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1. A summary of printed flexible p-type film-based TE materials and TEGs

Table S1. Summary of printed flexible p-type organic, inorganic, organic/inorganic composite films TE materials and devices.

Materials Printing 
method

Printing optimization M* Film PF (
)𝜇𝑊 𝑚 ‒ 1𝐾2

TEG 
power

TEG structure/ΔT 
direction

Wearable 
use

Ref.

Sb2Te3 Dispenser Ink formulation - 150 nW Coiled/Vertical - 1

Bi0.5Sb1.5Te3 Dispenser Ink formulation - 80 μW Circular /Horizontal - 2

Bi0.5Sb1.5Te3 Inkjet Ink formulation - 110 nW Planar/Horizontal - 3

Bi0.45Sb1.55Te3Se0.

03

Dispenser Ink formulation 20% 2320 μW Stack/Vertical - 4

Bi0.5Sb1.5Te3 Screen Ink formulation 10% 2400 μW Stack/Vertical - 5

In
or

ga
ni

c 

Bi0.5Sb1.5Te3 Screen Ink formulation 4% 1050 μW Planar/Horizontal Yes 6

PEDOT Screen Ink formulation - 58.98 μW Origami/Vertical - 7

PEDOT:OTf Spray - Ink formulation
- Number of layers

- 105 μW Planar/Vertical - 8

PEDOT:PSS Dispenser Ink formulation - 2.2 nW Coiled/Vertical - 9

PEDOT:PSS Inkjet Ink formulation - 17.12 nW Coiled/Vertical - 10

PEDOT:PSS Screen Ink formulation - - μW Stack/Vertical - 11

PEDOT:PSS Aerosol jet Ink formulation 25% 2.5 nW Planar/Horizontal Yes 12

PEDOT:PSS/Sb2
Te3/Multi wall 
carbon nano tube 
(MWCNT)

Aerosol jet - Ink formulation
- Hybrid atomiser

15% 41 - - - 13

PEDOT:PSS/PV
A

Aerosol jet Ink formulation 1.7% 45 - - - 14

PEDOT:PSS/MW
CNT

Inkjet Ink formulation 10% 7.37 nW Planar/Horizontal - 15

O
rg

an
ic

 

PEDOT:PSS/ 
Black phosphorus

Inkjet Ink formulation 7.53
%

13.2 - - - 16

PEDOT:PSS/ 
Sb2Te3

Screen Ink formulation 15% - μW Planar/Horizontal Yes 17

PEDOT:PSS/Te Spray Ink formulation - 284 nW Planar/Horizontal Yes 18

PEDOT:PSS/Sb2
Te3

Aerosol jet - Ink formulation
- Number of layers

60% 28.3 μW Coiled/Vertical - 19

O
rg

an
ic

/in
or

ga
ni

c 
co

m
po

si
te

PEDOT:PSS/Te Screen Ink formulation - 4.9 nW Radial/Vertical - 20
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PEDOT:PSS/Cu2
S

Screen - 25% 20.6 nW Radial/Vertical - 21

PEDOT:PSS/ 
Bi0.5Sb1.5Te3

Spray - Ink formulation
- Substrate temperature

10% 4 pW Planar/Horizontal Yes This 
work

M* : Percentage of electrical properties degradation after mechanical deformation (Bending radius and cycle)

It is noted that the output power of the printed devices in this study are lower than the state-of-the-art, as summarized in Supporting Information Table S1. This 

is primarily due to the absence of sequential post-treatment processes that can significantly change the electrical properties of PEDOT:PSS by affecting the 

PEDOT chains alignment and PSS concentration. For example, the authors' prior work in doping/de-doping of PEDOT:PSS/BST thin films through sequential 

post-treatment by H2SO4 (0.5 M) and NaOH (0.1 M) or DMSO (40 vol%) and NaOH (0.1 M) showed an increase of the power factor by up to 864- and 622-

fold, respectively. In contrast, the composite thin films in this study were only pre-treated before printing by DMSO (secondary doping) and NaOH (chemical 

dedoping), which led to a modest 27-fold improvement in the power factor. Application of post-treatment processes to the spray-printed films and TEGs posed 

technical limitations. For example, when post-treatment solutions such as DMSO, H₂SO₄, and NaOH were spray printed on the PEDOT:PSS/BST TEGs, the 

TE legs got partly or fully detached from the substrate. Alternatively, manual application of the post-treatment solutions was tried, but the subsequent rinsing 

process led to short-circuiting of the TE legs.
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2. Microstructural properties of BST powder after ball milling and centrifugation

Figure S1 displays SEM micrographs and particle distribution obtained after ball milling and 

centrifugation processes. Ball milling resulted in average particle sizes of 0.99 µm. Centrifugation 

yielded the average particle sizes of 1.389 µm at speeds of 500 rpm. This increase in particle size is 

attributed to the separation process during centrifugation, where smaller particles remain in the liquid 

above, while larger particles settle due to their higher mass and density. The centrifugal force at 500 

rpm selectively concentrates the larger BST particles, leading to a higher average particle size.

