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Abstract

Traditional thermoelectric generators (TEGs) face scalability challenges due to
high-temperature, long-duration curing processes and rare-earth/toxic chalcogenides such
as Bismuth Telluride. Additive manufacturing has been investigated as a more time-,
energy- and cost-efficient method that offers greater flexibility than traditional
manufacturing techniques. Additionally, tetrahedrites are promising thermoelectric
materials in high-temperature applications because they are non-toxic and earth-abundant.
Herein, this work demonstrates the fabrication of scalable and sustainable Cu;,SbsS;3
(CAS) based composite films and flexible TEG devices (f~TEGs) with 2D MXene
nanosheets using a low-thermal budget additive manufacturing approach for room
temperature applications. 2D MXene nanosheets introduced energy-barrier scattering and
nanoscale features to effectively increase the room-temperature ZT to 0.22, 10% higher
than bulk CAS, by decoupling electrical conductivity, Seebeck coefficient, and thermal
conductivity. CAS and 2D MXenes were found to be environmentally safe through a
bacterial viability study. The process is used to create a 5-leg /~TEG device producing a
power of 5.3 uW and a power density of 140 ulWW /cm? at a AT of 25 K. Therefore, this
work demonstrates that combining scalable and sustainable materials and methods is an
effective strategy for high-performance room-temperature /~TEGs that could potentially

harvest the low waste heat energy of the human body.
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1. Introduction

Thermoelectric generators (TEGs) are alternative energy harvesting technologies
that convert waste heat into electrical power through the Seebeck effect. TEGs have gained
attention due to their potential to harness lost heat energy and are expected to play a crucial
role in future wearable health monitoring devices.! Current battery technology cannot meet
the needs of wearable devices that provide continuous health monitoring (blood sugar,
heart rate, etc.) due to prolonged periods of recharging and significant device downtime.
Integrating additional power sources into wearables is challenging, with bulky batteries
and tethered power sources not ideal due to their impact on aesthetics and comfort. A cost-
effective, sustainable, and efficient solution that could be easily incorporated into existing
wearable designs that prolong device usage and minimize downtime would greatly benefit
consumers. Researchers are investigating the potential of utilizing body heat to power
wearable devices, a promising solution to the battery life issue. Therefore, self-sufficient
remote health monitoring drives demand for high-performance room temperature-based

sustainable and scalable thermoelectric devices.2

To effectively harvest the low waste heat energy in room temperature environments
(<50 °C) from non-planar surfaces like the human body, the thermoelectric devices must
utilize manufacturing techniques that introduce flexibility into TEG designs. Flexible
thermoelectric generators (f~TEGs) can be produced through additive manufacturing
techniques like screen printing, which offer cost advantages, scalability, and manufacturing
efficiency.’* Bismuth Telluride (Bi,Tes) and its different alloys have been extensively used
in f~-TEGs for harvesting low-waste body heat due to their high figure of merit (ZT) near 1

at room temperature.>>-8 This highlights its potential as a supplementary power source for
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wearable devices.”!'® However, the high cost, toxicity, and rarity of Tellurium raises
concerns about its environmental sustainability.!! Researchers have additionally focused
on organic polymers for sustainable thermoelectric materials efforts, but a combination of
a time and energy-consuming synthesis processes, TE performances below that of
inorganic counterparts, and limited recyclability hinder their scalability and wide market
adoption.!?-!® Therefore, research has been expanding to utilize a combination of
sustainable thermoelectric materials that are naturally occurring with energy-efficient
additive manufacturing methods that do not bring materials to high temperatures for long

durations.!9-26

Tetrahedrites such as Cu;;SbsS;3 (CAS) have been identified as promising
sustainable thermoelectric (TE) materials. They are composed of inexpensive, earth-
abundant, and non-toxic elements such as copper (Cu) and sulfur (S) and exhibit high ZTs
in high-temperature applications.?”-?® Suekuni et al. demonstrated the first study of the
thermoelectric properties of CAS using a bulk fabrication technique with a two-step
annealing and ball-milling process with a ZT value of 0.7 for bulk-CAS at a temperature
of 665K.?%30 This illustrated that CAS-based thermoelectric materials could be strong
candidates under the increased phonon vibrations and lower thermal conductivities in high-
temperature applications.?’-32 The decrease in phonon vibrations at lower temperatures
(<600K) contributed to a higher thermal conductivity and lower ZT of 0.15 at 340K.2%-3¢
Efforts have been explored to improve the ZT of CAS at room temperature, including
doping at the copper (Cu), antimony (Sb), and sulfur (S) sites. Suekuni et al. found that
replacing Cu with Ni in Cu;sNi;sSbsS;3 led to a 45% rise in ZT to 0.22 at room

temperature.?*3? However, the fabrication of bulk materials utilized in these studies
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involves energy and time-intensive techniques that result in rigid devices that are
unsuitable for use on the human body. Therefore, while CAS shows potential as a
sustainable TE material, a need exists to fabricate CAS-based composites and /~TEGs that

can conform well with the human body with high performances at room temperature.

Thus, this work implements our additive manufacturing technique on CAS and its
nickel and zinc-doped alloys to address historical challenges faced by printed TE
composite films and f~TEGs caused by high binder weight ratios, high sintering
temperature, poor interfacial connections between TE particles and the polymer binder.33
39 The combination of a small amount of insulating Chitosan binder (0.01 wt.%), a wide
distribution of heterogeneous (micron and nano) particle sizes, uniaxial applied mechanical
pressure (20 MPa), and a low thermal budget curing process allows for the energy efficient
additive manufacturing of CAS based TE composites and /~TEGs as shown in Figurel.
The presence of nominal amounts of insulating polymer binder, nano-sized thermoelectric
particles and pores, and polymer-particle interfaces helps to decouple electrical and thermal
conductivity, values usually interdependent and challenging to control independently.
However, the naturally low ZT of CAS at room temperature and lower electrical
conductivity values within additive manufacturing approaches highlight the need for
improved room-temperature TE performances to fully leverage the advantages of the low

thermal budget sustainable additive manufacturing method.

