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Waste heat, an abundant energy source generated by both industries
and nature, has the potential to be harnessed into electricity via
thermoelectric power generation. The performance of thermoelectric
modules, typically composed of cuboid-shaped materials, depends on
both the materials’ intrinsic properties and the temperature difference

created. Despite significant advancements in the development of efficient
materials, macroscopic thermal designs capable of accommodating larger
temperature differences have been largely underexplored because of the
challenges associated with processing bulk thermoelectric materials.

Here we present the design strategy for Cu,Se thermoelectric materials for
high-temperature power generation using acombination of finite element
modelling and 3D printing. The macroscopic geometries and microscopic
defectsin Cu,Se materials are precisely engineered by optimizing the 3D
printing and post-treatment processes, leading to notable enhancements
inthe material efficiency and temperature difference across legs, where the
hourglass geometry exhibits maximized output powers and efficiencies.
The proposed approach paves the way for designing efficient thermoelectric
power generators.

Global energy consumption is growing rapidly, and there is an urgent
need forsustainable and renewable energy sources to address fossil fuel
depletion and environmental pollution' . Waste heat is one of the most
relevant renewable sources because it is generated by numerous sys-
tems, including automobiles, ships, power plants and industrial plants
of oil refineries and steelmaking*°. Thermoelectric (TE) power genera-
tion offersaunique solution for the reliable and sustainable recovery of
dissipated waste heat because it enables the direct conversion of heat to
electricity without environmental pollution”°. The energy conversion
efficiency of TE devices depends on the efficiency of the TE material and
thetemperature difference across the TE devices’ ™. Achievingalarge
temperature gradient across the TE device and ultimately maximizing

energy conversion efficiency requires the device-level design of TE
generator>", The key design parameters in the conventional cuboid
TE leg-based devicesinclude thelength and aspect ratio of the cuboid
legs and their fill factor2°. Another important design strategy can
involve the optimization of non-cuboid geometries for individual TE
legs. This strategy offers an additional level of control over thermal
transport and enables the creation of larger temperature differences
compared with cuboid-shaped legs* . Although several simulation
studies on non-cuboid geometries of TE legs have been reported in
some specific conditions, there hasbeenascarcity of the experimental
validation combined with acomprehensive design for power genera-
tioninnon-cuboid TE legs. This limitationis attributed to the challenge
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Fig.1| Geometric designs and defect engineering of 3D-printed Cu,Se.

a, Aschematicillustrating defect engineering and geometric designs of
3D-printed Cu,Se for a high-output power TE material. The TE leg designs had
identical volumes and heights. b, The ZT values of 3D-printed Cu,Se. ¢, Power
densities of 3D-printed Cu,Se devices as a function of hot-side temperatures in
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the range of 323-873 K. In ¢, the points represent the values obtained from direct
measurements, while the dashed lines indicate the values predicted through
numerical simulations by finite element method, demonstrating a high degree of
similarity and validating the experiment’s outcomes.

of fabricating materials with complex geometries by the conventional
metallurgical manufacturing process.

Recently, three-dimensional (3D) printing has emerged asa prom-
ising manufacturing process for TE materials and offers the potential
to customize TE legs into specific geometries®®* . However, this tech-
nology is still in the development phase, and further advancements
are necessary to meet the manufacturing criteria for TE materials.
These criteriainclude ensuring structural fidelity and achieving a high
TE figure of merit (ZT) in the printed products. The reported efficien-
cies of 3D-printed TE materials have generally been lower than those
achieved through traditional fabrication methods, suchas hot pressing
or melting®**. Enhancing the TE properties of materials requires the
precise engineering of atomic defects and microstructures during the
fabrication stage®®. However, this presents a challenge in the 3D print-
ing process because the incorporation of additives or modifications
to the microstructure can adversely affect the rheological properties
of the particle-based inks and compromise the printability of the
resulting 3D structures.

