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Abstract 

We report the design and the thermoelectric properties of organic/inorganic composites made 

of Poly-pyrrole (PPy) and of two silicides (Co0.85Fe0.15Si and CrSi2). For both composites, we 

find a significant enhancement of the thermoelectric properties of the PPy with increasing 

content of the inorganic filler. The maximum power factor of the composites were up to 0.8 

µW/m.K2 for ϕi = 50% and of 2 µW/m.K2 for ϕi = 90% for Co0.85Fe0.15Si and up to 3.37 

µW/m.K2 for ϕi = 50% and of 9.7 µW/m.K2 for ϕi = 90% for CrSi2, more than two orders of 

magnitude higher than in pure PPy. This study proposed a novel and effective way to improve 

the thermoelectric performances of the thermoelectric polymer PPy. 

Keywords: Composite materials, electrical properties, Intermetallic alloys and compounds, 

Polymers 
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I. Introduction 

The thermoelectric properties of polymers are still low compared to the state-of-the-art 

inorganic thermoelectric materials [1-3] however, their low cost, easy shaping for large-scale 

production, flexibility and light weight are strong assets to make them promising for 

thermoelectric applications. Their thermoelectric properties are characterized by the figure of 
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merit ZT = 2T/ with  the Seebeck coefficient,  the electrical conductivity, T the 

temperature and  the thermal conductivity [1]. To improve their performances, one approach 

was to incorporate inorganic thermoelectric materials into the host organic matrix [4]. Polymer-

based thermoelectric benefits from the advantages of the polymers stated above, and those of 

the inorganic fillers in term of performances. Several authors have studied organic/inorganic 

thermoelectric composites [2,4-9]. However, if some improvements of the thermoelectric 

properties of the polymers were observed, no significant enhancement was reported compared 

to state-of-the-art materials. Among them one find the intensively studied Pedot:PSS with a ZT 

up to 0.4 at room temperature [2,3], however their stability is low. There are also several other 

pi-conjugated polymers which have been investigated for thermoelectric applications such as 

[1,2]: Poly-anyline (PANI), Polypyrrole (PPy), Polythiophene (PT), Poly(phenylenevinylene 

(PPV), poly(2,7-carbazolylenevinylene). Among them PPy has attracted much interest as a 

promising TE candidate as it has no toxicity, it is easy to synthesize it and it has a rather good 

electrical conductivity and low thermal conductivity [1,2,4]. As for the inorganic load it is 

possible to use low toxicity materials such as silicides like CoSi-based or CrSi2-based 

compounds with ZT max of about 0.2-0.3 [10-14]. To date, there is only one study of 

organic/silicide composite namely Pedot:PSS/CrSi2 investigated by the Ail et al. [9]. However, 

its thermoelectric performances were lower than for its components taken independently. In the 

present study, we have investigated the enhancement of the thermoelectric properties of p-type 

PPy with the use of p-type silicides fillers such as the semi-metallic Co0.85Fe0.15Si or the 

semiconductor CrSi2 alloys. 

II. Materials and methods 

Powder of Polypyrrole (PPy) doped with organic acid (not specified) were purchased to Sigma 

Aldrich company. Co0.85Fe0.15Si and CrSi2 alloys were prepared by arc melting technique using 

high purity Co slug (99,95%, Alfa Aesar), Cr granules (99.995%, Alfa Aesar), Fe (99.99%, 
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Alfa Aesar) and Si lumps (99.999%, Alfa Aesar). The drops were milled with a commercial 

Fritsch “Pulverisette 7” planetary micromill with silicon nitride container (45ml) and five 15 

mm diameter balls with a ball to powder mass ratio fixed to 10:1 for both alloys. The speeds of 

the supporting disc and of the grinding ball acceleration were respectively 575 RPM and 1150 

RPM. All experiments were done under argon atmosphere for 24h. The composites were made 

by mixing the powders of the inorganic phase (volume fraction ϕi) and of the PPy (volume 

fraction ϕp). We both mix and mill the powders together in a polystyrene tube filled with ZrO2 

balls with a ball to powder ratio of 10:1 by using a roller mixer at 30 rpm. The shaping of the 

powder was investigated by cold-pressing using a uniaxial pressure of 35 MPa applied for 5 

min. 

The crystal structure of the alloys was determined by XRD with Cu K wavelength and refined 

with Fullprof software [15] while the grain size was determined using the Williamson-Hall 

formula [11,14-16]. The thermoelectric properties were measured using homemade Van der 

Paw technic and hot probe Seebeck equipment as described in ref. [13].  

