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Heat-Dissipation Design and 3D Printing of Ternary Silver
Chalcogenide-Based Thermoelectric Legs for Enhancing

Power Generation Performance
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So-Hyeon Lee, Seongheon Baek, Ju-Young Kim, Kyung Tae Kim, Han Gi Chae,

and Jae Sung Son*

Thermoelectric devices have received significant attention because of their
potential for sustainable energy recovery. In these devices, a thermal design
that optimizes heat transfer and dissipation is crucial for maximizing the
power output. Heat dissipation generally requires external active or passive
cooling devices, which often suffer from inevitable heat loss and heavy
systems. Herein, the design of heat-sink integrated thermoelectric legs is
proposed to enhance heat dissipation without external cooling devices,
realized by finite element model simulation and 3D printing of ternary silver
chalcogenide-based thermoelectric materials. Owing to the self-induced

These devices can directly convert waste
heat from diverse heat sources, in the hous-
ing and industrial sectors, automobiles, and
ships, into electricity.!] In TE power gen-
eration systems, the thermal design is es-
sential for optimizing effective heat trans-
fer and dissipation, thereby maximizing the
power output or efficiency.?] To date, the
design process for practical operation has
mainly been conducted by designing exter-
nal heat-dissipation devices rather than us-

surface charges of the synthesized AgBiSe, (n-type) and AgSbTe, (p-type)
particles, these particle-based colloidal inks exhibited high viscoelasticity,
which enables the creation of complex heat-dissipation architectures via 3D
printing. Power generators made from 3D-printed heat-dissipating legs exhibit
higher temperature differences and output power than traditional cuboids,
offering a new strategy for enhancing thermoelectric power generation.

1. Introduction

Thermoelectric (TE) devices have attracted tremendous attention
because of their potential use as sustainable energy harvesters.
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ing the TE device itself for heat dissipa-
tion. For example, a heat sink is a passive
heat-exchange cooler typically chipped on
the cold side of a TE device for heat dissi-
pation. This device has been researched to
be designed with various design parameters
such as pin spacing, diameter, height, and
orientation for efficient heat dissipation un-
der convective conditions.l*) However, com-
bining TE devices with external cooling
components often leads to inevitable thermal loss at the TE-
heat sink interface and renders the entire system very heavy.
Moreover, these challenges become more pronounced when at-
tempting to customize TE devices for heat sources with irregular
shapes, which limits the versatility of TE devices for a wide range
of heat sources. A possible solution to these challenges is to find a
means of maximizing heat dissipation within the TE device itself,
eliminating the need for an external cooling component.

TE devices comprise p- and n-type semiconductors joined
together in a thermocouple configuration. Conventionally, the
manufacturing process for these devices involves multiple steps,
including synthesis of p- and n-type materials, dicing, metalliza-
tion, and assembly into substrates. This conventional procedure
presents certain challenges, particularly in terms of the limited
shape, because it is technically impossible to produce any com-
plex shape other than a cube using the top-down dicing pro-
cess in the context of mass production. Recently, 3D printing has
emerged as a cost-effective method for manufacturing bulk-scale
TE materials and devices.[* This process can provide flexibility in
the shape and dimensional control of TE materials and facilitate
the production of TE materials and devices with customized de-
signs. Recent studies reported a direct ink 3D printing process
for diverse TE materials with complex designs such as tubes,
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honeycombs, and lattices.I’! Despite recent advances, this tech-
nology is still in the development phase, and further advance-
ments combined with 3D thermal design are required to adapt it
to diverse thermal environments. This is in stark contrast to the
well-established field of 3D printing in mechanics, where a wide
range of design tools has been extensively studied and applied to
specific applications over many years.

Ternary silver chalcogenides are regarded as efficient mid-
temperature-operable TE materials and are potential alternatives
to lead-chalcogenide-based materials.[! These crystals have in-
trinsically ultralow thermal conductivities because of their ex-
treme lattice anharmonicity and cation disorder (Figure S1, Sup-
porting Information),l’l and materials with specific composi-
tions, such as n-type AgBiSe, and p-type AgSbTe, have emerged
as promising TE materials with high ZT values.[®] Here, we ex-
plore the heat-sink-inspired heat-dissipation design and 3D print-
ing of ternary silver-chalcogenide-based TE materials and power
generators. We designed a topology for TE legs with multiple pins
and optimized the design parameters of the number, diameter,
and spacing of pins to maximize heat-dissipation efficiency. To
fabricate the designed architecture, we developed an extrusion-
based 3D printing process for the TE materials. The controlled
compositions of the AgBiSe, and AgSbTe, compounds induced
intrinsic surface charges on the TE particles without any addi-
tives, enabling the direct 3D writing of these inks to print 3D
architectures. These impurity-free inks allow efficient sintering
of the 3D-printed TE materials, with enhanced ZT values of up
to 0.49 for the n-type AgBiSe, at 700 K and 1.20 for the p-type
AgSbTe, at 600 K. The 3D-printed heat-dissipating TE legs were
chipped in power-generating modules and comparatively evalu-
ated with typical cuboid TE legs, significantly enhancing the tem-
perature differences across a designed TE leg and eventually the
output powers. These results demonstrate the feasibility of the
proposed design toward the enhancement of power performance
of TE generators (TEGs).