Here, we present adesign strategy for determining the best geom-
etry of TE legs for high-temperature power generation of Cu,Se through
3D finite element model (FEM) simulations and experimental validation
ofthe design using an extrusion-based 3D printing process. Liquid-like
materials of Cu,Se arguably represent high-temperature TE materials
owing to their high efficiencies resulting from their extremely low
thermal conductivities®** **. We conducted numerical simulations
to evaluate the power generation of eight different geometries of
the Cu,Se TE legs under diverse working conditions and further opti-
mized the geometric parameters of the best-performing hourglass
geometry. Moreover, the controlled liquid-phase sintering and Se evap-
oration of the printed Cu,Se products allowed the defect formation of
high-density stacking faults (SFs) and the resulting dislocations. These
defects reduced the thermal conductivity of Cu,Se and consequently
enhanced the ZT values up to 2.0 at 950 K. To validate our designs, we
fabricated and comparatively evaluated the power-generating power
performances of the 3D-printed Cu,Se legs. The hourglass-shaped TE
leg generated substantially higher power and efficiency compared
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with those of the conventional cuboid-shaped TE material, experi-
mentally validating our approach towards the maximization of
power-generating performances of TE devices.

Results
Geometric design of TE legs
The overall design of Cu,Se TE materials, focusing on macroscale geom-
etry and microscale defects to enhance ZT values and output power
density, is summarized in Fig. 1.

The maximum output power (P,,,,) of TE devices is defined using
equation (1),

p _ S2AT?  (SQRw)? ©
mxX = 4R 4Ry

where S is the Seebeck coefficient, R, is the electrical resistance of a
TEleg,and AT = QR is the created temperature difference, where Qis
the heat flowing through a TE leg and R, is the thermal resistance of a
TE leg. To maximize P,,,, in this simple relation, the optimization of R,
and R, isgenerally conducted with the parameter of the aspectratio of
acuboid TElegbecause they have a trade-off relationship with respect
tothe length and cross-sectional area of the TE leg. In the non-cuboid

TEleg, R, and R, can be defined using equation (2),
L
d!
Rel = Oa
o )
Ro= [ 4
th = kA

where L is the vertical length, o is the electrical conductivity, k is
the thermal conductivity and A is the cross -sectional area of the
TE leg®. The geometric parameter of fO n ! of the TE legis presentin
equation (2). Because several factors affect the overall output power
of adevice, such asthe temperature dependencies of cand k, convec-
tion areas and conduction path, this geometric parameter could be
more flexible and effective for maximizing P, than the aspect ratio
of a cuboid leg. For example, LeBlanc and coworkers investigated
theinfluence of TE leg shapes by simulations, finding that the hourglass-
and trapezoid-shaped TE legs generate more power than twice asmuch
as the cuboid”.

Todesigngeometry of Cu,Se TE legs, we developed a3D FEM model
for the eight different geometries of the TE legs and comparatively
computed their R, AT, output voltage (V), P,.., and efficiency (n7)
(Fig.1a). We chose these geometries by considering the geometric
parameters of fo for which the selected geometries were
varied (Supplementary Table 1), the conduction path (Y shape and
reverse Y shape) or the holes init (multi-hollow rectangle). Initially, we
computed the power-generating performances of the single leg,
wherein the TE leg is sandwiched between the top and bottom Cu
electrodes and Ag paste solder, under various thermal environment
conditions by varying the convection heat transfer coefficients (h) at
both hot and cold sides with the ambient temperatures of 873 K and
300K, respectively (Fig. 2a). This approach effectively encompasses
the wide range of working conditions encountered in TE devices.
Figure 2b-fillustrates the 3D plots of the relative properties of complex
geometries to those of the cuboid (Supplementary Figs.1and 2). It was
observed that a lower h on either the hot or cold side resulted in a
predictedincreasein AT for the hourglass, Y, reverse Y and multi-hollow
rectangle, whereas a decrease in AT relative to the cuboid was antici-
pated for truncated pyramid, reverse truncated pyramid and inverse
hourglass. With escalating h values on either side, the variations in
relative AT within the complex geometries diminished, converging to
aconstantvalueat high hlevels onboth the hot and cold sides, consist-
ent with a fixed AT condition. Correspondingly, the Vmirrored the