III. Results and discussion 

As shown in our previous studies using the same synthesis process [11-14], CrSi2 and 

Co0.85Fe0.15Si compounds have a nanocrystallite size about 10-20 nm (raw XRD data are given 

in the S. I. Figs. S2 and S3). From Figure 1 (a), increasing the content of the filler 𝜙𝑖 with 

Co0.85Fe0.15Si leads, as expected, to an increase of the electrical conductivity from a percolation 

threshold above 𝜙𝑖 = 25 %. The higher the content of the inorganic phase is, the larger the 

electrical conductivity is. Similar behavior is observed for the Seebeck coefficient. In Figure 1 

(b) the electrical conductivity is normalized to its value at 60°C (chosen for better comparison), 

and is given as a function of the temperature. One observes that the electrical conductivity of 

pure PPy increases with the temperature, which is typical of a semiconductor. On the contrary, 

the electrical conductivity of pure Co0.85Fe0.15Si decreases with temperature which is typical of 
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a metallic behavior. This is not surprising given that undoped and doped CoSi are known to 

have this behavior [10-12,17]. When considering the evolution of the electrical conductivity 

with the volume fraction of the inorganic phase, for the sample with 𝜙𝑖 = 10%, the electrical 

conductivity increases with the temperature faster than the PPy. With increasing the 

temperature, electrical charges from the isolated inorganic particles can be injected into the 

matrix PPy. The inorganic phase does not appear to strongly contribute to the electrical 

conductivity of the composite which is expected as it does not percolate. In contrast, for large 

values of 𝜙𝑖 ( 50 %) the 𝜎/𝜎60°𝐶  decreases rapidly with temperature which is consistent with 

an inorganic content above the percolation limit. 

 In the case of the PPy/CrSi2 composite, we have also changed the ratio between 

organic and inorganic phase in order to follow the evolution of the thermoelectric properties. 

The Seebeck coefficient (Figure 2) strongly increases with increasing 𝜙𝑖 to that of the inorganic 

phase. However, there is no clear trend for the electrical conductivity. Thus in the present 

PPy/CrSi2 composite, one can see that the percolation threshold ϕi for the Seebeck coefficient 

is above 30%, value very similar to the case of PPy/Co0.85Fe0.15Si composite shown previously. 

Despite its semiconducting nature, CrSi2 has metallic-like behavior close to room temperature 

which is due to its extrinsic transport regime [13,14].  

 From these data, one can determine the power factor (2) (See Fig. 3) which is 

proportional to the ZT. In the case of the composite PPy/Co0.85Fe0.15Si, one finds a power factor 

of 0.8 µW/m.K2 for 𝜙𝑖 = 50 % and of 2 µW/m.K2 for 𝜙𝑖 = 90 % which is two orders higher 

than for the PPy. However, in the case of the PPy/CrSi2 composite, we find a power factor of 

3.37 µW/m.K2 for 𝜙𝑖 = 50 % and of 9.7 µW/m.K2 for 𝜙𝑖 = 90 %, much larger than for PPy/ 

Co0.85Fe0.15Si composite and more than two orders times larger than in PPy. These values are 

also respectively, about 10 times and 2 times larger than the values of the power factor found 

for a Pedot-PSS/CrSi2 composite [9] despite that doped Pedot-PSS has much better 
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thermoelectric properties than doped PPy. The properties of these PPy-based composite are 

better than the best PPy-based composite from the literature which contain 2D reduced oxide 

graphene with power factor of 8.56 µW/ m.K2 [2]. 

 

III. Conclusion 

In the present work, we have reported the design and thermoelectric properties of green 

organic/inorganic composites made of PPy and of two different silicide compounds 

(Co0.85Fe0.15Si and CrSi2). In the case of the PPy/Co0.85Fe0.15Si composite, both the electrical 

conductivity and the Seebeck coefficient increase above a percolation threshold of ~25%. In 

the case of the PPy/CrSi2 composite, although no clear behavior has been observed on the 

electrical conductivity, we find that the Seebeck coefficient strongly increase above a 

percolation of ~30%. We also found that the CrSi2/PPy composite has better thermoelectric 

properties than CrSi2/Pedot:PSS and the best PPy-based composite [2]. This can be explained 

by the higher power factor of CrSi2 compared to CoSi at room temperature. Moreover, it is easy 

to manage for large scale applications. 

Acknowledgement 

We thank Fabien Perrin for his help during this work, the University of Montpellier and the 

Institute Carnot Chimie Balard Cirimat for their funding. 