Ti3C, (MXene) and Graphene have been previously explored for increasing TE
performances for materials such as BST with more research needed to study the effects on
tetrahedrite based TE materials. MXenes, being highly conductive and serving as suitable

ion hosts for effective intercalation when compared to alternatives such as Graphene, were



Journal of Materials Chemistry A

now investigated in CAS-based sustainable composites.**-4> MXenes are a family of
layered 2D transition-metal carbides and nitrides used in various applications.*¢4” They are
obtained by selectively etching the "A" layers (II A or IV A elements such as Al and Si)
from MAX phases, which are layered carbides or carbonitrides with a general configuration
of M,:1AX,. MXene nanosheets improve the room temperature TE performance of CAS-
based composites as they possess unique properties including high electrical conductivity,
mechanical toughness, good hydrophilic nature, and the ability to bond easily with different
materials.44348-31 Therefore, improved room temperature ZT was achieved for Chitosan-
CAS composites with the incorporation of MXene by interfacial engineering, energy
barrier scattering, and nanoscale features which allowed for independent control of
electrical conductivity, Seebeck coefficient, and thermal conductivity. The printed
Chitosan-CAS-MXene composite films and /~TEG showed a ZT 10% higher than bulk
CAS at room temperature while utilizing an energy-efficient manufacturing technique with

a low thermal budget as shown in Figurel.?’

This work used the optimized composite TE materials and methods to fabricate a
5-couple /~TEG device using Chitosan-CAS composite inks and MXene drop-casting to
demonstrate the potential of low-thermal budget additive manufacturing techniques on
device designs. A maximum open circuit voltage of 8.4 mV and a maximum power output
of 5.3 uW was achieved with a power density of 140 pl¥/ /cm? at a temperature difference
(AT) of 25 K as shown in Figurele. A flexibility test was performed by bending the TEG
device at a 3.5 cm radius for 1000 cycles, resulting in an only 6% increase in internal
resistance and no measurable change in voltage at a AT of 25 K. Additionally, a unique

study was conducted to determine the impact of CAS and MXene on the environment by
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examining the viability of TE materials on bacterial growth. The study tested the effects of
Chitosan-CAS and Chitosan-CAS-MXene inks on Shewanella Oneidensis MR-1, an
environmentally relevant gram-negative bacterium, demonstrating that CAS and MXene

inks are environmentally safe.*!

(a) Status Quo of Existing Thermoelectric Generators (TEGs)

Rigid and High Thermal Budget Sintering
7 Costly Manufacturing Technique
Cu,»5b,S,5 (CAS) Conventionally Used In
High Temperature Applications, With
Low ZTs at Room Temperature
- Rare Earth and Toxic Materials (Bi, Te)
Harmful To Environment

(b) Additive, Low Thermal Budget Manufacturlng Technlque

CAS Powder

) P T ) \‘\)
\

+DMSO

y TE Ik g\
Compact Packing of Addltlve Stencil Printing Applied Mechanical Pressure
Heterogenous (pm & nm) Technique at Low Thermal (Scatters Phonons & First Of Its
CAS+Chit, Particle Si i icati ji
+Chitosan Particle Sizes Budget For TE Film Fabrication Introduces Lattice Defects) Kind CAS TE
(3x) \ Composite
(Jtﬂf (ﬂ
CAS MXene
Mxene/DI
TE Composite V\f;';f Ink

Tri-layer Coating and Densification Of 2D MXene Nanosheets Atop Chitosan-CAS

CAS+MXene Films Introduced Energy Selective Scattering of Charge Carriers
Composite f-TEG (Decouples Electrical, Thermal Conductivity, and Seebeck Coefficient)
(c) Results

High ZT of 0.22 at Room Temperature

Decoupled All Thermoelectric Parameters

Low Thermal Budget Additive Manufacturing For CAS+MXene Composite TE Films and f~-TEGs
Environmental Sustainability Test Conducted For CAS and MXene

Scalable ~TEG Exhibited Power Density of 140 pW/cm? and Output of 5.3 pW at AT of 25K

Figure 1. (a) Comparison of existing TEs and manufacturing techniques and their
challenges, (b) graphical research flow for the fabrication of high-performance scalable
and sustainable TEs composite films and f~-TEGs at room temperature by investigating the
impact of a low thermal budget manufacturing method including a low binder
concentration, heterogeneous particle sizes, and mechanical pressure which results in (c)
non-toxic CAS TE particles and MXene nanosheets to decouple electrical conductivity,
Seebeck coefficient, and thermal conductivity.
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2. Results and Discussion
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Figure 2. (a) XRD patterns, Raman spectra of (b) CAS powder, Chitosan-CAS, and
Chitosan-CAS-MXene TE composite film, (¢) Raman spectra of CAS powder, Chitosan-
CAS, and Chitosan-CAS-MXene TE composite film showing peaks of CAS, (d) Raman
spectra of Chitosan-CAS-MXene TE film and Pure MXene showing peaks of MXene, (e)
Raman spectra showing the Chitosan peak in CAS composite films compared to CAS
powder, and (f) FWHM for CAS powder, Chitosan-CAS, and Chitosan-CAS-MXene TE
composite films.

