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TE properties measurement and characterization 

The in-plane electrical conductivity, carrier concentration, and mobility measurements 

were carried out in ambient conditions using the Hall Effect Measurement System (ECOPIA, 

HMS-5500).1-7 A custom-built Seebeck measurement setup was used to measure the Seebeck 

coefficient of the TE composite films.4-13  The thermal conductivity was measured in both in-plane 

and out-of-plane directions.1-3,11,13 The in-plane measurement was carried out using the well-

established 3ω method to provide reliable thermal conductivity of films.14-16 The AC-modulated 

heating can control the penetration depth by controlling the frequency. Additionally, operating 

within an ultra-high vacuum environment minimizes convective heat transfer by the air.15 

Furthermore, the temperature rise was controlled to be less than 11K to minimize potential error 

by the temperature-dependent thermal conductivity.

Thermal conductivity measurement based on the AC modulated 3ω method

To evaluate the free-standing Chitosan-CAS and Chitosan-CAS-MXene samples cross-

plane thermal conductivity, we measured the thermal conductivity based on the well-

acknowledged AC modulated 3ω method.  Au electrodes (as a heater and a sensor simultaneously) 

were deposited onto a thin layer of PDMS, which was then transferred onto the free-standing 

Chitosan-CAS and Chitosan-CAS-MXene samples. The PDMS layer, acting as an electric 

insulating layer and a substrate to enable the transferring process, had a relatively thin thickness 

of approximately 40 μm compared to the sample thickness of around 300 μm. Subsequently, the 

heaters were manually bonded on the chip carrier and connected to the external circuit. To ensure 

measurement accuracy, we conduct the measurement in a vacuum chamber (<10-5 Torr) to 

minimize heat convection. AC-modulated joule heating induced the temperature rise at the Au 



heater, while the resistance change was detected by the 3rd harmonic voltage signal, corresponding 

to the temperature rise. The heating frequency was varied from 2 Hz to 2000 Hz to control the 

thermal penetration depth ( ), defined by , where  is the thermal conductivity,  is 𝐿𝑃
𝐿𝑃=

𝜅
𝜌𝐶𝑝𝜔 𝜅 𝜌

density,  indicates the specific heat, and  represents the angular frequency of the heat current. 𝐶𝑝 𝜔

At a higher frequency range, when the thermal penetration depth is limited within the PDMS layer, 

we only detect the PDMS thermal conductivity of around 0.24 W/m-K. Further increasing the  𝐿𝑃

by reducing the frequency of the heating current (2 Hz to 7 Hz), the  can be extended into the 𝐿𝑃

sample layer, allowing us to determine the thermal conductivity of Chitosan-CAS and Chitosan-

CAS-MXene samples using a previously developed analytical model. 15,16

The density measurement was performed separately by weight and voltage measurements. 

The weight was measured by a balance (SARTORIUS, TE214S Analytical Balance), and the 

voltage was measured by a 3D laser scanning microscope (KEYENCE, VX-X1000). 1,3,5,6

Physical Characterization 

X-ray diffraction (XRD) analysis was completed to show the corresponding peaks of pure 

MXene, CAS powder, Chitosan-CAS TE composite films, and Chitosan-CAS-MXene TE 

composite films. The XRD analysis employed a Cu-Kα radiation source on a Rigaku mini flex 

operating at 15 mA and 30 kV. X-ray photoelectron spectroscopy (XPS) analysis was performed 

to study the formation of bonds between CAS, MXene, and Chitosan in Chitosan-CAS and 

Chitosan-CAS-MXene TE composite films as well as the chemical states of CAS powder and 

pristine MXene. Raman analysis was conducted to show the peaks corresponding to Chitosan-

CAS and Chitosan-CAS-MXene composite films, CAS powder, and pure MXene. Changes in the 

full width at half maximum (FWHM) and Raman shift of phonon modes (phonon softening) 



illustrate changes in DOS effective mass, weighted mobility, and phonon vibrations caused by 

introducing dislocations and interfaces with pressure.17-19 The study of the surface microstructure 

of the TE composite films as well as particle-size distribution of CAS powder, pure MXene, and 

Chitosan-CAS TE composite films as well as Chitosan-CAS-MXene TE composite films was 

carried out using field emission scanning electron microscopy (SEM/FESEM) and high-resolution 

transmission electron microscopy (HRTEM). The SEM/FESEM images of Chitosan-CAS-MXene 

TE composite films were taken using Zeiss/Nova NanoSEM 450 (FEI). Additionally, the presence 

of nano-defects and interfaces between MXene, CAS particles, and Chitosan binder in both 

Chitosan-CAS and Chitosan-CAS-MXene TE composite films were characterized using HRTEM. 

