning 

electron microscopy (SEM, JEOL JSM 6100 SEM). The samples were cryofractured in liquid 

nitrogen and then vacuum coated with a thin gold film before being analyzed using SEM. 

2.2.4. Dielectric spectroscopy 

Circular gold electrodes (2 cm in diameter) were deposited onto the surfaces of the film 

samples by the sputtering technique. The electrical characterization of the NCs was conducted 

by means of a Novocontrol broadband dielectric spectrometer in the frequency range from 10-

2 Hz to 107 Hz, at room temperature. The complex dielectric permittivity   i*
, where 

  represents the permittivity and   the dielectric loss, was measured as a function of 

frequency (F) of the applied electric field. Electrical conductivity was calculated from 

equation :   FF 2)( 0 , where 0  is the vacuum permittivity [30].  

2.2.5. Thermal conductivity measurements 

To determine the thermal conductivity coefficient of polymer materials, the transient plane 

source (TPS) method, the Hot Disk TPS 2500 S (Uppsala, Sweden), and the Hot Disk thermal 

constants analyzer were used according to ISO 22007-2. The details of the measurement are 

presented in [27]. The measurements were performed on the middle part of a dumb-bell shape 

sample (type A3) with the penetration depth of 3.5-3.9 μm. All specimens with a thickness of 

approximately 2 mm were placed on both sides of the Hot Disk sensor touching the sensor 

with plane surfaces. 

3. Results and Discussion 
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3.1. Morphological characterization 

Fig. 1a shows the SEM image of SiC nanofibers before purification. The presented material 

was collected from the SiC rich area – whitish-greenish coating on the raw product. The XRD 

spectra (Fig. 1b), measured  for purified product, confirmed the presence of SiC. The signals 

are characteristic for β-SiC (2Θ=35.6° for SiC (1 1 1), 41.4° for SiC (2 0 0) and 60.0° for SiC 

(2 2 0)). Some residual, left after the purification process, co-product C and unreacted Si are 

also visible. While the XRD measurements confirmed a composition of the product, TEM 

(Figs. 1 c-d) proved its morphology.  1D nanostructures’ typical diameters are in the range of 

10 to 100 nm, while their lengths are up to several microns, so their aspect ratio is well above 

103. SiC exhibits unique physical properties such as thermal and chemical resistance, high 

mechanical and electrical performance, which make it a promising candidate for electronics, 

composites or other high-temperature and harsh-environment applications [31]. SiC 

nanofibers, being 1D nanostructures, possess new properties resulting from unique shape and 

nanoscale-quantum-confinement effects. 

     Moreover, the morphology evolution of the PTT-PTMO/SiC NCs filled with 0.5 wt %, 1 

wt % and 3 wt % is depicted in Figs. 2a-c, respectively. SiC NFs were distributed in the 

matrix, with no obvious agglomerations. The fracture surface of the specimens showed the 

randomly distributed SiC in the PTT-PTMO matrix, in which the size of NFs was about 

several microns. Regardless of the concentration of SiC NFs a good degree of their 

distribution in the polymer matrix was obtained. As similar trend reported for the combination 

of SiC NFs in poly(caprolactone) was due to an increase in the amount of NFs placed into the 

free space of polymer matrix [32]. Moreover, most of the SiC NFs were embedded in the 

polymer matrix with both ends. Thus, the SEM image of  NCs surface suggests the "pulling" 

of the SiC NFs from the polymer matrix during the brittle fracture of the sample [27]. In Fig. 

2c, the SiC NFs appear fully connected to each other forming a continuous network. 
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3.2. Broadband electrical conductivity 

Fig. 3 represents (a) the broadband electrical conductivity (σ(F)) and (b) the dielectric 

constant (ε), at room temperature, as a function of frequency (F) for nanocomposites with 

different weight concentration of SiC [33]. For the matrix PTT-PTMO, at low frequencies, a 

characteristic conducting behavior (a frequency independent component, σdc) associated with 

the presence of PTMO has been observed. Such behavior may be due to the ionic conductivity 

of PTMO [34]. At higher frequencies, above 10 Hz, σ(F) follows almost linear dependence 

with frequency with a slope close to 1, which is characteristic for insulating materials. For the 

nanocomposites, at low nanoadditive contents, σ(F) follows the same behavior as the polymer 

matrix. However, for higher concentrations, σ(F) becomes independent of frequency in a wide 

range. Above a characteristic frequency, Fc, the dynamic conductivity follows a power law. 

