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S1. Thermoelectric Nanocomposite Printing 

 

Figure S1. (a) Schematic of the AutoCAD-designed thermoelectric pattern and (b) the photo 

of experimentally printed 5-layer thermoelectric nanocomposite onto a PI substrate via AJP. 

S2. Temperature-dependent Thermoelectric Measurement Technique 

An in-house designed setup for the temperature-dependent thermoelectric properties 

measurement was built as illustrated in Figure S2, where the printed thermoelectric thin-film 

sample, with the dimension of 20 mm in length and 2 mm in width as shown in the enlarged 

image in Figure S2b, was fixed on top of two Peltier modules temperature controller 

(Adaptive®, 5.1 W) and laterally along the temperature gradient direction with the edges 

thermally contacting with two Pt-100 thermocouples (Farnell) for real-time temperature 

recording as well as  electrically connecting with the enameled conducting copper wires for the 

generated voltage and resistance measurement. The temperature of the sample was varied by 

the hot plate and/or the water-cooling system, ranging from 293K to 363K. Furthermore, the 

entire test bench was situated in a sealed plastic box to ensure the minimisation of ambient 

electrical and thermal noise as well as prevention of heat dissipation while measurements were 

under way.  

Lastly, a custom-designed hardware and software data acquisition system was used to 

collect and analyse the semi-automatic data with the combination of two Keithley 196 digital 

multimeters and a Keithley 2002 digital multimeter for the sample temperature, voltage and 

resistance measurements. By varying the temperature across the thermoelectric leg, the Pt-100 

thermocouples were used to measure the temperature gradient (ΔT), and a voltmeter was used 
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to measure the voltage generated by the sample (ΔV). Then, a ΔV-ΔT plot was obtained, and 

the Seebeck coefficient (S) was calculated by linear fitting with the slope of the plot.[1,2] The 

electrical conductivity (σ) was measured by the four-point probe approach using the same setup 

described above. In this project, the thermal conductivity was not measured due to the 

limitation of a proper test setup. Hence, in the absence of thermal conductivity data, the power 

factor (PF) provides an alternative way to evaluate the potential energy-conversion 

performance of the printed samples.  

 

Figure S2. (a) Schematic drawing of the temperature-dependent Seebeck coefficient and 

electrical conductivity measurement technique. (b) Annotated photo of our in-house designed 

thermoelectric measurement setup, where the enlarged image shows more details of the setup 

and the printed thermoelectric leg.  

S3. Temperature-dependent Power Factor of Printed Nanocomposites  

S3.1. Printed Pristine PEDOT:PSS Film 

 

Figure S3. Temperature-dependent measurements of (a) Seebeck coefficient (S), (b) electrical 

conductivity (σ), and (c) power factor (PF) of the printed pristine PEDOT:PSS film (not 

compositionally graded).  
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S3.2. Bi2Te3-PEDOT:PSS Thermoelectric Nanocomposites 

 

Figure S4. Temperature-dependent measurements of S, σ, and PF of printed Bi2Te3-

PEDOT:PSS nanocomposites loaded with (a) 15 wt.%, (b) 35 wt.%, (c) 50 wt.%, (d) 65 wt.%, 

(e) 85 wt.%, and (f) 90 wt.% of Bi2Te3 nanoparticles, respectively, (not compositionally graded).  



S-4 

 

S3.3. Sb2Te3-PEDOT:PSS Thermoelectric Nanocomposites 

 

Figure S5. Temperature-dependent measurements of S, σ, and PF of printed Sb2Te3-

PEDOT:PSS nanocomposites loaded with (a) 15 wt.%, (b) 35 wt.%, (c) 50 wt.%, (d) 65 wt.%, 

(e) 85 wt.%, and (f) 90 wt.% of Sb2Te3 nanoflakes, respectively, (not compositionally graded). 
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S4. Thermal Conductivity Calculation of Polymer-based Nanocomposites 

Table S-1 summarises the material properties of different TE materials that were used to 

calculate the effective thermal conductivity of AJ-printed TE nanocomposites as a function of 

filler volume fraction. It should be noted most of the data are sourced from the COMSOL built-

in database except when the source has been cited.  