trends in AT. This result can be interpreted by the combined effect of
the geometric parameters that determine the R, of the leg, as well as
the heatingand cooling surface areas that determines the heat transfer
rateatthe hotside (Q,) and coldside (Q.), resulting in AT. The convec-
tive heat transfer rate (Q,,,) was defined by Q.ony = hAATony, Where
Aand AT, are the exposed surface area and temperature difference
between the solid and fluid medium. The R, was generally found to be
independent of the h as it is predominantly determined by the mate-
rial’selectrical conductivity, geometric parameters, contact resistance
(R.) and contactresistivity 0of4.88 x 107 Qm? (Supplementary Fig. 3)*.
Owing to greater contactareas, the hourglass was projected to exhibit
lower relative R,. Owing to the superior AT and reduced R, the hour-
glass demonstrates amarkedly enhanced performanceintermsof P,
and n compared with all others in the entire ranges of h, on both the
hot and cold sides.

In addition, we conducted the simulations under two specific
working conditions: one comprising a fixed hot-side temperature (7},
of 873 Kandforced convectionatthe cold side, and the other compris-
ing afixed AT. These conditions correspond to the cut planes of the
3D plotsin Fig.2b-f, corresponding to the cold-side A =200 W m2 K™
and the both-side i =W m2K™. The former condition holds rel-
evance in real-world applications, where a TE device is applied to
a hot reservoir and cooled using a heat sink. Conversely, the latter
conditionis commonly employed in the field of TE devices, enabling
astraightforward comparative assessment of TE devices. Under the
former condition (Fig. 2g), the hourglass and truncated pyramid with
higher R, and larger geometric parameter than those of the cuboid
were expected to produce the higher AT. Meanwhile, the Y-shaped
and reverse Y-shape legs with the same geometric parameter as the
cuboid exhibited aslightly higher AT owing to alonger thermal con-
duction path. In contrast, thereverse truncated pyramid and inverse
hourglass that have smaller cooling areas exhibited considerably
lower ATand P,,,, values. Consequently, the hourglass, Y-shaped and
reverse Y-shaped legs outperformed the cuboid in terms of P,,,,, and
n, with the hourglass design emerging as the most efficient. Despite
higher AT expected in the truncated pyramid, its P, and n were
limited due to the large R,,.

Under the fixed AT condition (h =+ W m2K™), the impact of R,
and Seebeck voltage on the P, is pre-determined by the fixed AT,
rendering the P, contingent solely on the R,,. The hourglass shows
aremarkable enhancement in both P,,, and n, considerably outper-
forming the cuboid (Fig. 2h). Moreover, the performances of the Y
shape andreverse Y shapeincreased as well. These enhancements are
attributed to thelarger geometric parameters since those with greater
R, required less Q, to establish the same AT. Thus, thereductionin P,
by R, was offset by the lower Q,, resulting inimproved 5. Additionally
theincreased contactareas reduce R, thereby boosting the efficiency.

Further, the standardization of the heating and cooling surface
areasandtheR_, and the application of the design strategy to different
materials, specifically BiSbTe, are discussed in Supplementary Discus-
sions1and 2 (Supplementary Figs. 4-7). All the simulations show that
the hourglass consistently outperformed other geometriesin terms of
P...«and nexceptunderideal fixed-temperature conditions withoutR..

Finally, the optimization for the area ratio (/&) and the position
ofthe centre neck (y) was performed on the hourglass, where a, fand
y represent the area at the centre, the areas of the top and bottom
surfaces, and the normalized position of the centre neck fromthe hot
sidein the range 0-1, respectively (Fig. 3a). With anincrease in f/a to
approximately 10, the AT and resulting V abruptly increased, while
the R, decreased (Fig. 3b,c and Supplementary Figs. 8 and 9). Above
B/ of 12, all values were nearly saturated or changed slowly, but the
P...x decreased owing to the increase in the R,.. Overall, the P,,,, was
maximized at an area ratio of 11.65, at which the predicted Vand P,,,,
were 24% and 131% higher than those of the cuboid. The optimal value
forywasfoundtobe0.519, slightly below the centre witha f/a of 11.65.
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Fig.2|Cu,Se TEleg designs. a, A schematicillustrating working condition