CAS powder was utilized to fabricate Chitosan-CAS and MXene based composites
and /~TEGs with detailed experimental and material characterization procedures available
in Section 3 and the supporting information. Figure 2a shows the powder X-ray diffraction
(XRD) patterns of CAS powder, and Chitosan-CAS based composite films acquired and
manufactured using experimental procedures detailed in the Supporting information. The
XRD peaks of CAS in the Chitosan-CAS and Chitosan-CAS-MXene composite films

closely match those of the pure CAS powder and are consistent with the standard database
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of CAS XRD peaks (JCPDS 42-0561), indicating the presence of CAS within the
composite films.32233 The low weight percentage of Chitosan and MXene results in their

corresponding peaks being less pronounced in the XRD analysis of composite films.

Raman analysis was conducted to confirm the presence of CAS, Chitosan, and
MXene peaks and investigate pressure-induced defects (Figures 2b-e). The Raman spectra
show dominant peaks corresponding to CAS (340 cm!) in Chitosan-CAS films alongside
peaks corresponding to MXene (236 and 690 cm') for Chitosan-CAS-MXene films
(Figures 2¢,d). Additionally, a Raman peak corresponding to Chitosan (1399 cm!) was
present in Chitosan-CAS composite films not otherwise seen in CAS powder (Figure 2e),
indicating the presence of Chitosan in the composite films.’*>° CAS and MXene Raman
peak shifts were observed in the TE composite films compared to CAS powder and pristine
MXene, as shown in Figures 2¢,d. Intensity changes in full-width half maximum (FWHM)
indicate the introduction of dislocations and interfaces with applying pressure in composite
films (Figure 2f)33-3960-62 Energy-dispersive X-ray spectroscopy (EDAX) and
Transmission Electron Microscopy (TEM) imaging confirm the elemental mappings of
CAS Powder, Pristine MXene, Chitosan-CAS, and Chitosan-CAS-MXene composite films
(Figure S1). Furthermore, X-ray photoelectron spectroscopy (XPS) analysis was

additionally used to confirm these elemental compositions as discussed later.
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Figure 3. Room temperature (a) Electrical conductivity and Seebeck coefficient, (b)
Carrier concentration and mobility, (c) Power Factor of Chitosan-CAS (325-mesh) TE
composite films using three different chitosan binder weight ratios (1:2000, 1:5000, and
1:10000), (d) Electrical conductivity and Seebeck coefficient, (¢) Carrier concentration and
mobility, and (f) Power Factor of Chitosan-CAS and Chitosan-CAS-MXene (325-mesh,
0.01 wt.%) TE composite films.

The electrical conductivity, Seebeck coefficient, carrier concentration, and mobility
of p-type composite films made from Chitosan and Tetrahedrite with different
compositions Cuj;pSbySi3 (CAS), CujNixSbysSi3 (CNAS), and CuyoNi; sZngsSbsSi3
(CNZAS) were investigated as shown in Figure S2. The composite films contain
tetrahedrite particles with a particle size of 325 mesh and a Chitosan binder in a 1:10000
ratio to the tetrahedrite particles. Figure S2 illustrates that CAS-composite films achieved
the highest average room temperature power factor of 96 uW/mK? when compared to the
doped counterparts CNAS and CNZAS, attributed to the large charge carrier
concentrations when substituting Ni>* with Cu'* in the valence band.?”2%3%63 The strong

performance of the Chitosan-CAS TE led to its selection for further experimentation in this
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research, representing a significant advancement in binder-based tetrahedrite composite
films.

Figure 3 demonstrates the effect of varying weight ratios of the polymer Chitosan
binder and the addition of MXene in the composite films on TE performances.
Incorporating a polymer binder can make the additive manufacturing process for
thermoelectric composites quicker and more energy-efficient than conventional bulk
techniques. However, the insulative nature of the binder can significantly reduce electrical
conductivity. Previous research shows that when the mass loading of an insulating polymer
binder, such as epoxy, in a composite film exceeds 15 wt.%, the electrical conductivity can
be as low as only 40% of the comparable bulk value. More details on polymer binder
inclusions in TEGs are available in Table S1.33-° Our Chitosan-CAS composite film
exhibits a much higher electrical conductivity, near 55% of the corresponding bulk value,
without requiring a high-temperature sintering or long annealing process. (Figure 3a-c).
19-32,64-68 Table S2 compares room temperature TE performance between the present work

and bulk CAS pellets.

In addition to a small amount of Chitosan binder (0.01 wt.%), the high electrical
conductivity of the CAS composite films (comparable to bulk CAS) can be attributed to
the synergetic effects of a wide distribution of heterogeneous (micron and nano) particle
sizes and a uniaxial applied mechanical pressure during fabrication to replace pellet
manufacturing.?’33-3° The morphology and heterogeneous particle size distribution were
investigated using a field-emission scanning electron microscope (FESEM) for Chitosan-
CAS and Chitosan-CAS-MXene composite films (Figure S3). The size of TE particles was

calculated using SEM images (Figures S3a,d), and Image] software (Figures S3c,f) was
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estimated to be 6 um. The CAS particles are 325 mesh, a process that filters particles in a
sieve with 44-micron openings, allowing nano- and micron-sized particles to be
incorporated. Due to the three-dimensional nature of the particles, such as cylinders, cones,
ellipses, and prisms, a nonuniform particle size distribution is expected. The presence of
microns, nanoparticles, and pores (indicated by white arrows) of the 325-mesh Chitosan-
CAS TE and Chitosan-CAS-MXene composite film are illustrated in Figures S3b,e.33-3
Additionally, cross-sectional SEM images are available in Figure S4 clearly showing

Chitosan-CAS-MXene uniform distribution within the composite film.