2. Results and Discussion

2.1. Heat-Dissipation Design of TE Materials

To design the topology of the heat-sink-inspired TE legs for
optimum heat dissipation, we developed a 3D finite element
method (FEM) model for comparative calculations of the power-
generating performances of the designed TE legs with those of
typical cuboid TE legs. The maximum output power (P,.) is ex-
pressed as

Py = ———— (1)

where a; is the Seebeck coefficient of the leg, i = n, p, and R
is the internal electrical resistance of the TEG. Heat-dissipative
designs increase AT through reduction of the temperature on
the cold side of the TE, thereby increasing P, .[°! From a heat-
dissipation perspective, a heat sink shape with multiple pins have
a larger exposed surface area, which in turn increases the ability
to dissipate thermal energy by convection from each pin to the

Adv. Sci. 2024, 11, 2402934 2402934 (2 of 12)

www.advancedscience.com

surrounding medium. The dissipated heat (Q) is defined by the
following equation:

Q = h’A (Tsurf - Tamb) (2)

where h is the convection coefficient, A is the exposed sur-
face area, T, is the pin surface temperature, and T, , is the
ambient-medium temperature.'’! In this study, we propose a
heat-dissipation design for TE legs, inspired by the heat sink
shape, to create higher temperature differences and therefore
higher output powers (Figure 1a). The TE materials used in this
design model and in the 3D printing fabrication were AgBiSe,
and AgSbTe, compounds for the n- and p-type semiconductors,
respectively. Details of the material properties used in the simu-
lations will be discussed in the following sections. The boundary
conditions were set with the hot-side temperature fixed at 573 K,
considering the material properties, whereas the other surfaces
were cooled by natural convection with a convection coefficient
of 5 W m~2 K~L. In our FEM models, we comparatively investi-
gated the effect of the pin numbers in TE legs (cuboid, one pin,
four pins, and sixteen pins) on the exposed surface area, distri-
bution of temperature, electrical resistance, output voltage, and
power (Figure 1b,c and Figures S2-S4, Supporting Information).
As manifested in Figure 1c, the AT and output voltages of the TE
legs enhanced with an increasing number of pins, clearly indicat-
ing the heat-dissipation effect at the pins.!?! For the sixteen-pin
model, the AT and output voltages increased by 46% and 37%,
compared with those of the cuboid TE leg with an identical height
and volume. The electrical resistances fluctuate slightly with the
number of pins because the electrical conductivity of the TE ma-
terial is strongly dependent on the temperature, and the created
temperature ranges across the models differ from one another.
Consequently, owing to the increased AT and output voltage, the
sixteen-pin model showed a 119% increase in output power than
the cuboid model.

In addition to the heat-dissipation design, we further opti-
mized the cross—sectional area ratio of the p- and n-type TE
legs (A,/A,) to minimize the mismatch between the electrical
and thermal resistances (Figure S5, Supporting Information). In
this computation, we assumed that the optimum cross—sectional
area ratio was similar for both the cuboid and heat-dissipation
designs.[*d In addition, we set constant total volumes for the n-
and p-type legs. The FEM simulation shows that an increase in
the A, /A, ratio leads to an increase in the thermal resistance of
the TEG owing to the lower thermal conductivity of the p-type
material compared to that of the n-type material, resulting in a
higher temperature difference and consequently higher output
voltage (Figure 1d). However, the electrical resistance is minimal
when A, /A, is close to 1.7, at which point the mismatch in the
electrical resistances of the n- and p-type legs becomes minimal.
Consequently, a pair of cuboid TE legs was expected to produce
the maximum P when A /A, was ~2.5 (Figure le). According
to the simulation results of heat-dissipation designs and cross—
sectional area ratios, we designed an optimum device that was
constructed with a twenty-pin p-type leg and an eight-pin n-type
leg to be 3D-printed (Figure 1f). The final design is predicted to
exhibit an output power 102% higher than that of the cuboidal
TEG with an identical cross—sectional ratio and 16% higher than
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Figure 1. Heat-dissipation design of TE leg. a) Schematic showing the overall processing for the fabrication of the heat-dissipation-designed TE leg. b)
The designs and the simulated temperature distributions of cuboid, 1-, 4-, and 16-pin-shaped AgBiSe, TE legs. c) The percentage of exposed surface
area, temperature difference, output voltage, electrical resistance, and output power of the heat-dissipation-designed shapes compared to those of the
cuboid AgBiSe, TE leg. The percentage of the d) output voltage and electrical resistance and e) output power compared to that of the identical ratio as a
ggnct.it:)rl.opr/An. f) The optimum TEG design constructed with a twenty-pin p-type TE leg and an eight-pin n-type TE leg and its simulated temperature

istributions.
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Figure 2. Viscoelasticity and 3D printing of ternary Ag chalcogenide TE inks. a) Photograph and illustration showing the synthesized ternary Ag chalco-
genide TE ink for extrusion-based 3D printing. b) {-potential of the AgBiSe, and AgSbTe, TE inks. c) Dynamic viscosity (') obtained from frequency
sweep test and d) storage modulus (G’) obtained from stress sweep test of the AgBiSe, and AgSbTe, TE inks. Photographs showing the 3D-printed
standing TE filaments with diameters of e) 240, f) 340, g) 410, h) 510, and i) 610 um. j) The maximum aspect ratio of the 3D-printed standing TE
filaments at each diameter. k) Photograph showing the 3D-printed lattice structure. OM images of |) 3D-printed and m) sintered filaments forming the
lattice structure. n) High-magnification SEM image of the lattice structure. o) Photograph showing the 3D-printed parallel filament without sagging. p)

Photograph showing the 3D-printed bridge structure.

that of the heat-dissipation-designed TEG with an unoptimized
cross—sectional ratio (Figure S6, Supporting Information).