of 3D-printed Cu,Se TE device. b-f, The percentage of temperature difference
(b), voltage (c), electrical resistance (d), output power (e) and efficiency (f)

of eight different leg shapes compared with those of a cuboid-shaped leg
under the diverse convection coefficient of the hot and cold sides. The vertical
planes are the cut planes of the cold-side convection coefficient 200 W m2 K™,

g h, Schemesillustrating the working conditions of the 3D-printed Cu,Se TE device:
the percentage of temperature difference, output voltage, electrical resistance,
output power and efficiency of eight different leg shapes compared with those
ofacuboid-shaped leg at the cut planes of the cold-side convection coefficient
200 W m2K™ (g) and the infinite of convection coefficient of the hot and cold
sides (h).

However, the marginal improvement of approximately 1% in the P,,,, was
predicted compared with the base design with the y of 0.5. Considering
the 3D printing resolution, we chose the optimum hourglass with the

B/aof1l.65andyof 0.5 for the experimental validation (Fig. 3¢, inset).
The optimization of the hourglass geometry is further discussed in
Supplementary Discussions 3 and 4 (Supplementary Figs.10-12).

Nature Energy


http://www.nature.com/natureenergy

Article

https://doi.org/10.1038/s41560-024-01589-5

Area o

Power (mW)
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illustrating design variables of an hourglass-shaped Cu,Se TE leg. b, The output
power of the hourglass-shaped Cu,Se TE leg as a function of the ratio of cross-
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Fig. 4| 3D printing of geometric-designed Cu,Se TE materials. a, A schematic
displaying the 3D printing process of the Cu,Se free-standing shapes using all-
inorganic Cu,Seink. b,c, A photograph (b) and optical microscopy (OM) image

Extrusion-based 3D printing

Air-pressured
dispenser

10 mm

Free-standing 3D TE architecture

f

(c) of the as-printed 3D lattice structure constructed of layer-by-layer-deposited
Cu,Seink filaments. d-f, OM (d) and low- (e) and high-magnification (f) SEM
images of the sintered 3D Cu,Se lattice.

3D printing of the geometrically designed Cu,Se

To achieve ink-extrusion-based 3D printing of Cu,Se, we formulated
a Cu,Se particle-based colloid ink with the desired viscoelasticity.
Our group has previously reported the extrusion-based 3D printing
of Cu,Se inks whose rheological properties were tailored by the addi-
tion of Seg”” polyanions®. In the current study, we further increased the
concentration of solutes in the glycerol solvent medium, resulting in
ahigher viscosity (Supplementary Fig.13). This rheological modifica-
tion improved the 3D printability of our inks to make them directly
writable, which enabled us to build complex architectures, including
hourglass, arch and lattice structures constructed by directly written
filaments (Fig. 4a and Supplementary Movies 1-3). Optical micros-
copy and scanning electron microscopy (SEM) images of the printed
filaments (Fig. 4b-f) show their smooth surface and uniform thick-
ness. Moreover, after heat treatment at 1,233 K, the primary shape of
the filament was preserved perfectly without structural distortion.
Additionally, the as-printed filament had adiameter of approximately
210 pm while the sintered filament uniformly shrank to a diameter of

approximately 160 pum after the heat treatment, indicating densifica-
tion of the printed filament.