Figure S1. SEM micrographs and particle size distribution of the BST powder after (a) ball milling 

and (b) centrifugation.
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3. Spray printing of PEDOT:PSS/BST composite thin films and thermoelectric 

generators (TEGs)

Figure S2a displays photos of the PEDOT:PSS/BST-based TE ink used in the spray printing process. 

In Figure S2b, the spray printing machine is depicted, featuring the nozzle, ink container, and hot plate. 

The insets in Figure S2b provide a closer look at the mounted glass substrate on a hot plate for the 

printing process and the nozzle of the printing machine. Thin films printed on the glass substrate at 

temperatures of 40 ℃, 80 ℃, 110 ℃, and 150 ℃ are presented in Figure S2c-f, respectively. Figure 

S2g, h showcases the composite thin film printed on a Kapton substrate at a temperature of 110 ℃, and 

demonstrating its flexibility. 

Figure S2. The photos of (a) ink, (b) spray printing machine, printed films on glass substrate at the 

temperature of (c) 40 , (d) 80 , (e) 110 , and (f) 150 , (g) Kapton substrate at the temperature ℃ ℃ ℃ ℃

of 110 , and (h) flexibility of printed films on Kapton substrate. The insets in (b) show the mounted ℃

glass substrate on a hot plate for printing process and nozzle of printing machine.
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Additionally, Figure S3a, b illustrates the shadow masks used for fabricating the TE legs and metal 

electrodes to construct a TEG, respectively.

Figure S3. Shadow masks for (a) TE legs and (b) metal electrodes.
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4. Experimental setups for measuring electrical properties of thin films and TEGs

Figure S4 presents a photograph of a home-made apparatus designed for measuring the electrical 

resistance and Seebeck coefficient of thin film samples. Two independent microheaters were employed 

to create temperature differences across the samples. For temperature measurement on the hot and cold 

sides of the samples, two K-type thermocouples were utilized. Analysis of the current-voltage (I-V) 

patterns facilitated the determination of electrical resistance and Seebeck voltage in the thin film 

samples by measuring the slope and intercept of the I-V characteristic, respectively. To facilitate this 

process, a graphical user interface and an interface circuit were developed 22-25. 

Figure S4. An experimental setup for electrical characterization of TE thin film samples.
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Figure S5 displays a custom experimental setup designed to assess the electrical performance of a TEG. 

This setup incorporates two commercially available Peltier modules, each sized at 4 cm × 4 cm, to heat 

one side of the TEG. Temperature differences along the TEG were measured using two K-type 

thermocouples. The open circuit voltage of the TEG was measured at various temperature differences 

using a digital multimeter (Keithley, DMM6500). To achieve impedance matching at each measurement 

temperature, the TEG was connected to a load shunt variable resistor (General Radio Co/Decade 

resistor, variable resistance box). The current and output power at each measurement temperature were 

calculated using the measured load voltage and shunt resistance.

Figure S5. (a) An experimental setup for electrical characterization of TEGs, and (b) the test bed 

made of Peltier devices for providing temperature differences along the TEGs on flexible Kapton 

substrate.
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5. Microstructural characterization of printed PEDOT:PSS/BST thin films

Figure S6 illustrates a typical step-height profile for PEDOT:PSS/BST composite thin films printed at 

various temperatures, namely 40 ℃, 80 ℃, 110 ℃, and 150 ℃. There was not a significant change in 

the average thickness of the composite films printed above 80 ℃, maintaining a range of 108-145 nm. 

However, the thin film printed at 40 ℃ had a considerably higher average thickness. Figure S7 shows 

typical SEM micrographs of PEDOT:PSS thin films containing 0 and 40 wt% BST particles.  It is 

evident that particle distribution is homogenous in the composite sample.