2.2. Formulation of Viscoelastic Colloid Inks of Ternary Ag
Chalcogenides

To realize the heat-dissipation-designed TE leg by 3D printing,
we developed the extrusion-based 3D printing process using col-
loidal inks based on AgBiSe, and AgSbTe, particles dispersed in
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a glycerol medium (Figure 2a), which maintained colloidal sta-
bility for more than 10 days (Figure S7, Supporting Informa-
tion). The glycerol has a high viscosity, which ensures the ef-
fective dispersibility of TE particles.l>! Furthermore, it functions
as a humectant in the TE inks, facilitating the cohesion of the
individual printed layers into a unified structure.'!l The parti-
cles were synthesized by mechanical alloying, and their X-ray
diffraction (XRD) patterns corresponded to those of bulk AgBiSe,
and AgSbTe, references without any appreciable peaks related
to impurities (Figure S8, Supporting Information). These inks
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should have appropriate viscoelastic and rheological properties
to ensure 3D printability, in which the ink flows upon deposi-
tion while maintaining its structural integrity after deposition.!*?]
Such viscoelastic properties of inks are usually obtained by the ad-
dition of organic rheological modifiers; however, this can degrade
the functional properties of 3D-printed products, especially the
electrical properties of TE materials, owing to the insulating na-
ture of organic binders.["*) Our group reported 3D-printable vis-
coelastic inks of TE particle colloids without the use of organic
rheological modifiers, for example, all-inorganic colloid particles
tailored by surface-stabilizing anions such as Sb,Te,?~ chalco-
genidometallate anions and Seg?~ polyanions, or electronic dop-
ing, which induce strong surface charges.l>! Such surface charges
significantly improve the viscoelasticity of the particle colloids
owing to the electroviscous effect. The local electric field induced
at the particle surfaces can weaken their mobility in the liquid
medium, eventually enhancing both the viscosity and elastic-
ity of the colloids. In this study, we found that the stoichiomet-
ric AgBiSe, and AgSbTe, particles intrinsically have strong sur-
face charges, as manifested in the zeta({)-potential spectrum, in
which —39.9 mV for AgBiSe, and —39.4 mV for AgSbTe, were
observed (Figure 2b). These intrinsic surface charges facilitate
the formation of purely inorganic particle colloids and do not re-
quire additives that potentially degrade their electrical and ther-
mal properties. The dynamic light scattering (DLS) spectrums of
the particles reveal that both TE particles have sizes ranging from
~200 to 800 nm (Figure S9, Supporting Information), which can
ensure colloidal dispersion.

To understand the intrinsic surface charges of AgBiSe, and
AgSbTe, colloid particles, we conducted both the ¢-potential
and X-ray photoelectron spectroscopy (XPS) analysis on parti-
cles (Figures S10-S12, Supporting Information) by varying the
chalcogen contents in the synthesized AgBiSe,, , and AgSbTe,,
particles (x = —0.1, 0, and 0.1). The {-potential spectrum of
AgBiSe, ., inks reveals that the increase in the Se content led to
an increase in the absolute {-potential values. In the XPS spec-
trum of the AgBiSe,,, particles, the peaks in the Ag 3d and Se
3d regions did not substantially change with a change in Se con-
tent. However, in the Bi 4f region, with increasing the Se content,
the metallic Bi peaks in the Bi 4f region are pronounced, while
Bi, O, peak intensity significantly decreases. Since the exposed
atoms at the particle surfaces are more easily oxidized, these re-
sults suggest that an increase in the Se content exposes a greater
number of Se atoms, whereas a smaller number of Bi atoms are
exposed at the particle surfaces, which could induce stronger neg-
ative surface charges in the AgBiSe, , particles. In contrast, for
AgSbTe,, , particles, the {-potential spectrum shows that the sur-
face charges are not changed regardless of variations in the Te
content. Moreover, the XPS spectrum revealed that the oxidation
of Te intensified with an increase in the Te content, whereas we
did not observe substantial changes in the peaks for Ag and Sb.
This analysis indicates that the surfaces of AgSbTe, are prefer-
entially terminated by Te ions rather than by Ag or Sb, result-
ing in consistent negative surface charges independent of the Te
content.

Such strong surface charges in TE-particle-based colloidal inks
are directly reflected in their excellent rheological viscoelastic-
ity. The rheological properties of the inks were characterized
by measuring their angular-frequency-dependent dynamic vis-
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cosity, shear-stress-dependent storage modulus, and thixotropic
properties using a three-interval test. These tests provide a com-
prehensive evaluation of the rheological properties of the ink and
their implications for printability. The steady-state dynamic vis-
cosities reach 3.38 X 10° Pa-s for AgBiSe, and 3.23 X 10° Pa-s for
AgSbTe, inks at the angular frequency of 0.06 rad s~! (Figure 2¢),
which are comparable or even higher values than the reported
values for 3D direct writable Bi,Te;-based inks.>¢] The storage
moduli of inks exhibit 7.0-8.1 x 10° Pa for AgBiSe, and 8.2-9.6
X 10° Pa for AgSbTe, in the wide range of shear stress (Figure 2d).
Interestingly, the critical stress values of these inks were signif-
icant, 96.54 Pa for AgBiSe, and 76.32 Pa for AgSbTe,. These re-
sults indicate that the inks can withstand high shear forces before
undergoing structural deformation. The ability to tolerate high
shear stresses is essential for maintaining the structural integrity
of printed objects, thereby enabling high-resolution printing to
create complex geometries. During thixotropic tests (Figure S13,
Supporting Information), the ink displayed rapid recovery after
deformation within the shear stress range in which yielding oc-
curred. This implies that the ink quickly regained its original
viscosity after being subjected to shear stress, contributing to
printability by ensuring a stable ink flow and consistent layer
deposition.[12!

2.3. 3D Printing of Ternary Ag Chalcogenide TE Materials

The extremely high viscoelasticity of our inks allowed us to cre-
ate various 3D architectures by directly writing TE filaments ac-
cording to a designed computer-aided model (CAD). These fila-
ments, created in a single pass, exhibited structural retention and
smooth surfaces (Figure S14, Supporting Information). More-
over, the diameters of the as-printed filaments were precisely con-
trolled by various printing parameters such as printing speed and
dispensing pressure, in which faster printing and lower pressure
led to thinner filaments (Figure S15, Supporting Information).
This demonstrates the applicability of the current process at mul-
tiple scales ranging from hundreds of micrometers to millime-
ters. The photographs show uniformly written filaments with dif-
ferent diameters and aspect ratios (Figure 2e—i), with the maxi-
mum aspect ratio reaching 15-20 at each diameter (Figure 2j).
Based on the printability of single microfilaments, the lattice
structures of AgBiSe, and AgSbTe, as examples of 3D architec-
tures, were printed using layer-by-layer deposition. Photographs
and optical microscope (OM) images (Figure 2k-m) show that
the 3D lattice is constructed by uniformly deposited filaments
with a diameter of %210 pm. These structures exhibited excellent
structural retention without merging at the junction or collaps-
ing, indicating the capability of the ink to maintain the integrity
of the printed structure. Upon heating for sintering of the TE
materials, the 3D structures exhibited homogeneous sintering
shrinkage, e.g., the diameter of filaments uniformly contracted
from 210 to 165 pm. As seen in the scanning electron microscopy
(SEM) image (Figure 2n), the filaments at the junction were well
fused without crack formation or structural distortion after heat
treatment.