TE properties of the 3D-printed Cu,Se

The use of Seg> polyanions as rheology-modifying additives also pro-
motes the sintering of Cu,Se. Upon heat treatment, Se,>” polyanions
are decomposed into the Se phase at -140 °C among Cu,Se particles
(Supplementary Fig.14) and induce the liquid-phase sintering of Cu,Se
particles due to the relatively low melting point of Se (-220 °C). We
investigated the effect of sintering temperatures on the TE proper-
ties of samples (873,1,053 and 1,233 K). The SEM images show that all
samples sintered at 873,1,053 and 1,233 K have well-fused grains with
multiple pores in their microstructures, suggesting a sintering effect
of the Seg*” polyanions (Supplementary Fig. 15)*7*. Also, excess Se
polyanions allowed us to control the composition of Cu,_,Se because
elemental Se gradually evaporates during sintering. X-ray diffraction
(XRD) patterns of the samples sintered at 873,1,053 and 1,233 Krevealed
that the Cu, ;Se phase mixed with the Cu,Se phase was observedinthe
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sample sintered at 873 K, and the peaks of the Cu, ;Se phase progres-
sively disappeared with increasing sintering temperature (Fig. 5a).
At1,233 K, the XRD pattern shows only the peaks corresponding to
the Cu,Se bulk phase without any peaks related to the Cu, ;Se phase.

We measured the temperature-dependent TE properties of the
3D-printed, heat-treated samples at 873,1,053 and 1,233 K from room
temperature to1,000 K. The formation of the Se-rich Cu,_,Se phasein
our samples enabled control of the hole concentration of the samples
because the Cu vacancies in Cu,_,Se are known to act as hole donors
(Fig. 5b). Hallmeasurementresults reveal that the hole concentration
decreased from 7.27 x 10%° to 3.85 x 10?° cm as the heat treatment
temperatureincreased, indicating the controlled formation of the Cu
vacancy depending onthe sintering temperatures. The hole mobilities
of the samples also decrease with increasing sintering temperature.
This trend can be understood by considering the defect formation in
the sintered samples at higher temperatures.

Room-temperature electrical conductivity gradually decreased
with increasing the sintering temperature (Fig. 5c). Meanwhile, the
Seebeck coefficient at room temperature increased with increasing
the sintering temperature from 873 K to 1,233 K (Fig. 5d). This trend
indicated that the Seebeck coefficient were inversely proportional to
the carrier concentration*”*®, The electrical conductivity decreased asa
function of temperature for all the samples over the entire temperature
range, whereas the Seebeck coefficients were positive. These depend-
encies agree with the reported trends for Cu,Se materials and indicate
the behaviour of typical heavily doped semiconductors****°, The high-
est power factor of 9.38 pW cm™ K2 was achieved by the 873 K-sintered
sample at 1,000 K (Supplementary Fig. 16).

Over the entire temperature range, the samples sintered at higher
temperatures exhibited lower thermal conductivities (Fig. Se). The
1,233 K-sintered sample exhibited the lowest thermal conductivity of
0.33 Wm™K™at 950 K, which was lower than the reported values of
bulk polycrystalline Cu,Se materials and similar to those of the recently
reported state-of-the-art Cu,Se TE materials. In previous reports, the
remarkably low thermal conductivity of Cu,Se was achieved by strate-
gies to create unique microstructures, such as mosaic nanostructur-
ing’>*', the fabrication of nanocomposites®>*, incorporation of carbon
allotropes®~*° and atomic defect engineering®.

To understand the extremely low thermal conductivity of the
3D-printed Cu,Se, the sample sintered at 1,233 K was analysed using
transmission electron microscopy (TEM). The TEM images (Fig. 5f
and Supplementary Fig. 17) clearly show dense array textures in the
microstructures. These textures originate from the formation of SFs
(Fig. 5g), which is further confirmed by the selected-area electron
diffraction pattern (Fig. Sh) that possesses a (004) slip plane. The pres-
ence of diffuse streaks surrounding each diffraction pattern provides
clear evidence that the microstructure corresponds to an SF in the
planar defect®® . Moreover, we observed the formation of dislocation
defects surrounded by SFs (Supplementary Fig. 18).In the sample sin-
tered at 873 K, arrays of SFs were partially detected just near the grain
boundary. Moreover, the Se-rich Cu, ;Se phase was clearly detected
(Supplementary Fig.19).