The elemental composition study on all four samples used energy-dispersive X-ray spectroscopy 

(EDAX/EDS). TEM, HRTEM, and EDAX were performed using JEM2100F at an operating 

voltage of 200 kV using a working voltage of 8 V and a working distance of 3 mm.  Selected area 

diffraction (SAED) was employed to study the orientation, lattice spacing, and crystalline 

information of CAS and MXene in both Chitosan-CAS and Chitosan-CAS-MXene TE composite 

films. Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) properties were 

analyzed using nitrogen (N2) adsorption (BELSORP-MAX) to estimate the surface area, volume, 

and pore size of both Chitosan-CAS and Chitosan-CAS-MXene TE composite films. The N2 

adsorption-desorption isotherms were carried out at 77 K. UV-visible spectrophotometry (UV-

VIS) was completed to illustrate the band gap, and Ultraviolet photoelectron spectroscopy (UPS) 

was completed to analyze the work function interface potential, as well as the distance between 

the Fermi level and the valence bands in CAS powder, 2D MXene Nanosheets, as well as Chitosan-

CAS and Chitosan-CAS-MXene composite films. The energy band diagram (Figure 6) shows the 



formation of an energy barrier at the Chitosan-CAS/MXene interface through UPS and UV-Vis 

analysis (Figure 6, S5), decoupling electrical conductivity with the Seebeck coefficient. 20,21



Figure S1. EDAX, TEM image with its corresponding elemental mapping and a data table 

illustrating elemental concentrations in terms of wt.% and at.% for (a) CAS powder, (b) Chitosan-

CAS, and (c) Chitosan-CAS-MXene TE film.



Figure S2. Room temperature (a) Electrical conductivity and Seebeck coefficient (b) Carrier 
concentration and mobility (c) Power Factor of Chitosan-CAS (325-mesh, 0.01 wt.%) TE 
composite films using three different tetrahedrite compositions (CAS, CNAS, and CNZAS)



Figure S3. (a,b) FESEM images of Chitosan-CAS composite films, (c) ImageJ analysis of Micron-
sized TE particle count vs. particle size of Chitosan-CAS film, (d,e) FESEM images of Chitosan-
CAS-MXene composite films, and (f) ImageJ analysis of Micron-sized TE particle count vs. 
particle size of Chitosan-CAS film.



Figure S4. (a-c) Cross-section images of Chitosan-CAS-MXene TE film, and (d-k) EDAX 
elemental mapping of Chitosan-CAS-MXene TE film.

235µm



Figure S5. (a) Full XPS Spectra for Chitosan-CAS TE Film and CAS Powder, (b) C 1s for CAS 
Powder, (c) S 2p for CAS Powder, (d) N 1s for Chitosan CAS Film, (e) C 1s for Chitosan-CAS 
Film, (f) S 2p for Chitosan-CAS TE Film and CAS Powder.



Figure S6. Wide range UPS (He I: 21.21 eV) spectrum of (a) CAS Powder, (b) Chitosan-CAS, (c) 

Chitosan-CAS-MXene TE film. UPS spectra of (d) Pure MXene at the secondary edge region for 

direct determination of the work function and (e) its corresponding wide range spectrum (He I: 

21.21 eV).