Another important function of 3D ink writing is bridging
with a single TE filament, which is crucial for realizing a heat-
dissipation design by 3D printing. When a single filament is
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printed over an empty space, it sustains a gravitational force that
pulls the filament downward, i.e., it sags or droops in the un-
supported span between two connected regions.!**! Accordingly,
we investigated the bridging printing of our inks between two
graphite blocks by varying the block-to-block distance from 3 to
7 mm (Figure S16, Supporting Information). The printing noz-
zle moved from the center of one block to the other during ink
extrusion. The bridging TE filament was well sustained up to
a distance of 6 mm (Figure 20), however, the ink started to sag
when the distance was longer than 7 mm. Based on this bridg-
ing capability, we further 3D-printed the bridge architecture con-
structed using two legs with a high aspect ratio and one long
bridge (Figure 2p). These results demonstrate the excellent 3D
printability of our inks, which fulfill all the required functions of
3D printing to build heat-dissipation-designed TE legs in terms
of printing resolution and structural retention of the printed
structure. The entire 3D printing fabrication process of the heat-
dissipation-designed TE leg is shown in Video S1 (Supporting
Information).

The 3D-printed materials were further heat-treated to ensure
good TE performance and mechanical robustness. The heat treat-
ment conditions were optimized to maximize the relative densi-
ties of both materials by sintering the particles. Here, the 3D-
printed AgBiSe, and AgSbTe, samples were denoted by ABS#
and AST# (# is the sintering duration time in hours). The sin-
tering temperature window for AgBiSe, was found to be quite
narrow, from 973 to 1003 K. Below 973 K, the 3D-printed sam-
ple was not effectively sintered, whereas the melting tempera-
ture of the AgBiSe, crystal was 1038 K. Accordingly, the sinter-
ing temperature was optimized at 988 K, and we investigated the
effect of the sintering duration. As the sintering duration was ex-
tended from 1 to 5 h, the relative density of the AgBiSe, sam-
ples gradually increased from ~65% to 88% and became satu-
rated (Figure S17a, Supporting Information). The XRD patterns
of the ABS1, ABS3, and ABS5 show a hexagonal AgBiSe, pat-
tern with peaks corresponding to the secondary phases of Ag,Se
and Bi,Se; (Figure S18a,c, Supporting Information). Since the
as-ball-milled AgBiSe, particles have the cubic phase, which is
known to be unstable at room temperature,’®!*! the cubic phase
was transformed to the stable hexagonal phase during the 3D
printing and sintering processes. It is speculated that the forma-
tion of unstable phases results from the harsh synthetic condi-
tion of the mechanical alloying. The peaks indexed to the Ag,Se
and Bi, Se; phases were more pronounced in the XRD patterns
as the sintering time increased. This can be attributed to Se evap-
oration, which induces the formation of Se-deficient phases of
Ag,Se and Bi,Se, inside the AgBiSe, matrix at equilibrium.¢!
The optimal sintering temperature for AgSbTe, is 803 K, below
which the sample is not sintered and exhibits a powder-like state.
However, unlike AgBiSe,, the relative density of AgSbTe, was less
affected by the sintering duration and rapidly saturated to ~68%
after 1 h of sintering (Figure S17b, Supporting Information). The
XRD patterns of the AST1, ASTS, and AST 9 correspond well
with those of the cubic AgSbTe, reference (Figure S18b, Sup-
porting Information), which are the most stable phases at room
temperature. Unlike the AgBiSe, particle, the phase-transition
of AgSbTe, was not observed during the 3D printing and sinter-
ing processes. Tiny peaks corresponding to the secondary phase
of Ag,Te were observed in the XRD patterns of all the sam-
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ples, regardless of the sintering conditions (Figure S18d, Sup-
porting Information). The SEM images show that the printed
and dried samples of both AgBiSe, and AgSbTe, were powder-
like, whereas the heat-treated samples exhibited well-fused and
densified grains, indicating effective sintering (Figure S19, Sup-
porting Information). The pore size and size distribution in the
sintered samples were further analyzed by measuring the sizes
of more than 200 pores in the SEM images. According to the sta-
tistical analysis of the pore size (Figure S20, Supporting Infor-
mation), the average pore size of the AgBiSe, samples decreased
from 5.56 um in the ABS1 to 2.49 um in the ABSS5, indicating
the densification of TE particles during sintering and consistent
with the observed reduction in porosity. Conversely, the sinter-
ing duration on the average pore size of the AgSbTe, samples
was not so significant, with a slight decrease from 3.39 ym in the
AST1 to 2.66 um in the AST9. This trend corresponds with the
densification behavior of the AgSbTe, samples, where the den-
sity remained relatively unchanged with extended sintering du-
ration. The entire printed architecture underwent volume shrink-
age of #25% homogeneously in all directions, thus allowing us
to achieve the final 3D architecture according to the CAD-based
predesign.