The presence of fine (nanoscale) particles among coarse (microscale) particles in
the composite film helps contribute to an increased packing density near 3.8 g/cm?,
approximately 88% of the bulk CAS density under the application of pressure, plastically
deforming them into bigger grains with large mean free paths (detailed density
measurement available in the Supporting Information).33-3%6%-71 These grains facilitated an
enhanced charge carrier flow with minimal scattering at the grain boundary, improving the

electrical conductivity of CAS composite films.33-3

(@) (b) _ (c)

—_— TiJCZT‘ MXene

(002)

Intensity (a.u.)
Intensity (a.u.)‘

200 nm

_— TiaczTK MXene

200 400 600
20 (degrees) Raman shift (cm'1)

Figure 4. Characterization of as-synthesized MXenes. (a) XRD pattern of MXenes
showing the delaminated nanosheets, (b) TEM image confirming the presence of single to
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few layers of MXenes, (c) Raman spectra of 2D MXene nanosheets showing MXene
vibrations.

The thermoelectric performance of Chitosan-CAS composites was enhanced by 2D
MXenes drop casting. The addition of 2D MXene nanosheets into Chitosan-CAS films
significantly improved their thermoelectric (TE) performance at room temperature,*0:47-30-51
This integration led to higher electrical conductivity and Seebeck coefficient while
reducing thermal conductivity. The performance improvement is mainly determined by the
quality of the synthesized MXene. High quality MXene’s are produced when the MAX
phase is etched using a mixed acid mixture of hydrofluoric and hydrochloric acids
(HF+HCI). The X-ray diffraction (XRD) pattern of MXene (Figure 4a) shows the
disappearance of the (014) peak at 39° and the shift in the 002 peak from 9.6° to 6.19°,
confirming the complete removal of Al layers and the delamination into single to few layers
of MXene flakes. The formation of delaminated MXene flakes is further supported by the
transmission electron microscopy image in Figure 4b. The shift in Raman vibrations
indicates that the lattice parameters of as-synthesized 2D MXenes change after etching,
attributed to increased interlayer spacing, the appearance of new surface terminations, and

in-plane defects.*+*3

Upon drop-casting MXene layers onto Chitosan-CAS composite films, the
electrical conductivity increased by 65% and reached 454 S/cm, comparable to the bulk
CAS values.?!"”? The incorporation of MXene in Chitosan-CAS films increased by over 20%
in carrier concentration without significantly impacting the mobility. This increase in
electrical conductivity can be attributed to the synergistic characteristics of MXene,
including its highly conductive metallic nature (4600 S/cm), its ability to form Ti-S

elemental bonds, and its ability to facilitate the formation of Chitosan-CAS/MXene hetero-
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interfaces causing high energy carrier injection.*! 2D MXenes high carrier concentration
contributes to its highly conductive metallic nature, which is two orders of magnitude
greater than that of bulk CAS, increasing the electrical conductivity of the overall

composite film.4!
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Figure 5. (a) Full survey spectra of Chitosan-CAS-MXene TE composite film, High-
resolution XPS spectra of (b) Ti 2p, (c) S 2p, (d) Cu 2p, (e) Sb 3d, (f) C 1s left, N 1s right

for Chitosan-CAS-MXene film.

The XPS analysis was investigated for all films, as shown in Figure Sa, S5 with
full binding energy and oxidation states for the XPS peaks available in Table S3. The XPS
confirms the presence of bonding states and oxidation states of MXene and Chitosan
(Figure 5b,f), as well as CAS (Figure 5¢,d,e) in Chitosan-CAS-MXene films.”>-8! The
formation of the Ti-S bond was observed from the newly formed Ti 2p peaks at binding
energies of 455 and 463 eV in the Chitosan-CAS-MXene film (Figures 5b). Additionally,

upon MXenes integration with Chitosan-CAS film, the S?- peaks broaden in the S 2p
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spectrum, further confirming the formation of Ti-S bonds and increasing the electrical
conductivity of Chitosan-CAS-MXene composite films (Figure S5a,c,f).82-%% The
formation of Ti-S bonds has been demonstrated to effectively increase the charge carrier
concentration and electrical conductivity due to the bonding defects induced by sulfur in

the Chitosan-CAS-MXene film.80-81
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Figure 6. UPS spectra of (a) CAS Powder, (d) Chitosan-CAS, and (g) Chitosan-CAS-
MXene TE composite film at the secondary edge region for direct determination of the
work function. UPS spectra of (b) CAS Powder, (e) Chitosan-CAS, and (h) Chitosan-CAS-
MXene TE composite film at the valence band edge region to measure the valence band
maximum. UV-Vis-NIR absorption spectra and Tauc plots (insets) of (c) CAS Powder, (f)
Chitosan-CAS, and (i) Chitosan-CAS-MXene TE composite film to determine the bandgap.
Energy scheme (j) before and (k) after metallic MXene and p-type CAS contact/synthesis.
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Ultraviolet photoelectron spectroscopy (UPS) and Ultraviolet-visible (UV-vis)
spectroscopy were used to determine the work function (¢), Energy gap (E,), Valence band
maximum (Ey) with reference to fermi level (Ef), and electron affinity () for CAS powder,
2D MXene nanosheets, Chitosan-CAS and Chitosan-CAS-MXene composite films
(Figure 6, S6). The energy band scheme for MXene and Chitosan-CAS (before contact)
and Chitosan-CAS-MXene film (post contact) were constructed using these ¢, E,, Ev, Ep,
and y values (Figure 6j). MXenes introduction in the Chitosan-CAS film resulted in the
formation of a Chitosan-CAS/MXene interface with two distinct work functions (Gcpitosan-
cas = 4.38 eV, Omxene = 4.30 V) (Figure 6k). The Fermi levels of Chitosan-CAS and
MXene align at equilibrium, resulting in a distinct work function for the Chitosan-CAS-
MXene film (dchitosan-cas-Mxene = 4.37 €V). This alignment occurs through downward
conduction and valence band bending on the Chitosan-CAS film, as is consistent when ¢,
type Semiconductor > PMetal, l€ading to the formation of an interface potential (Vg = ¢chiosan-cas