Figure S7. Nano-sized TE particle count vs. particle size using ImageJ software of (a) Chitosan-
CAS TE composite films, (e) Chitosan-CAS-MXene TE composite film with their corresponding 
FESEM images in the inset. Nanoscale pore count vs. pore size, using ImageJ software for counting 
the pores of (b) Chitosan-CAS TE composite films and (f) Chitosan-CAS-MXene TE composite 
films. Pore size distribution of (c) Chitosan-CAS TE composite films and (g) Chitosan-CAS-
MXene TE composite films were obtained from a BET analysis. Nitrogen adsorption-desorption 
isotherms of (d) Chitosan-CAS TE composite films and (h) Chitosan-CAS-MXene TE composite 
films.



Figure S8. (a, b) TEG device setup showing temperature difference, (c) internal device resistance, 

(d) open-circuit voltage output, and (e) device setup, (f) Normalized open circuit voltage of TEG 

vs. bending cycles, V0 and V, is open circuit voltage before and after bending.

(f)



Table S1. Room-temperature comparison of electrical conductivity, Seebeck coefficient, power 
factor, thermal conductivity, and ZT for Chitosan-TE composite films versus other binder-based 
composites in existing literature.

Material Binder Electrical 
conductivity 

(S/cm)

Seebeck
Coefficient

(μV/K)

Power 
Factor

(μW/mK2)

Thermal
Conductivity

(W/m-K)

Figure 
of 

Merit
(ZT)

Ref.

p-BST Chitosan 600 174 2100 0.78 0.7 1
p-BST
n-BTS

Chitosan 660
286

186
194

2520
989

0.77
0.65

0.89
0.5

3

p-Sb2Te3
n-Bi2Te3 

Removable 
binder

1250
550

100
140

- 1.3
1.0

0.28
0.33

4

p-BST
n-Bi2Te3

chalcogenidomet
allate (ChaM) 

ions

550
500

200
155

- 0.62
0.58

0.9
0.6

5

p-BST
n-BTS

chalcogenidomet
allate (ChaM) 

ions

700
650

170
120

- 0.5
0.53

1.21
0.67

6

n-BTS Removable 
binder

477 190 1722 0.65 0.9 7

p-Sb2Te3
n-Bi2Te3

Epoxy resin 862 315
17

152
275

737
128

0.54
0.24

0.41
0.16

8

n-Bi2Te3 
+1%Se

Epoxy resin 862 140 200 470 0.38 0.31 9

Sb2Te3 NFC Hydrogel 233 104 214 - n/a 10
n-BTS Chitosan 200 202 808 0.4 0.4 11
Sb2Te3 Epoxy resin 862 30 217 138 - n/a 12
Sb2Te3 Epichlorohydrin 

polyglycol-
based epoxy

100 138.4 192 0.426 0.135 22

Ca3Co4O9 - 142.8 133 232 - n/a 23
 

p-BST+8%Te Epoxy polymer 12 200 180 0.24 0.2 24
n-BTS Disperbyk-110 275 142 560 0.55 0.43 25
p-BST Disperbyk-110 700 204 3000 0.95 1 26
p-BST
n-BTS

Removable 
binder

700
570

195
190

- 0.92
0.95

0.93
0.64

27

Cu12Sb4S13 + 

MXene

Chitosan 454 82 302 0.40 0.22 This 

work



Table S2. Room-temperature comparison of electrical conductivity, Seebeck coefficient, power 
factor, thermal conductivity, and ZT for bulk Cu12Sb4S13 pellets from literature versus Chitosan-
CAS and Chitosan-CAS-MXene TE composite films.

Material Electrical 
conductivity 

(S/cm)

Seebeck
Coefficient

(μV/K)

Power 
Factor

(μW/mK2)

Thermal 
Conductivity

(W/m-K)

Figure 
of 

Merit
(ZT)

Fabrication method Ref.