For the 15wt.% Bi2Te3-PEDOT:PSS nanocomposite, its volume fraction was calculated to 

be ~3 vol.% according to its nominal weight percentage. Thus, its thermal conductivity was 

calculated to be ⁓0.33 W/(m.K), with density of ⁓1212 kg/m3 and heat capacity of ⁓975 

J/(kg.K), which was calculated based on the volume fraction of loaded Bi2Te3 as a weighted 

average. We show in Figure S6 that this is a good approximation according to the effective 

thermal conductivity model. 

For the 50 wt.% Sb2Te3-PEDOT:PSS nanocomposite, its volume fraction was calculated 

to be ~13 vol.% according to its nominal weight percentage. Thus, its thermal conductivity was 

calculated to be ⁓0.48 W/(m.K), with density of  ⁓1725 kg/m3 and heat capacity of ⁓887 

J/(kg.K), which was calculated based on the volume fraction of loaded Sb2Te3 as a weighted 

average. 

Figure S6 shows the effective thermal conductivity of the medium Keff as a function of the 

volume fraction of inclusions as calculated using Maxwell’s formula.[3–5] The model considers 

spherical particulates of thermal conductivity K* randomly dispersed in a medium with thermal 

conductivity K. Equation (1) was evaluated first in the context of electrical conduction.[3] 

𝐾𝑒𝑓𝑓

𝐾
= 1 +  

3𝜑

(
𝐾∗+2𝐾

𝐾−𝐾∗ )− 𝜑
     (1) 

where ϕ is the volume fraction occupied by the particulates. The model is valid for ϕ < 25% 

and does not include the effects of interfacial scattering. Thus, Equation (1) gives an upper 

limit to Keff.  

In Figure S6, we show the Keff/K for both Bi2Te3 and Sb2Te3 inclusions in a PEDOT:PSS 

matrix, and Table S-1 shows the values of K and K* used. The values of the ϕ relevant to this 

study are indicated on the graph, and we see that Keff is enhanced by ≈ 4% and 25% for Bi2Te3 

and Sb2Te3, respectively. The above estimates are in good agreement with our calculations of 

thermal conductivity of the composites, and represent an upper limit. Therefore, the above 

calculated thermal conductivity values were adopted in the COMSOL simulation for the 

compositionally graded thermoelectric composite design in the following section.  

Table S-1 Summary of material properties and volume fraction values of different TE materials 

that used for the thermal conductivity calculation and prediction of our TE nanocomposites.  

Materials 
Density 

(kg/m3) 

Heat capacity  

(J/(kg.K))  

Thermal conductivity 

(W/(m.K)) 

Volume fraction 

(%) 

Bi2Te3 7700 154 1.2 3 

Sb2Te3 6500 129 1.65 13 

PEDOT:PSS[6] 1011 1000 0.3 N.A. 
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Figure S6. Prediction of the effective thermal conductivity of different polymer-based TE 

nanocomposites as a function of filler volume fraction. 

S5. Compositionally Graded Thermoelectric Composite Design and Fabrication 

A finite element analysis based COMSOL Multiphysics was conducted to simulate the heat 

flow and temperature distribution of the printed compositionally graded thermoelectric 

composite (CG-TEC). The Heat Transfer in Solids physics interface was used to define the 

temperature throughout the printed thermoelectric leg. The colourful lines stand for the 

isotherm with a colour bar relating the colour to a temperature. Figure S7 shows the temperature 

distribution profiles for determining the ‘good design’ for the 15 wt.% Bi2Te3-PEDOT:PSS 

nanocomposite + PEDOT:PSS CG-TEC by varying the length of 15 wt.% Bi2Te3-PEDOT:PSS 

nanocomposite part from 7 mm to 10 mm, where the Bi2Te3-PEDOT:PSS nanocomposite was 

positioned on the cold side. It was found that for the targeted boundary temperature of 318 K, 