— Omxene) OF 0.08 eV at the Chitosan-CAS/MXene interface. 27-46:47,51.85

Previous research has shown that low energy charge carriers are scattered within
modest interface potentials (0.05 - 0.1 eV) contribute to improvements in Seebeck
coefficient while allowing for the unobstructed injection of high energy carriers into the
composite film contributing to improvements in electrical conductivity, a concept known
as energy barrier scattering.®>- 8 With the Vg of the Chitosan-CAS-MXene film, MXene
injects high-energy charge carriers into the Chitosan-CAS film, thereby increasing the
electrical conductivity of the composite film by 60%, reaching a value of 454 S/cm.
Moreover, the low-energy carriers are back-scattered due to the Vp, resulting in a Seebeck

coefficient of 82 pV/K for the Chitosan-CAS-MXene composite film, a 40% improvement
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compared to the Seebeck coefficient of Chitosan-CAS film without MXene (Figure 3d).
Therefore, adding MXene onto Chitosan-CAS composite films resulted in energy barrier
scattering, contributing to the decoupling and increase in the electrical conductivity and

Seebeck coefficient.*1-86

The introduction of energy barrier scattering by MXene resulted in a threefold
increase in the power factor of Chitosan-CAS composites, resulting in a power factor of
302 uW/mK? (as shown in Figure 3f). Notably, this high-power factor of the Chitosan-
CAS-MXene composite film, 5% higher than bulk CAS values, is achieved at room

temperature without requiring a high-temperature and lengthy fabrication process.?’

The measured room temperature in-plane and out-of-plane thermal conductivity of
Chitosan-CAS films were 0.70 W/m-K and 0.71 W/m-k, respectively. The thermal
conductivity of composite films was measured using the 3w method to provide reliable
thermal conductivity of films, following our reported sample preparations and the analysis
of the AC-modulated thermal response.?>?¢ The in-plane and out-of-plane thermal
conductivity were similar, meaning the composite film exhibited polycrystalline and
isotropic behavior indicated through the randomly dotted bright SAED pattern rings shown
in Figure 7f,i not otherwise seen in CAS powder Figure 7¢. More details on the 3 testing
methodology is available in the Supporting Information.33-3%8287 The measured thermal
conductivity of the Chitosan-CAS film is 55% of the bulk CAS value, driven by the
presence of nanoscale features (nanoparticles and nanopores).?”-*® These nanoscale features
coupled with pressure-induced lattice defects, the insulating Chitosan binder, and polymer-
particle interfaces scatter phonons within the composite film and decrease thermal

conductivity.
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Dresselhaus et al. pioneered nanostructuring by demonstrating how nanoscale
features can scatter phonons while allowing for an unobstructed flow of charge
carriers.80-3889 Experiments conducted by Lim et al. report optimal reductions in thermal
conductivity for bulk CAS are achieved when the particle size is near 25 nm.?® These
studies suggest that nanoscale features can help decouple thermal and electrical
conductivity, improving overall TE performance. These nanoscale features in the Chitosan-
CAS composite film were proven by FESEM and Brunauer—Emmett-Teller (BET)
analysis (Figure S7a-f). The average particle and pore size for the CAS composite films
was estimated to be ~10 nm (for ~24000 particles) and ~2 nm (for ~71000 pores in a 3.27
um x 2.45 um area), respectively, through ImageJ software shown in Figures S7a,b. The
presence of nanopores (0.00017 cm? in 1 gram) was proven by BET analysis (Figures
S7¢,d). Additionally, the N2 adsorption-desorption isotherm curve (Figures S7¢,d) shows
typical type IV isotherm corresponding to a mesoporous material (pore diameter between
2 and 50 nm), confirming the presence of nanoscale pores.’”-3¢8%% Furthermore, uniaxial
pressure on the composite film is believed to introduce lattice defects, which scatter
phonons and reduce thermal conductivity.3¢-3%! This was confirmed through Raman and
HRTEM analyses of CAS powder and Chitosan-CAS composite films (Figure 7a,d). The
Raman peak shifts (Figure 2¢,e) and intensity changes in FWHM (Figure 2f) indicate the
presence of lattice defects changing density of states (DOS) effective mass and weighted
mobility.”:8-33-39.86.8991 The DOS effective mass and weighted mobility of the Chitosan-
CAS film were calculated using Synder’s equation to be 1.4m. and 20 cm?/V-s,
respectively, representing a 35% and 30% change from the bulk values of 1.85m, and 28

cm?/V-s.923-3% These changes in DOS and weighted mobility due to applied pressure also
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indicate increased phonon vibrations contributing to the decreases observed in thermal
conductivity. Furthermore, XPS analysis shows peak shifts from bulk CAS to Chitosan-
CAS and Chitosan-CAS MXene films, confirming the introduction of lattice defects under
applied mechanical pressure (Figures 5a-c, S5).°°* The introduction of these pressure-

induced defects resulted in lattice spacing changes, as seen in HRTEM Figures 7b,e.?872.95-

97
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Figure 7. HRTEM images of (a, b) CAS powder, (d, e) Chitosan-CAS TE composite film
showing the presence of Chitosan-CAS interfaces, (g, h) Chitosan-CAS-MXene TE
composite film showing the presence of MXene-CAS interfaces at different magnifications.
SAED pattern of (¢c) CAS powder, (f) Chitosan-CAS TE composite film, and (i) Chitosan-
CAS-MXene TE composite film.