Cu12Sb4S13
(Bulk TE 
pellets)

400 85 289 1.3 0.08 Individual elements of Cu, 
Sb, and S were mixed in an 
atomic ratio in vacuum ► 
heated at 923 K and held 
for 12 hours (1st annealing) 
► slowly cooled to RT ► 
1st Ball-milling (5 min) ► 
cold-pressing ► 2nd 
annealing (2 weeks @ 723 
K) ► 2nd Ball-milling (30 
min) ► sintering for 30 
min. (703 K @ 80 MPa)

28

Cu12Sb4S13
(Bulk TE 
pellets)

1000 80 640 1.27 0.15 Individual elements of Cu, 
Sb, and S were mixed in an 
atomic ratio in vacuum ► 
heated at 973 K (1st 
annealing) ► 2-step 
cooling (30 hr. @ 823 K 
followed by RT) ►  1st 
Ball-milling ► cold-
pressing ► 2nd annealing 
(25 hr. @ 773 K) ► 2nd 
Ball-milling ► sintering 
for 1 hr. (803 K @ 60 
MPa)

29

Cu12Sb4S13
(Bulk TE 
pellets)

500 115 661 0.95 0.2 Individual elements of Cu, 
Sb, and S were mixed in an 
atomic ratio in vacuum ► 
heated to 973 K and held 
for 3 hr. (1st annealing) ► 
2-step cooling (30 hr. @ 
793 K followed by RT) ► 
1st Ball-milling ► cold-
pressing ► 2nd annealing 
(25 hr. @ 793 K) ► 2nd 
Ball-milling (crushed to 
200 um) ►  sintering for 
30 min. (793 K @ 60 MPa)

30

Chitosan- 
Cu12Sb4S13 

(TE 
composite 

film)

275 59 96 0.70 0.04 Low thermal budget 
additive manufacturing 
method using Cu12Sb4S13 
325 Mesh combined with 
Chitosan ink ► Sonicated 
for 30 min ► Cured (30 
min @ 120C) ► Pressed 
(30 min @ 20 MPa)

This 
work

Chitosan- 
Cu12Sb4S13 
- MXene

(TE 
composite 

454 82 302 0.41 0.22 Low thermal budget 
additive manufacturing 
method using Cu12Sb4S13 
325 Mesh combined with 
Chitosan ink ► Sonicated 
for 30 min ► Cured (30 

This 
work



film) min @ 120C) ► Pressed 
(30 min @ 20 MPa) ► 
(MXene drop cast ► 
Pressed (20 min @ 20 
MPa))(3x)



Table S3: Binding energy and oxidation states for the XPS peaks for the elements present in 
Chitosan-CAS-MXene TE film, Chitosan-CAS TE Film, CAS powder.

* Data reference NIST XPS database 

Elements Peak Binding Energy (in eV) Oxidation 
State

BE
(this work)

Cu 2p1/2 951.7 +1 951.86

Cu 2p3/2 932.3 +1 932.25

Cu 2p1/2 953.3 +2 953.7

Cu 2p3/2 933.1 +2 933.8

Sb 3d3/2 538.0 +3 539.4

Sb 3d5/2 528.21 +3 530.1

Sb 3d5/2 527.0 0 528.4

Sb 3d3/2 536.2 0 537.8

S 2p1/2 161 -2 161.2

S
Ti-S
Ti-S

        Ti-S
Ti-S
Ti-C
Ti-O
Ti-O
N-H

        C-N-C
        C-N 
        C-C   

2p3/2

2p3/2

2p1/2

       2p3/2

2p1/2

2p3/2

       2p3/2

2p1/2

         1s
         1s
        1s
        1s
      

162.8
160.90

               162.0
                456.2

462.2
454.9
458.6
464.7
399.3
403.9
286.6

                284.5

-2 162.4
161.12
162.40

           455.5
463.8
455.0
458.5
464.9
399
400

285.2
284.3



Table S4. Comparison of printed TEG device performance between previous reports and this 

work.

No. of 
elements

Internal resistance 
(W)

Max Power 
(μW)

ΔT 
(K)

Power density 
(mW/cm2)