2.4. TE and Mechanical Properties of 3D-Printed Ternary Ag
Chalcogenide Materials

We measured the temperature-dependent electrical and thermal
properties of 3D-printed and sintered AgBiSe, and AgSbTe, at
temperatures ranging from 300 to 600-700 K (Figure 3a—h). The
AgBiSe, sample exhibited the 36200 S m~! of the electrical con-
ductivity and —69.75 pV K™! of the Seebeck coefficient at room
temperature. Fluctuations in the electrical properties at 400-600
K were observed at elevated temperatures. This phenomenon is
attributed to the intrinsic phase transitions of the AgBiSe, com-
pound, where the first transition from hexagonal to rhombohe-
dral occurred at 460 K, and the second transition from hexagonal
to cubic occurred at 580 K.[®) Such phase transitions generally
cause abrupt changes in the carrier concentration, resulting in
fluctuations in electrical properties. In our samples, the electri-
cal conductivity increased slowly from room temperature to 460
K and rapidly decreased in the temperature range of 460 to 580
K, in agreement with the reported properties of AgBiSe, com-
pounds, because rhombohedral AgBiSe, behaves like a metallic
phase. Above 580 K, a phase transition to the cubic phase occurs,
and the temperature dependence of the electrical conductivity be-
comes positive. The temperature-dependent Seebeck coefficients
of the AgBiSe, samples also showed a similar fluctuation in their
electrical conductivities owing to phase transitions.

We further investigated the influence of the sintering dura-
tion on the TE properties, because sintering involves Se evapo-
ration and resulting compositional changes. In particular, Se va-
cancies are known to act as electron donors in AgBiSe,,!'”] which
allows the control of the electron concentration to optimize the
thermoelectric properties. Moreover, the presence of the Bi,Se,
secondary phase, which has higher mobility than the AgBiSe,
matrix, causes enhanced electron transport properties, resulting
in an overall improvement in mobility.l®] To verify this effect,
we conducted Hall effect measurements, by which the measured
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Figure 3. TE and mechanical properties of 3D-printed ternary Ag chalcogenide TE samples. Temperature-dependent a) electrical conductivity, b) Seebeck
coefficient, c) thermal conductivity, and d) ZT of the 3D-printed AgBiSe, sample. Temperature-dependent e) electrical conductivity, f) Seebeck coefficient,
g) thermal conductivity, and h) ZT of the 3D-printed AgSbTe, sample. Comparison of the maximum ZT values between this work and the reported pristine
i) AgBiSe, and j) AgSbTe, samples. Compressive stress—strain curve of the 3D-printed k) AgBiSe, and I) AgSbTe, samples.

electron concentration increased from 0.31 x 10% to 3.11 x 10
cm ™ with an increase in sintering time from 1 to 5 h (Figure S21,
Supporting Information). Meantime, the electron mobility also
increased from 2.05 to 72.75 cm? V= s7. The increase in car-
rier mobility can be attributed to densification and the formation
of the Bi, Se, secondary phase under longer sintering conditions,
as seen in the SEM images showing less porous microstructures
in the samples sintered for a longer duration (Figure S22, Sup-
porting Information). Accordingly, with a shorter sintering dura-
tion, the electrical conductivity decreased, whereas the Seebeck
coefficient increased, owing to the lower electron concentration
(Figure S23a,b, Supporting Information). Overall, the power fac-
tor of the ABS1 and ABS3 sintered at a shorter time was inferior
to the ABS5. Therefore, we chose the sintering condition of 5 h
at 988 K, under which the fabricated sample exhibited the max-
imum power factor of 2.76 uW cm~! K2 at 700 K (Figure S23e,
Supporting Information).

The temperature-dependent thermal conductivity of the
AgBiSe, sample generally decreased with increasing temperature

Adv. Sci. 2024, 11, 2402934 2402934 (7 of 12)

over the entire measurement temperature range and reached
its lowest value in the temperature region above 600 K.[®*] The
minimum thermal conductivity was found to be 0.38 W m™!
K1 at 650 K. The samples sintered for shorter durations exhib-
ited similar temperature-dependent behaviors, but lower values
than the ABSS5, owing to the lower electronic thermal conduc-
tivity (Figure S23c, Supporting Information). Moreover, similar
temperature-dependent fluctuations in the electrical properties
were observed in all samples. We calculated the lattice thermal
conductivity (k) by subtracting the electronic thermal conduc-
tivity (k) from the total thermal conductivity. k. relies on the
Wiedermann-Franz law (k. = Lo T), where L is the Lorenz num-
ber. k; shows similar trends to the total thermal conductivity, and
a minimum value of 0.11 W m~! K~! was observed in the ABS5
(Figure S23g, Supporting Information). This is mainly due to ef-
fective phonon scattering by the fully disordered distribution of
Ag* and Bi** ions in the cubic phase of AgBiSe, and the inter-
faces at the secondary phases of Ag, Se and Bi, Se,.[*] We further
calculated the x| of our 100% dense samples from the effective
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medium theory. The calculated x| ranged from 0.27 t0 0.7 W m™!

K-! in the ABS1 (Figure S23h, Supporting Information), which
is in a range similar to reported values.[>1%]

Unlike the AgBiSe, samples, which showed a clear distinc-
tion of the electrical and thermal properties according to the sin-
tering duration, the AgSbTe, samples sintered at 803 K exhib-
ited similar properties at all measurement temperatures. This
phenomenon indicates that the microstructures of the sintered
AgSbTe, were almost identical in all samples, regardless of the
sintering duration, as seen in the SEM images (Figure S24, Sup-
porting Information). This was further supported by the identical
densities of all samples and the existence of the Ag, Te secondary
phase. Also, the compositional change associated with Te evap-
oration was not observed in the AgSbTe, samples, owing to the
relatively low vapor pressure of Te. In all the samples, fluctua-
tions in both the electrical conductivity and Seebeck coefficient
were observed at 420 K (Figure S25a,b, Supporting Information)
owing to the monoclinic-to-cubic phase transition of the Ag,Te
precipitate.[8$2%1 Accordingly, we chose the AST1 for the fabrica-
tion of the TE devices, considering processing time and produc-
tivity. The electrical conductivity and the Seebeck coefficient of
the AST1 were 6500 S m~' and 253 pV K~! at room tempera-
ture, respectively. The power factor reached 6.42 yW ¢cm~! K2
at 600 K (Figure S25e, Supporting Information). The peak was
also found in the thermal conductivity, with a minimum thermal
conductivity of 0.29 W m™" K~! at 500 K (Figure S25¢, Supporting
Information). The lattice thermal conductivity was calculated by
the method previously mentioned, and the minimum & value of
0.23 m™! K™! was observed in the AST1 (Figure S25g, Support-
ing Information). Such a low thermal conductivity can also be
attributed to the disordered distribution of Ag and Sb cations, as
in the case of AgBiSe,. Further calculation for obtaining the x|
of the 100% dense sample gives the calculated «; values ranging
from 0.4 to 0.6 W m~! K~! (Figure S25h, Supporting Informa-
tion), similar to previously reported values.[5%1]