Adding 2D MXene nanosheets to the Chitosan-CAS composite film decreased
thermal conductivity. The resulting Chitosan-CAS-MXene film exhibited a thermal
conductivity of 0.41 W/m-K at room temperature, a 41% decrease compared to the
Chitosan-CAS film. This change in thermal conductivity with the inclusion of the 2D
MXene nanosheet is hypothesized to the similar characteristics seen in the Chitosan-CAS
film, including increases in the number of nanoscale features, further pressure-induced

lattice defects, and the formation of a MXene/CAS interface.

Figure S7 (FESEM and BET analysis) shows an increase in the nanoscale features
in Chitosan-CAS-MXene film compared to the Chitosan-CAS film. The number of
nanoparticles rose to ~41000, and the number of nanopores rose to ~75000, as shown in
Figure S7e-h vs the Chitosan-CAS FESEM image Figure S7a-d in the same size image
area. The average particle and pore size for the Chitosan-CAS-MXene composite films was
estimated to be ~9 nm and ~3 nm, respectively, through ImageJ software shown in Figures
S7e,f. The N2 adsorption-desorption isotherm curve (Figure S7h) confirmed the presence
of nanoscale pores.’-*%% The presence of nanopores increased tenfold to 0.00110 cm? in 1
gram, as shown by BET analysis (Figure S7g) as compared to the Chitosan-CAS film BET
(Figure S7c¢). The increase in nanoscale features with the addition of MXene caused an
increase in phonon scattering, contributing to decreased thermal conductivity in the

Chitosan-CAS-MXene film.
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Further pressure lattice defects were introduced upon adding the MXene layer in
the Chitosan-CAS-MXene film scatter phonons, which decreased overall thermal
conductivity.®6891 Raman peak shifts and FWHM intensity changes demonstrate the
increased lattice defects found in Chitosan-CAS-MXene films (Figure 2¢,d,f). Similarly,
XPS analysis Figure 5 shows the Sb peak broadening and a downward shift in the N s
peak, indicating increased phonon vibrations due to additional applied pressure.3-92-94
Moreover, introducing these defects by applying pressure resulted in lattice spacing
changes seen in HRTEM Figures 7e,h.?8:33-39.9597 These defects were shown to cause
changes in the calculated DOS effective mass, increasing 65% to 2.35m, and weighted
mobility doubling to 47 cm?/V-s. These changes in DOS effective mass and weighted
mobility further enhance the phonon scattering that decreases the thermal conductivity of
Chitosan-CAS-MXene films. The addition of MXene formed an interface with CAS as
shown in the Chitosan-CAS-MXene HRTEM images Figures 7g,h, not otherwise present
in the Chitosan-CAS HRTEM image Figure 7d. This interface also facilitated phonon
scattering, further decreasing the thermal conductivity,33-39-40,100-102
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Figure 8. (a) Schematic and (b) Photographic image of the fabricated TEG device, (c)
calculated and measured open circuit voltage with respect to temperature difference, (d)
TEG voltage, power, and current curve at AT of 15 and 25 K, (e) measured and calculated
ideal power density with respect to temperature difference, and (f) Normalized resistance
of TEG vs. bending cycles, Ry and R, is resistance before and after bending.

Finally, the Chitosan-CAS-MXene composite film demonstrated an increased
electrical conductivity and Seebeck coefficient while simultaneously facilitating a decrease
in thermal conductivity at room temperature with a ZT of 0.22, a four and a half fold
increase compared to Chitosan-CAS composite films. This confirms MXene’s decoupling
of thermoelectric parameters in CAS based TE composites, achieving a ZT 10% higher
than bulk CAS while utilizing an energy-efficient additive manufacturing technique. This
450% increase in room temperature ZT outperforms the up to ~50% increases previously
seen by other researchers with the addition of Graphene and MXene nanosheets onto

conventional chalcogenide TE materials.*%-47

To demonstrate the flexibility and scalability of CAS and MXene based /~TEG, a 5
single-leg CAS TEG device (5 cm x 2 cm % 250 pm) (length x width x height) was
fabricated by stencil printing with a resistance of 3.3 ohms (Figure 8b). The voltage and
power output characterizations were performed at room temperature, with more detailed
setup information shown in Figure S8. The measured voltage output increased linearly
with AT. It was comparable to the calculated open-circuit voltage using the Seebeck
coefficient of Chitosan-CAS-MXene films (Figure 8c¢). The maximum power output of 5.3
uW was achieved at a AT of 25K with a closed-circuit voltage of 4.2 mV and a current of
1.3 mA (Figure 8d). The maximum power density of 140 uW /cm? (including spacing
between thermoelements) was achieved at AT of 25 K. The increasing difference between

the measured and calculated power density curves with AT can be attributed to the
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increased device resistance at higher temperatures (Figure 8e). Table S4 compares the
existing literature on TEG device manufacturing (Supporting Information).

A flexibility test was conducted to assess the device's real-world durability,
measuring its resistance and voltage output during bending, serving as an indicator for
potential cracking.?3-3% This flexibility test involved 1000 cycles of bending the device at a
radius of 3.0 cm. Figures 8f, S8f illustrates the device's consistent resistance and voltage
output throughout the test. The device's internal resistance increased by 6% after bending,
and its voltage output decreased by 2%, demonstrating flexibility with no significant
cracking.