7.5 mm in length was chosen for the ‘good design’ CG-TEC device fabrication (see Figures 3 

a & c). While for the ‘bad design’, the position of different components was swapped as 

highlighted in the red line in Figure S9, i.e. pristine PEDOT:PSS on the cold side. Then, the 

length of PEDOT:PSS part was varied from 5 to 8 mm, and the targeted boundary temperature 

of 318 K was at the length of 6.5 mm. This dimension of CG-TEC was chosen for the ‘bad 

design’ device fabrication (see Figures S10 a & c). Similarly, the length of 50 wt.% Sb2Te3-

PEDOT:PSS nanocomposite part was varied from 7 to 10 mm,  as simulated in Figure S8 with 

the boundary temperature of 313 K at 8 mm. This dimension was used for the ‘good design’ 

CG-TEC device fabrication (see Figure 3 b & d). While for the ‘bad design’, the length of 

PEDOT:PSS was varied from 3 to 6 mm, and the boundary temperature was 313 K at 4 mm 

(see Figures S10 b & d).   
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Figure S7. Temperature distribution profile of the (a) ‘good design’ and (b) ‘bad design’ for 

the printed 15 wt.% Bi2Te3-PEDOT:PSS nanocomposite + PEDOT:PSS CG-TECs.  
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Figure S8. Temperature distribution profile of the (a) ‘good design’ and (b) ‘bad design’ for 

the printed 50 wt.% Sb2Te3-PEDOT:PSS nanocomposite + PEDOT:PSS CG-TECs. 
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Figure S9. Temperature-dependent measurements of PF for (a) 15 wt.% Bi2Te3-PEDOT:PSS 

nanocomposite and PEDOT:PSS with a bad design, and (b) 50 wt.% Sb2Te3-PEDOT:PSS 

nanocomposite and PEDOT:PSS with a bad design. 

 

Figure S10. COMSOL simulation results showing the temperature distribution profile along 

with the sample of (a) 15 wt.% Bi2Te3-PEDOT:PSS nanocomposite + PEDOT:PSS CG-TEC 

with a bad design and (b) 50 wt.% Sb2Te3-PEDOT:PSS nanocomposite + PEDOT:PSS CG-

TEC with a bad design, respectively. Diagram of the compositionally graded structure of the 

AutoCAD-designed pattern and the AJ-printed (c) CG-TEC comprising 15 wt.% Bi2Te3-

PEDOT:PSS nanocomposite + PEDOT:PSS with bad design, and (d) CG-TEC comprising 50 

wt.% Sb2Te3-PEDOT:PSS nanocomposite + PEDOT:PSS with bad design, respectively. 
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S6. Compositionally Graded Thermoelectric Generator Fabrication and Measurement 

Figure S11 shows our home-built setup for measuring the voltage output and power output 

of different printed compositionally graded thermoelectric generators (CG-TEGs). A resistance 

decade box was utilised to vary external load resistors to determine the maximum power output 

of these printed CG-TEGs.  

 

Figure S11. (a) Photo of the home-built setup for measurement of voltage output and power 

output with the dependence of various external load resistors. (b) Schematic diagram of the 

operation circuit for the measurement of voltage output and power output of CG-TEGs. 

 

Figure S12. Output voltage and power measurements of 15 wt.% Bi2Te3-PEDOT:PSS  

nanocomposite + PEDOT:PSS CG-TEG in the (a) forward direction and (b) reverse direction. 
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Output voltage and power measurements of 50 wt.% Sb2Te3-loaded nanocomposite + 

PEDOT:PSS CG-TEG in the (c) forward direction and (d) reverse direction.  

 

Figure S13. Output voltage and output power against various loaded external resistance of (a) 

15 wt.% Bi2Te3-PEDOT:PSS nanocomposite + PEDOT:PSS CG-TEG with a bad design, and 

(b) 50 wt.% Sb2Te3-PEDOT:PSS nanocomposite + PEDOT:PSS CG-TEG PEDOT:PSS with 

a bad design, respectively. 

 

 

Figure S14. Photos of (a) aerosol jet printed thermoelectric generator on a flexible polyimide 

sheet with 20 thermoelectric legs that are comprised of 15 wt.% Bi2Te3-PEDOT:PSS 

nanocomposite + PEDOT:PSS CG-TEC, and (b) the coiled prototype with electrical 

connections for the output power measurement.  
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