The ZT values were calculated from the measured electrical
and thermal properties. In both materials, the ZT value generally
increased with increasing temperatures and reached the maxi-
mum values of 0.49 for n-type AgBiSe, at 700 K and 1.20 for
p-type AgSbTe, at 600 K. These maxima are comparable to or
slightly higher than the reported values for undoped AgBiSe,
and AgSbTe, bulk samples synthesized by conventional meth-
ods, such as solid-state reaction, hot pressing, and spark plasma
sintering (Figure 3i,j).[8>d£h7.172.21]

The 3D-printed samples were further subjected to uniaxial
compression tests at room temperature. In both the AgBiSe,
and AgSbTe, samples, the compressive stress increased with in-
creasing strain and then suddenly decreased, indicating a direct
brittle fracture (Figure 3k,1). The compressive strengths of the
3D-printed AgBiSe, and AgSbTe, are 324.0 and 75.25 MPa, re-
spectively. These values are similar or superior to those of other
conventional bulk TE materials, such as Bi,Te;, Cu,Se, SnSe,
and PbTe (Figure S26, Supporting Information).*”) Young’s mod-
uli of the samples were calculated from the ratio of the change
in stress and the strain (Ac/Ae) at the failure point due to
their brittle features. The calculated Young’s moduli of 3D-
printed AgBiSe, and AgSbTe, are 14.34 and 8.258 GPa, respec-
tively. These values were lower than those of conventional TE
materials.[?*! The high compressive strengths and low Young’s
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moduli indicate high toughness, which is the ability to absorb
mechanical energy up to the point of failure; therefore, it is help-
ful in improving durability and operational reliability in prac-
tical thermoelectric applications. We further compare the me-
chanical properties of the samples printed along the in-plane and
cross-plane orientations because the partis printed layer-by-layer,
and the layer-to-layer adhesion sometimes is not as strong as
that in-plane. As shown in the stress—strain curves of AgBiSe,
(Figure S27e, Supporting Information), each sample exhibited
nearly identical compressive strain and stress regardless of the
printing orientation, indicating the isotropic mechanical proper-
ties. This suggests that the interlayer bonding is strong due to the
well-merged filaments, which is consistent with the high mea-
sured relative density of AgBiSe,. Meanwhile, the stress—strain
curves of AgSbTe, show that slight anisotropic properties de-
pending on their printing orientations (Figure S27f, Supporting
Information). The compressive strength of the sample printed in
the in-plane orientation is slightly higher than that of the sample
printed in the cross-plane orientation, which is likely due to the
stronger intralayer bonding than the interlayer bonding.[**]

2.5. Power-Generating Performance of the 3D-Printed TEGs

To verify the effectiveness of the heat-dissipation design, we fabri-
cated a TEG consisting of p-type AgSbTe, and n-type AgBiSe, TE
legs with optimal designs (Figure 4a,b). Specifically, the device
was constructed with the twenty-pin p-type leg and eight-pin n-
type leg, in which the cross—sectional area ratio of the p-type and
n-type legs was 2.5. As a control sample, the TEG with cuboids
of p-type AgSbTe, and n-type AgBiSe, with the same volume and
cross—sectional area ratio was fabricated. The 3D-printed TE legs
were connected to a Cu plate, which served as an electrode, using
Ag adhesive solders. The dimensions of the electrodes were set
to be the same for both types of TEG to ensure that the convective
cooling through the cold-side electrodes was identical. To evalu-
ate the power-generating performances of the TEGs, they were
mounted on a hot reservoir that maintained a constant hot-side
temperature. The cold side was cooled by natural convection in
an N,-filled chamber to observe the self-heat-dissipation effect
from the designed TE legs without any active cooling compo-
nents, such as a heat sink or water-circulating coolant. Under
steady-state conditions, we comparatively measured the cold-
side temperature, output voltage, and module resistance of the
heat-dissipating and cuboid TEGs. With increasing hot-side tem-
perature, the measured temperature differences increased for
both TEGs and were in good agreement with the simulation re-
sults. Moreover, over the entire temperature range of the hot side
(300-550 K), the cold-side temperatures of the heat-dissipating
TEG were lower than those of the cuboid TEG. At the hot-side
temperature of 550 K, the maximum AT reached 165 K in the
heat-dissipating TEG, which was ~25% higher than that obtained
in the cuboid TEG (Figure 4c). These higher AT created in the
heat-dissipating TEG were clearly reflected in its output voltages,
which were higher than those obtained in the cuboid TEG in the
entire temperature range. In addition, both the TEGs showed
almost linear increases in the output voltages and quadratic
increases in the output power, demonstrating the reliability of
the measurements (Figure 4d,e). Furthermore, the maximum
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Figure 4. Power-generating TEG with 3D-printed heat-dissipation-designed TE legs. Photographs and lllustrations of TEGs consisted of a) cuboid and
b) heat-dissipation-designed ternary Ag chalcogenide TE legs. c) Temperature differences of TEGs consisted of cuboid and heat-dissipation-designed TE
legs under differing hot side temperatures. Current-dependent output voltage and power of TEG consisted of d) cuboid and e) heat-dissipation-designed
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designed legs under differing hot side temperatures. The points and dashed lines are the measured values and the simulated trend calculated by the

FEM method, respectively.

output voltage of 57.9 mV and output power of 3.00 mW under
the maximum AT of 165 K was achieved, which was %16% and
~80% higher than that obtained in the cuboid TEG, respectively,
under the same condition (Figure 4f,g). Consequently, the
heat-dissipating TEG exhibited the maximum power density of
2.19 mW cm~2, which was ~31% higher than that obtained in the
cuboid TEG (Figure 4h). These results clearly demonstrate the
feasibility of the heat-dissipation design in TEGs for maximizing
power performance and system compactification.