The potential environmental sustainability impact of Chitosan-CAS and Chitosan-
CAS-MXene thermoelectric materials was tested through a Shewanella oneidensis MR-1
bacterial viability test (Figure S9). The test followed a previously reported protocol for the
growth-based viability (GBV) assay on Shewanella oneidensis MR-1, a gram-negative
bacterium, with three biological replicates. Viability, a measure of bacterial concentration,
indicates bacterial cell growth when exposed to materials at specific concentrations.!03-105
Figure S9 presents the normalized viability results of both Chitosan-CAS and Chitosan-
CAS-MXene TE materials in water, with concentrations up to 600 mg/L, on Shewanella
oneidensis MR-1. Viability near 1 across all tested concentrations suggests that strong
bacterial growth and the materials are environmentally safe should these thermoelectric
devices degrade, leak, or be exposed to the natural aqueous environment post-use to
bacteria within that concentration range. Therefore, Chitosan-CAS and Chitosan-CAS-

MXene inks are considered environmentally safe up to 600 mg/L exposure concentrations.
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The low thermal budget manufacturing method, earth abundance, environmental
safety, and nontoxicity combination demonstrate the sustainability of the methods and
materials used to manufacture high-performance Chitosan-CAS-MXene composites and /-
TEGs for low-waste heat applications. Similarly, the additive manufacturing technique
facilitates the cost-effective scalability of these f~TEGs. For the first time, this study
demonstrates the ability of CAS to effectively transform low-waste heat energy into usable
energy by combining a Chitosan-CAS composite-based TE material coupled with 2D
MXene nanosheets within f~TEG devices. Therefore, naturally available tetrahedrites
present unique advantages, allowing for the widespread adoption of safe TEG in wearable
and health monitoring devices. The f~TEG 5.3 uW power output at a AT of 25K closely
matches the average power requirements of wearable monitoring sensors and devices. In
future work, we aim to utilize the scalability of our low-cost and energy-efficient
manufacturing technique to print and connect more TE legs in series, demonstrating
tetrahedrite's potential to harness low-waste body heat as a self-sufficient power source for

wearable monitoring devices.

3. Experimental section

3.1 Materials

The materials used in this research include pure 325 mesh Cu;,Sb,S;3 (CAS) powder and
two compound derivatives obtained by substituting the Cu site with Ni (Cu;oNi,SbsS;3,
CNAS) and Ni and Zn (Cu;(Ni; 5Zng sSbsS;3, CNZAS). The three powder compounds were
purchased from Wuhan Dongxin Inc., China. Chitosan powder (MP Biomedicals, LLC),

dimethyl sulfoxide (DMSO, >99.7%, extra dry, ACROS Organics), Salicylic acid, and
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Luria-Bertani (LB) broth and agar were purchased from Fisher Scientific. Ti;AIC, MAX-
phase powders (particle size <200 um, Ukraine) were obtained from Carbon-Ukraine Ltd.
The 5 mm thick non-adhesive Kapton substrate was purchased from TapeCase, IL, US.
HEPES, NaCl, phosphate buffer saline (PBS) powders, 35% hydrochloric acid (HCI)
solution, and 99.995% lithium fluoride (LiF) powder were purchased from Sigma Aldrich.
Shewanella oneidensis MR-1 106686 was purchased from ATCC. Kanamycin was
purchased from GoldBio. Millipore deionized water (DIW) was used without further

treatment. All chemicals were used as received without any further purification.

3.2 Synthesis of Chitosan-Tetrahedrite TE composite ink

The TE composite ink was synthesized by combining a Chitosan binder solution with
active TE tetrahedrite particles. The Chitosan binder solution was synthesized by mixing
Chitosan powder, DMSO, and salicylic acid at 60 °C for 24 hours. The binder-to-particle
weight ratio was optimized by combining the Chitosan binder with pure tetrahedrite TE
active particles at various weight ratios (1:2,000, 1:5,000, and 1:10,000). The binder-to-
particle weight ratio of 1:10,000 had the highest power factor and was chosen for the
remainder of the experimental work, as shown in Figure 3c¢. Different tetrahedrite TE
particle compounds (CAS, CNAS, and CNZAS) were combined with the Chitosan binder
at the optimized ratio. To ensure the homogeneous dispersion of active TE particles in the
Chitosan binder, the inks were mixed in a vortex mixer for 2 minutes, followed by
sonication for 30 minutes. Before the ink deposition on a substrate, the ink was re-mixed

in a vortex mixer for 15 seconds.

3.3 Fabrication of Chitosan-CAS composite films
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The Chitosan-CAS TE composite films were fabricated using a stencil printing technique.
This was done by administering the TE composite ink on a Kapton substrate using a
custom-designed printing mask. The printing mask was prepared by stacking several layers
of single-side tape (Business Source ®) together to achieve a film thickness of 250-300
um. This was followed by curing the printed composite films at 120 °C for 10 minutes.
The dried films were then pressed at 20 MPa for 30 minutes using a hydraulic press. Kapton
was used as a substrate due to its poor adhesive quality, ensuring films had a free-standing

structure, which aided in precise thickness measurements post-pressing.