Reference

3 - 58 38 3.5 1

9 12 73 40 0.566 2

12 6.9 357.6 40 5.0 3

8 0.35  50 3.8 4

6 0.105 1620 39 1.42 5

4 8.5 54 80 18.8 26

152 685 406 47 1.84 27

10*10 22 173 19.7 0.15 31

7 200 2.26 30 - 32

24 ~1600 0.015 35 - 33

254 25 3.14 123 0.029 34

20 140 8.42 20.9 - 35

4 - 0.141 50 2.7 36

40 130k 0.08 75 - 37

40 200 6.5 25 0.000149 38

142 1.94 166 46.2 2.43 39

50 - 5.55 18.7 0.0061 40

48 300 2.61 22 0.003 41

16 7.2k 0.04 20 - 42

14 8.5k 0.21 30 - 43

4 - - 70 0.22 44
200 380k 0.032 40 - 45

50 2.33k 10.5 20 0.075 46

10 100 130 70 1.23 47

5*10 55 33 20 0.28 48

8 592 0.444 20 - 49

50 55 33 20 0.28 50

5 3.3 5.3 25 0.14 This work



Environmental Impact of CAS-Chitosan and Chitosan-CAS-MXene

The impact of the CAS-Chitosan and CAS-MXene-Chitosan composite materials on the 

viability of Shewanella oneidensis MR-1, an environmentally relevant Gram-negative 

bacterium.51-53, was measured to determine the potential environmental impact of these 

thermoelectric composite materials once released to the environment post use. Bacterial viability 

tests were conducted following a previously reported protocol of growth-based viability (GBV) 

assay.52, 53 Shewanella oneidensis MR-1 106686 was stored at -80°C until use. The bacterial stock 

was plated on a sterilized Luria-Bertani (LB) agar plate and incubated at 30°C overnight. The 

resulting bacterial colonies were inoculated in 10 mL of LB media and incubated in an orbital 

shaker at 30°C and 250 rpm for 4-6 hours or until the mid-log phase (optical density at 600 nm or 

OD600~0.5). Next, the culture was centrifuged at 1000 x g for 10 minutes, resuspended with 0.2 M 

phosphate-buffered saline (PBS), and centrifuged again at 1000 x g for 10 minutes. The pellet was 

resuspended in HEPES buffer (2 mM HEPES, 25 mM NaCl, pH=7.4) to obtain a OD600 value of 

~0.1. In a 96-well plate, the bacteria were exposed to the thermoelectric composite materials 

namely CAS-Chitosan and CAS-MXene-Chitosan at concentrations ranging from 0 to 600 mg/L, 

as well as an antibiotic, kanamycin at concentrations (0, 20, 50) mg/L for 1 h. After the exposure, 

a 5 L of each suspension was removed and added to 195 L of fresh LB broth in a new 96-well plate 

in triplicates. OD600 was measured with a Molecular Devices Versamax absorbance microplate 

reader every 20 minutes over the course of 18 h at 30°C with medium intensity shaking for 30 

seconds prior to each reading. Each sample was analyzed in triplicates to obtain an average reading 

and standard deviation. The experiment was repeated three times. The normalized bacterial 

viability at each composite material as well as the antibiotic concentration was calculated using 

the following equation for a certain steady-state time point:54



(OD600 sample – OD600 media control)/ (OD600 negative control - OD600 media control), where the 

media control is obtained from a HEPES buffer, and the negative control is obtained from bacterial 

exposure to water. The bacterial viability is proportional to the absorption of the sample at 600 nm 

(OD600). A minimal or no decrease in bacterial viability is expected when the bacterial cells are 

exposed to a benign material. Figure S8 shows the normalized bacterial viability of Shewanella 

oneidensis MR-1 when exposed to increasing concentrations ranging from 0 to 600 mg/L of the 

studied thermoelectric composite materials in water. It can be seen that all the composite materials 

do not adversely impact bacterial growth in this concentration range. The figure also shows the 

normalized bacterial viability of Shewanella oniedensis MR-1 when exposed to an antibiotic, 

kanamycin in water, which acts as a positive control, and it is seen that there is a significant 

decrease in viability at concentrations higher than 50 mg/L. Thus, it is concluded that should these 

thermoelectric devices degrade, leak, or are exposed to the natural aqueous environment post-use, 

they should be safe for the environment at exposure concentrations up to 600 mg/L.



Figure S9. Normalized bacterial viability results of averaged biological triplicate samples of 

Chitosan-CAS and Chitosan-CAS-MXene inks (0-600 mg/L), and kanamycin antibiotic (0, 20, 50 

mg/L) on Shewanella oneidensis MR-1.
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