3. Conclusion

We have demonstrated the thermal design strategy and 3D print-
ing realization of heat-sink-integrated heat-dissipating TE legs,

Adv. Sci. 2024, 11, 2402934 2402934 (9 of 12)

which exhibited self-and efficient heat-dissipation properties of
TE legs without any heavy active cooling component in the power-
generating system. 3D FEM modeling was developed for the
heat-dissipation design and the optimal cross—sectional area ratio
of the n-type TE leg and p-type TE legs to maximize the temper-
ature difference within the TEG and the resulting output power.
The pure AgBiSe, and AgSbTe, particle-based colloid inks with-
out any organic additives exhibited high viscoelasticity due to the
intrinsic surface charge of the TE particles, exhibiting excellent
3D printability to realize complex 3D TE architectures such as ver-
tical filaments, lattices, and bridges with high ZTvalues of 0.49 at
700 K for AgBiSe, and 1.20 at 600 K for AgSbTe,. The 3D print-
ing fabrication and evaluation of the designed heat-dissipating
TE legs and their power-generating devices clearly demonstrate
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the feasibility of our design strategy for maximizing the heat-
dissipation effect in TE legs. Our thermal design strategy, which
is characterized by its simplicity, can serve as a foundation that
can be extended or integrated with state-of-the-art thermal design
tools. In addition, our work can contribute to a broader range of
thermal management solutions by extending the applicability of
our approach to electronic and energy devices as well as providing
versatility that can be applied to other TE materials. Ultimately,
this ease of system integration could accelerate the application
of TE technology in everyday life using thermally designed TE
devices.

4. Experimental Section

Materials: ~ Glycerol (>99.5%) was purchased from Sigma Aldrich.
Powder of Ag (99.9%) was purchased from Alfa Aesar. Elemental granules
of Bi (99.999%), Sb (99.999%), Se (99.999%), and Te (99.999%) were pur-
chased from 5N Plus. All the elements and chemicals were used without
additional purification.

Synthesis of AgBiSe, and AgSbTe,-based 3D Printing Inks: ~ All the syn-
thesis steps were conducted under an N, atmosphere. The n-type powders
of AgBiSe, and p-type powders of AgSbTe, were prepared by mechanical
alloying using a planetary ball milling process (Planetary Mono Mill, PUL-
VERISETTE 6) with 450 rpm for 11 h. The ball milling process was con-
ducted using a zirconia jar and zirconia balls with a diameter of 5 mm.
The ball-to-powder weight ratio was fixed at 5:1. The ball-milled powders
were sieved under 45 um to ensure the small particle size and the par-
ticle size distribution. The particle size, size distribution, and ¢{-potential
data were measured by using electrophoretic light scattering (ELS) anal-
ysis with a Nano-ZS of Malvern instrument. The particle dispersions for
ELS analysis were prepared by dispersing AgBiSe, and AgSbTe, particles in
the polar medium of N-methyl formamide (NMF) through ultrasonication.
The {-potential data was measured by using electrophoretic light scatter-
ing (ELS) analysis with a Nano-ZS of Malvern instrument. The AgBiSe, and
AgSbTe, inks were prepared by mixing 15 g of ball-milled AgBiSe, and 10 g
of ball-milled AgSbTe, powders, respectively, with 5 g of glycerol using a
planetary centrifugal mixer (ARM-100, Thinky). The mixing process was
performed by repeating three times for a total of 5 min.

Rheological Properties of the 3D Printing Inks: The rheological proper-
ties of AgBiSe, and AgSbTe, inks were analyzed by a rotational rheometer
(Haake MARS 111, Thermo Scientific) equipped with a coaxial cylinder ge-
ometry. The frequency sweep tests were carried out at a constant stress of
1 Pa. The stress sweep tests and the three-interval thixotropy tests (31TTs)
were conducted over the range of 0.005-300 Pa and at various stresses (1,
5, 10, 50, and 200 Pa), respectively, at a frequency of 1 rad s~'. All mea-
surements were conducted at room temperature.

3D Printing and Heat Treatment: The 3D printing process was con-
ducted using a home-built extrusion-based 3D printer. All the processes
were performed at the appropriate nozzle diameters, printing speeds, and
printing pressures for the sliced CAD drawings. Synthesized TE inks were
contained in syringes (Saejong) and deposited onto graphite substrates
using a pneumatic pressure controller. All the 3D-printed samples were
dried for over 12 h at temperatures above 413 K to fully evaporate glycerol.
The sintering processes were conducted at 988 K for 1to 5 h in the case
of AgBiSe, and 803 K for 1to 9 h in the case of AgSbTe, samples. All the
heat treatments were conducted under the N, atmosphere.