3.4 Synthesis of Ti;C,Ty-MXene

The MXenes were synthesized following the protocols for etching the Al-rich Ti;AlC,
MAX phase. 4> 19 Briefly, 2g of Ti;AlC, MAX phase was selectively etched by slowly
adding Al-rich Ti;AIC, to a solution containing HF (12 M) and HCIl (15 M) in a
polyethylene terephthalate plastic bottle over a period of approximately 5 minutes due to
the exothermic nature of the reaction. The mixture was stirred at 300 rpm with a
polytetrafluoroethylene-coated stir bar at 35°C for 24 h. The reaction mixture was washed
multiple times with deionized water via centrifugation at 3500 rpm until the pH reached 7.
The multilayered MXenes were further delaminated in a 5 wt % lithium chloride solution.
The stable suspension of monolayered MXenes was obtained by centrifuging delaminated
MXene at 3500 rpm for 5 minutes to obtain a clear supernatant. This supernatant was
further centrifuged at 10,000 rpm for 2 h to concentrate the solution. The concentrated
MXene nanosheets were finally dispersed in a Millipore water solution to obtain a stable

colloidal suspension with concentrations as high as 75 mg mL™.

3.5 Fabrication of Chitosan-CAS-MXene composite films



Journal of Materials Chemistry A

As-manufactured Chitosan-CAS films were drop casted with 75uL of a MXene and DIW
solution with a 75 mg/ml concentration films to form an MXene layer that completely
coated the top of the films surface. The MXene layer and the CAS-Chitosan composite
film were then cured at 70 °C for 20 minutes in the oven. The applied MXene layer and
the CAS-Chitosan composite film were pressed at 20 MPa for 20 minutes to enhance the
bonding between the MXene layers and the CAS-Chitosan composite film. This process
was repeated until 3 layers of MXene were formed, ensuring a uniform coating to form the

final Chitosan-CAS-MXene composite film.

3.6 Fabrication of Chitosan-CAS-MXene composite f~TEG devices

The TEG device was fabricated on a flexible Kevlar substrate with a gold-coated Cu
electrode. (Purchased from South Korea PASF250, Sueco Advanced Material Co., Ltd).
Before printing, a commercially available solder paste was coated on the gold electrodes
to improve the electrical and mechanical connections between TE elements and electrodes.
333439 Then, CAS composite inks were stencil printed on the substrate using the custom-
designed printing mask. The same type of tape mask (Business Source ®) was used to help
print the desired dimension of the thermoelements. The pattern on the mask was
manufactured by a laser cutter with dimensions of (2 mm x 6 mm) (width x length) for
each thermoelement. Then, the device was cured at 120 °C for 10 mins, hot pressed at
160 °C, and 20 MPa for 30 mins. Each thermoelement measured approximately 3 mm X 7
mm % 275 um (width x length X thickness). A MXene and distilled water solution with a
75 mg/ml concentration were dropped on top of the CAS-Chitosan composite
thermoelements to form an MXene layer. The MXene layer and the CAS-Chitosan

composite film were then cured at 70 °C for 20 minutes in the oven. The applied MXene
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layer and the CAS-Chitosan composite film were pressed at 20 MPa for 20 minutes to
enhance the bonding between the MXene layers and the CAS-Chitosan composite
thermoelements. This process was repeated until 3 layers of MXene were formed, ensuring

a uniform coating to form the final Chitosan-CAS-MXene composite device.

4 Conclusion

In summary, this work developed a scalable and sustainable CAS-based f~TEG with
high performance at room temperature. Chitosan-CAS composite films were fabricated
using a small amount of binder (0.01 wt%), a heterogeneous micron and nano-sized particle
distribution, and applied pressure (20 MPa) using a low thermal budget additive
manufacturing approach. 2D nanosheets of MXene, a newly discovered nanoparticle
transition metal carbide, were drop-casted onto Chitosan-CAS composite films to improve
their room temperature TE performance further. The electrical conductivity, Seebeck
coefficient, and thermal conductivities of our Chitosan-CAS-MXene films and f~TEGs
were decoupled using a combination of interfacial engineering, energy barrier scattering,
and nanoscale features. MXenes were able to effectively decouple all thermoelectric
properties by (1) a naturally high electrical conductivity, (2) the formation of an energy
barrier at the CAS/MXene interface introducing an energy-dependent scattering of charge
carriers, decoupling the electrical conductivity and Seebeck coefficient, and (3) the
increase in nanoscale features scattering phonons while allowing for the unobstructed flow
of electrons, decoupling the electrical and thermal conductivities. The inclusion of MXene
into Chitosan-CAS composite TE films resulted in a high ZT of 0.22 at room temperature,
a first for a CAS-based printed TE composite film being 10% higher than bulk CAS. The

achieved power output of 5.3 uW and power density of 140 uW /cm? at a temperature
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difference of 25K for a 5-leg Chitosan-CAS-MXene device serves as a novel advancement
in sustainably manufactured TEG devices. Furthermore, a flexibility test showed that the
fabricated TEG device could conform well to non-planar surfaces, demonstrating its real-
world capability to capture the low-waste heat energy of the human body efficiently. The
scalability found within the printing additive manufacturing method allows for fabricating
numerous thermoelements in series for ~TEG devices without making large changes in the
manufacturing infrastructure while simultaneously improving the voltage and power
output to match the demands of wearable sensors. Lastly, a first-of-its-kind bacterial
viability test on thermoelectric materials demonstrated the environmental safety of
Chitosan-CAS and Chitosan-CAS-MXene inks, paving the way for their environmentally
friendly use. This achievement represents the first successful creation of a high-
performance room temperature /~TEG for low-waste heat applications. This demonstrates
the combination of scalable and environmentally sustainable materials and methods is an
effective strategy for the fabrication of Chitosan-CAS-MXene based f~TEGs that can

potentially harvest the low waste heat energy from the human body.
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