Figure S6. Typical step-height profile (film thickness (t)) for PEDOT:PSS/BST composite thin films 

printed at different temperatures, (a, b) 40 , (c, d) 80 , (e, f) 110 , (g, h) 150 .℃ ℃ ℃ ℃
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Figure S7. SEM micrographs of PEDOT:PSS thin films with (a) 0, and (b) 40 wt% BST, 

respectively.
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6. Thermoelectric properties of pre-treated PEDOT:PSS/BST thin films

The TE properties of PEDOT:PSS/BST thin films were enhanced through pre-treatment of the ink with 

10% vol. of DMSO and NaOH (0.1 M of NaOH) before the spray printing process, as detailed in Section 

2.3 of the manuscript. Electrical measurements were conducted following the procedure outlined in 

Section 2.4. Figure S8 illustrates the temperature dependence of electrical conductivity, Seebeck 

coefficient, and power factor of the pre-treated thin film. The results indicate a decrease in electrical 

conductivity with temperature, concurrent with an increase in the Seebeck coefficient. This observation 

suggests metallic or semi-metallic transport behaviour in the pre-treated sample. Furthermore, the 

power factor of the thin film improved by 27 times after the treatment process.

Figure S8. Temperature dependency of electrical conductivity, Seebeck coefficient, and power factor 

of pre-treated PEDOT:PSS/BST thin film fabricated by spray printing. The error bars were calculated 

by two times repetition of measurements on each sample.

The reported electrical conductivity of DMSO-treated PEDOT:PSS samples in literature varies widely, 

between 12 and 619 S/cm 26-33. This discrepancy can be attributed to several factors, including the 

DMSO concentration, co-treatment with a dedoping agent (e.g. NaOH), thermal treatment duration, 

fabrication method, PEDOT:PSS product grade, and the film’s thickness. As an example, different 

PEDOT:PSS grades, such as Clevios PH1000, Clevios PH510, and Sigma-Aldrich, exhibit varying 

properties due to differences in PEDOT:PSS ratios, solid content, and baseline conductivities 34. 

While a direct comparison between sequentially post-treated samples by DMSO and the pre-treated 

samples in the present research cannot be made, Figure S8 shows that the pre-treated thin films 

exhibited a maximum electrical conductivity of 22 S/cm and a power factor of 4 μW/mK², 

demonstrating a significant improvement compared to the untreated films (i.e., σ = 4 S/cm, S = 0.2 

μW/mK²). These lower values in pre-treated samples as compared to post-treated ones may be attributed 

to the more effective removal of insulating PSS, stronger polymer chain alignment, and greater phase 

separation in the post-treatment process. In case of sequential post-treatment, DMSO and NaOH 
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solutions are applied to already-fabricated PEDOT:PSS films, allowing for better PSS removal from 

the surface and grain boundaries. However, in the case of pre-treatment, the doping/dedoping agents 

are added to the PEDOT:PSS solution before deposition, leading to partial PSS dissolution and removal; 

thus more PSS remains in the film during drying. Post-treatment reorganizes PEDOT chains into a more 

linear, extended conformation after solidification, enhancing π-π stacking for better charge mobility, 

whereas pre-treatment is limited by rapid solvent evaporation that prevents full alignment of the chains. 

Furthermore, sequential post-treatment effectively enhances phase separation in multiple rounds by 

pushing PSS out of PEDOT-rich regions, creating a more interconnected conductive network, while a 

single-round pre-treatment process yields less controlled phase separation, leaving insulating PSS 

randomly distributed within the film.
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7. TEG fabrication and characterization

Figure S9 in Supporting Information illustrates images of the TE legs and metal electrodes, and their 

respective widths for three different TEGs fabricated. The designed width of the TE legs and electrodes 

was 200 μm and the designed spacing between them was 200 μm, controlled by the shadow masks used 

during printing (Figure S3 in Supporting Information). However, due to the shadowing effect during 

metallization and spray printing, as well as slight misalignments of the TE leg layers, the fabricated 

features were wider, and the spacing between TE legs was reduced. To minimize these deviations, the 

shadow mask was securely fixed, spray printing parameters were optimized, and manual alignment of 

the electrode mask was performed. As a result, sharper TE legs, reduced shadowing effect, and spacing 

closer to the designed 200 μm was achieved, validating the effectiveness of these measures (Figure S9c 

in Supporting Information and insets of Figure 6a).

Figure S9. Images of printed TE legs, deposited electrodes, and their respective widths for three 

different TEGs on Kapton substrates: (a) TEG-1, (b) TEG-2, and (c) TEG-3.
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Figure S10 provides a schematic representation of the TEG configuration on human skin, illustrating 

how a horizontal temperature gradient is established to enable thermoelectric energy generation. In this 

setup, one side of the TEG is placed on a layer of fabric, which acts as a thermal insulator. This fabric 

layer minimizes heat transfer between the TEG and the skin, maintaining a lower temperature on this 

side of the TEG, effectively creating a "cold side". The opposite side of the TEG is in direct contact 

with the skin, which serves as the "hot side" due to the heat emanating from the body. 

Figure S10. A schematic presentation of the printed TEG on human skin, illustrating the horizontal 

temperature gradient established across it.
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