References 

 [1] Q. Zhang, Y. Sun, W. Xu, D. Zhu, Organic Thermoelectric Materials: Emerging Green 

Energy Materials Converting Heat to Electricity Directly and Efficiently, Adv. Mater. 26 (2014) 

6829-6851 

[2] M. Bharti, A. Singh, S. Samanta, D. K. Aswal, Conductive polymers for thermoelctric 

power generation, Progr. Mater. Sci. 93 (2018) 270-310 



6 
 

[3] G. H. Kim, L. Shao, K. Zhang, K. P. Pipe, Engineered doping of organic semiconductors 

for enhanced thermoelectric efficiency, Nat. Mater. 12 (2013) 719-723  

[4] Y. Du, S.Z. Shen, K. Cai, P.S. Casey, Research progress on polymer–inorganic 

thermoelectric nanocomposite materials, Prog. Polym. Sci., 37 (2012), 820-841 

[5] H. Liu, J. Y. Wang, X. B. Hu, R. I. Boughton, S. R. Zhao, Q. Li, M. H. Jiang, Structure and 

electronic transport properties of polyaniline/NaFe4P12 composite, Chem. Phys. Lett. 352 

(2002) 185-190 

[6] B. Zhang, J. Sun, H. E. Katz, F. Fang, R. L. Opila, Promosing thermoelectric properties of 

commercial PEDOT:PSS materials and their Bi2Te3 powder composites, ACS Appl. Mater. 

Interfaces 2 (2010) 3170-3178  

[7] L. Yong, Q. Zhao, Y. G. Wang, K. Bi, Synthesis and characterization of Bi2Te3/polyaniline 

composites, Mater. Sci. Semicond. Process. 14 (2011) 219-222 

[8] W. Q. Ao, L. Wang, J. Q. Li, F. Pan, C. N. Wu, Synthesis and characterization of 

polythiophene/ Bi2Te3 nanocomposite thermoelectric material, J. Electron. Mater. 40 (2011) 

2027-2032  

[9] U. Ail, Z. U. Khan, H. Granberg, F. Berthold, R. Parasuraman, A. M. Umarji, K. Slettengren, 

H. Pettersson, X. Crispin, Room temperature synthesis of transition metal silicide-conducting 

polymer micro-composites for thermoelectric applications, Synth. Met. 225 (2017) 55-63  

[10] A. T. Burkov, Silicide Thermoelectrics: Materials for Energy Harvesting, Phys. Stat. Sol. 

(a) 215 (2018) 1800105  

[11] M. Longhin, R. Viennois, D. Ravot, J.-J. Robin, P. Papet, Nanostructuration of CoSi by 

mechanical milling and mechanical alloying, Solid State Sci. 38 (2014) 129-137  

[12] M. Longhin, R. Viennois, D. Ravot, J.-J. Robin, B. Villeroy, J.-B. Vaney, C. Candolfi, B. 

Lenoir, P. Papet, Nanostructured CoSi Obtained by Spark Plasma Sintering, J. Electron. Mater. 

44 (2015) 1963-1966  

https://www.sciencedirect.com/science/article/pii/S0079670011001286
https://www.sciencedirect.com/science/article/pii/S0079670011001286


7 
 

[13] M. Khalil, M. Beaudhuin, B. Villeroy, D. Ravot, R. Viennois, A modeling approach for 

new CrSi2 based alloys : Application to metastable Cr1-xZrxSi2 as a potential thermoelectric 

material, J. Alloys Compds. 662 (2016) 150-156 

[14] M. Khalil, Ph. D, Univ. Montpellier, 2015.  

[15] J. Rodríguez-Carvajal, Recent advances in magnetic structure determination by neutron 

powder diffraction, Phys. B 192 (1993) 55-69 

[16] G.K. Williamson and W.H. Hall, X-ray line broadening from filed aluminium and 

wolfram, Acta Metall. 1 (1953) 22-31  

[17] R. Viennois, X. Tao, P. Jund, J.-C. Tedenac, Stability and Thermoelectric Properties of 

Transition-Metal Silicides, J. Electron. Mater. 40 (2011) 597-600 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



8 
 

 

 

 

 

Figures 

 

Figure 1 a) Thermoelectric properties of the composite PPy/Co0.85Fe0.15Si as a function of the 

volume fraction of Co0.85Fe0.15Si at room temperature. The dotted lines are guide for eyes.  b) 

Thermal variation of the electrical conductivity for pure PPY, pure Co0.85Fe0.15Si and 

PPy/Co0.85Fe0.15Si composites of different volume fractions. 
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Figure 2 a) Thermoelectric properties of the composite PPy/CrSi2 as a function of the volume 

fraction of CrSi2 at room temperature. The dotted lines are guide for eyes. b) Thermal variation 

of the electrical conductivity for pure PPY, pure CrSi2 and PPy/ CrSi2 composites of different 

volume fraction. 
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Figure 3 Evolution of the power factor (2) of the composite PPy/Co0.85Fe0.15Si and PPy/CrSi2 

as a function of the volume fraction of the silicide at room temperature. The dotted lines are 

guide for eyes.   

 

 