This type of behavior, which was observed in a wide series of disordered solids, was 

investigated by Jonscher [35]. Consequently, it was designated as the “Universal Dielectric 

Response” (UDR). It is commonly described by the following equation: 

                                         (F) S
dc ac dc AF                                                                [1] 

where σdc is the frequency-independent direct-current conductivity and the exponent S takes 

values 0<S<1. Continuous lines in Fig. 3a correspond to the fittings of Eq. 1 to the 

experimental data. From these fits, the σdc values can be extracted. As shown in Fig. 3b, for 

nanocomposites with high SiC content, the dielectric constant has higher values than those of 

pristine matrix. This fact suggests that there are many connections between fibers, with small 

gaps of polymer between them, which promotes polarization phenomena. Fig. 4 shows σdc 

data as a function of filler concentration for the nanocomposites investigated. As shown, a 

characteristic percolating behavior is observed, i.e. for low additive concentrations, the 

conductivity remains close to the level of the insulating matrix. With an increasing filler 

content, at a critical concentration (ϕc) where it is assumed that nanofibers form a continuous 
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network, the conductivity exhibits a sudden insulator-conductor transition. The dc 

conductivity above the critical concentration can be analyzed in terms of the percolation 

theory [36] by means: 

                                                   σdc ∝ (∅−∅c)
t                                                                                                               [2] 

where t is a critical exponent. Although the critical concentration (ϕc) depends on the lattice in 

which “particles” are located, the critical exponent “t” depends primarily on the 

dimensionality of the percolating system and not on the details of the geometric structures or 

the interactions. The dashed line in Fig. 4 is the fit of Eq. 2 to the experimental data with t = 

1.7 and c = 1.2. Theoretical calculations, supported by a great number of experimental 

observations propose values of t between 1.6 and 2 for three-dimensional systems [37]. 

Electrical conductivities higher than that of the insulating matrix, before a continuous 

“particle” network is formed, could be possible provided that an interparticle conduction 

mechanism like for example tunneling is present. This is more likely the origin of the 

observed departure of the conductivity values, at low concentrations, from the expected ones 

according to the percolation model. A similar effect was previously reported for polyethylene 

composites based on MWCNT and CNF [38]. 

3.3. Thermal Conductivity 

Fig. 5 represents the thermal conductivity and thermal diffusivity of PTT-PTMO copolymer 

as a function of SiC content. One can see that the introduction of SiC NFs in the PTT-PTMO 

copolymer increases sharply the thermal conductivity of the NCs when the amount of SiC 

increases from 0 to 0.5 wt%. The SiC NFs can effectively be accommodated in the polymer 

phase to form thermal conductive paths [39]. Moreover, the SiC NFs which are embedded in 

the polymer matrix can act as the barrier to heat transmission. Therefore, there is a critical 

concentration for the SiC content up to which the thermal conductivity increased dramatically 

due to the formation of a continuous network across the sample. For higher concentrations the 



11 
 

rate of increment will be slighter. This significant increase in thermal conductivity of PTT-

PTMO/SiC was probably achieved by several reasons. Firstly, the features of a crystalline 

structure (PTT), which is expected to strongly influence heat transfer in both the polymer 

phase at the interface between SiC NFs and polymer. Secondly, the homogeneous distribution 

of SiC NFs (confirmed by SEM observations) and obtainment of an interconnecting network 

suitable for heat transfer [27]. Thirdly, the method of distribution of SiC NFs throughout the 

polymer matrix: herein the in situ polymerization method has been used to obtain the 

optimum results for the thermal conductivity of the PTT-PTMO copolymers [40]. The thermal 

diffusivity corresponds to the speed of the heat transfer in the PTT-PTMO is improved with 

the increase in the concentration of SiC NFs into the polymer matrix. In other words, the 

capability of the NCs for the propagation speed of thermal diffusion is raised up to 42 % with 

addition of 3 wt % SiC NFs. 

4. Conclusions 

     The study on the morphological of SiC NPs dispersion in the matrix revealed the high 

capability of the PTT-PTMO block copolymer to incorporate significant amount of SiC with a 

good state of dispersion. From dielectric spectroscopy measurement, it can be concluded that 

these nanocomposites exhibit a percolating behavior with a percolation threshold as low as 

1.2 wt% of SiC NFs. Moreover, the fact that these nanocomposites present higher dc 

conductivity than PTT-PTMO, in a certain nanofiber concentration range below the 

percolation threshold, suggests that a tunneling mechanism for charge transport is present. 

The rather low percolation threshold, the low cost of preparation of SiC NFs compared to 

nanocomposites containing SWCNTs (ca. 1000 USD/kg for SiC NFs and about hundreds 

USD/g for SWCNT) [41] and their low viscosity values, which makes it easier for extrusion 

process after in situ polymerization [42], give rise to a new class of interesting materials with 

potential use in a wide range of applications. 
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Fig. 3. (a) Broadband electrical conductivity (σ(F)) and (b) dielectric constant (ε′) as a 

function of frequency (F), at room temperature, for nanocomposites with different 

concentration of nanoadditive (labelled as weight percentage on the right). In Fig. 3a, the 

continuous lines represent fits according to Eq. 1. 

Fig. 4.- Logarithm of the dc electrical conductivity versus nanoadditive concentration. 

The continuous line is the fitting of Eq. 2 according to percolation theory. 
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Fig. 5. Thermal conductivity and thermal diffusivity of PTT-PTMO block copolymer as a 

function of SiC content. 

 
 