Characterization of 3D-printed Samples: The XRD patterns were
obtained using X'pert Pro (PANalytical) with a Cu Ka X-ray source (wave-
length of 1.5418 nm) equipped with an X'Celerator detector, operating
at 40 kV and 200 mA. The OM images were obtained using an Olympus
BX5TM. The SEM images were obtained using a field-effect SEM (FEI
Nova NanoSEM 230) operated at 10 kV. The XPS measurement of the
particles was conducted using an X-ray photoelectron spectrometer
(K-Alpha, Thermo Scientific). The compressive tests were performed
using universal testing systems (5948 MicroTester, Instron) with a strain
rate of 1x 1073 571,
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TE Properties of 3D-printed Samples: The temperature-dependent elec-
trical conductivity and Seebeck coefficient were measured using a thermal
analyzer (SBA 458 Nemesis, Netzsch) in the temperature range from 300
to 700 K under an Ar atmosphere. The thermal conductivity (k) was cal-
culated from the relationship of k = pCyD, where p was density, C, was
specific heat capacity, and D was thermal diffusivity. The density of the sin-
tered samples was estimated by measuring their weight and volume after
polishing them into a flat cuboid shape, ensuring minimal measurement
errors in length, width, and height. The specific heat capacity was calcu-
lated using the Dulong—Petit equation. The thermal diffusivity was mea-
sured using laser flash analysis (LFA 467HT, Netzsch). The lattice thermal
conductivities of 3D-printed samples with 100% relative density were cal-
culated using effective medium theory, which was shown as

2-20
Ry e

where k}, was the lattice thermal conductivity of the host material and
@ was porosity. The carrier concentrations and mobilities at room tem-
perature were measured using Hall measuring equipment (HMS-5000,
ECOPIA).

Simulation of TEG Performance: A 3D finite element model (FEM) was
employed via COMSOL Multiphysics to evaluate the performance of the
thermoelectric generator (TEG). The FEM approach subdivided a resistor
into smaller elements, allowing for a detailed assessment of the electrical
characteristics of each element to predict the overall behavior of the struc-
ture. This method proved particularly effective for analyzing the electrical
properties of resistors with complex 3D geometries, offering more precise
calculations of electrical resistance, especially in resistors with irregular
shapes or intricate designs, compared to traditional calculations.[®] In
the simulation, the designed module, thermoelectric module, heat trans-
fer module, and AC/DC module of COMSOL were used to calculate the
temperature distribution in a TEG with resulting electrical outputs. The
temperature distribution and electrical potential under the steady-state
condition were obtained by following non-linear coupled equations:

—V ((6S2T+k) VT) =V (6STVV) = ¢ ((VV)2 + SVTVV) )

V (6VV) +V (6SVT) (5)

where T, V, S, k, and o were the temperature, the electrical potential, the
Seebeck coefficient, the thermal conductivity, and the electrical conduc-
tivity, respectively. The electrical resistance was calculated by dividing the
potential (V,.) by the short-circuit current (I, providing a practical ap-
proach for determining the electrical resistance of a TEG under operational
conditions.[®2%] The maximum output power (P,,) was calculated us-
iNg Ppax = Vo2 /4R. The employed material properties were interpolated
with cubic spline based on the measurements of 3D-printed ternary Ag
chalcogenide materials, as depicted in Figure 3. All the simulated models
comprised top and bottom electrodes, between which the TE leg was sand-
wiched. The electrodes had dimensions of 10 x 10 x 0.3 mm3 and were the
same for all models for a fair comparison. The differing geometries of the
TE legs—including cuboid, 1-, 4-, and 16-pin models—were designed with
a uniform height of 10 mm and a volume of 500 mm?. For heat dissipation-
designed TE legs, the TE pins were sandwiched with 2.5 mm of TE materi-
als thickness to minimize contact resistance. As boundary conditions for
the single TE leg model, the top side of the upper electrode was electrically
grounded, and all other sides were electrically insulated. In the uni-couple
of the TEG, the cold-side electrode of the p-type TE leg was grounded, with
the electrical load directly connected to the cold-side electrodes. The tem-
perature of the top-side electrode was maintained at a fixed temperature
of 573 K, whereas all other surfaces were subjected to convection condi-
tions. It was assumed that the convection coefficient for all surfaces was
consistent, set at 5 W m=2 K~1, with an ambient temperature of 25 °C.
The optimization of the cross—sectional area of p-type and n-type TE legs
was conducted at the constant total volumes of n-type and p-type legs. In
this computation, it was assumed that the optimum cross—sectional area

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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ratio was similar for both the cuboid and heat-dissipation designs. Based
on the optimization, an optimum device for the heat-dissipation model
was designed, which had a 20-pin p-type leg and an eight-pin n-type
leg. The dimension of the optimum device is depicted in Figure 4A,B.
The simulation to compare the experimental measurement of TEG in-
cluded the contact resistance between the electrodes and TE legs. The
contact resistivity was calculated based on the measurement of the area-
dependent contact resistances (Figure S28, Supporting Information). The
employed material properties were based on the measurements of 3D-
printed ternary Ag chalcogenide materials, as shown in Figure 3. All of the
simulated models, including the cuboid, 1-, 4-, and 16-pin models, had a
uniform height of 10 mm and volume of 500 mm? for each TE leg. For heat
dissipation-designed TE legs, the TE pins were sandwiched with 2.5 mm of
TE materials thickness to reduce contact resistance. As the boundary con-
ditions, the top side of the upper electrode was set to a fixed temperature
of 573 K and electrically grounded while all other surfaces were subjected
to a convection condition with a convection coefficient of 5W m=2 K=" and
an ambient temperature of 25 °C. The optimization of the cross—sectional
area of p-type and n-type TE legs was conducted at the constant total vol-
umes of n-type and p-type legs. The simulation to compare the experi-
mental measurement of TEG included the contact resistance between the
electrodes and TE legs.

Fabrication and Evaluation of TEGs: TEGs were fabricated by integrat-
ing with Cu electrodes using Ag epoxy (EPOXIOHM EO-98HT, EpoxySet
Inc.) for the n-type AgBiSe, leg and Ag paste (Pyro-Duct 597-A, Aremco)
for the p-type AgSbTe, leg, respectively. The output voltage, resistance,
and output power of the TEGs were measured onto a ceramic heater with
the size of 70 X 15 mm? as a heat source. The ceramic heater generated
heat by controlling voltage through the DC power supply. The hot-side and
cold-side temperatures were measured by using a Keithley 2000 multime-
ter with K-type thermocouples. The whole measurement was conducted
in a vacuum chamber under natural convection of the N, atmosphere.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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