The formation of SFs has been widely studied in materials with
mixed phases, where a dislocation is created at the phase boundary
between the two phases owing to lattice strain, which consequently

creates an SF by dislocation propagation® ‘. The interaction between
Cu,Se particles and Se additive resulted in the formation of Se-rich
Cu, ¢Se alongside the Cu,Se matrix phasein our samples (Supplemen-
tary Figs. 20 and 21). This intermediate phase can be attributed to
lattice strain caused by the lattice mismatch between orthorhombic
Cu,Se and cubic Cu, ¢Se, leading to the creation of dislocations and
dense SFs within the 3D-printed Cu,Se samples. Notably, at elevated
sintering temperatures, the diffusivity of Seions escalated®, facilitating
their migration into Cu,Se grains and promoting the development of
Cu,¢Se phasesinlarger regions during the intermediate state. Conse-
quently, this process contributed to the widespread presence of SFs
throughout the Cu,Se grain during subsequent heat treatment. This
scenario is supported by the observation of SF arrays in all the grains
of the sample sintered at 1,233 K, whereas SFs were observed only at
thegrainboundary of the sample sintered at 873 K. The enlarged XRD
patterns (Supplementary Fig. 20) and TEM results affirmed these
observations, revealing peak shifts and heightened lattice strains as
sintering temperatures or holding timesincreased.

Utilizing the Debye-Callaway model encompassing phonon
scattering mechanisms such as Umklapp processes, grain boundary
scattering, point defects, dislocations, pores and SF scattering, we
quantified the attained minimum lattice thermal conductivity (x,)
(Fig. 5i). Contrary to Umklapp processes, point defects, dislocations
and pores primarily impacted low- and high-frequency phonons, show-
ing minimal effect on middle-frequency phonons. Conversely, SFs
exhibited substantial phonon scattering reduction across all frequen-
cies, including middle-frequency phonons. Figure 5j demonstrates the
accordance between experimental and theoretical data, solidifying the
existence of SF-mediated phonon scattering.

The calculated ZT values from the measured electrical and thermal
propertiesreached 2.0 at 950 K for the sample sintered at1,233 K, out-
performingthose of the samples sintered at lower temperatures over
the entire temperature range. Moreover, this maximumi s higher than
the values reported for polycrystalline bulk Cu,Se (ref. 43). Although
this value is slightly lower than the recently reported state-of-the-art
Cu,Se (refs. 52-56), to the best of our knowledge, this s the first demon-
stration of the achievement of higher ZT values in printed TE materials
compared with their bulk values (Supplementary Table 2). Further, a
thermal cycling test (Supplementary Fig. 22) and the reproducibility
test (Supplementary Fig. 23) confirmed the thermal stability and the
reproducibility of the 3D-printed samples. Notably, the samples for the
reproducibility test were 3D-printed along different printing directions
(in-plane, zigzag and cross-plane), indicating the isotropic nature of
the TE properties of our samples, unaffected by the printing direction.

Evaluation of power generation of Cu,Se TE materials

To experimentally validate our designs, we 3D-printed eight distinct
geometries of Cu,Se TE legs that were sandwiched by the Ni diffusion
barriers and Cu plate electrodes using Ag paste as the solder (Fig. 6a—f
and Supplementary Fig. 24). Under the fixed 7,,and convective cooling
condition, as the temperature increased, all devices exhibited nearly
linear increases in the AT and V, and quadratic increases in the P,,,,,
indicating the reliability of the measurements (Fig. 6g-i and Supple-
mentary Figs. 25and 26). Furthermore, the cold-side temperature (T;)
andtheresulting AT are in good agreement with the simulation results.

Fig. 5| Optimizing the TE properties of the 3D-printed Cu,Se by defect
engineering. a, XRD spectra of 3D-printed samples sintered at 873,1,053

and 1,233 K. b, Room-temperature hole concentrations and mobilities of the
Cu,Se samples sintered at 873,1,053 and 1,233 K. c-e, Temperature-dependent
electrical conductivities (c), Seebeck coefficients (d) and thermal conductivities
(e) of the Cu,Se samples sintered at 873 K, 1,053 Kand 1,233 K. f-h, Field emission
TEMimages at low (f) and high (g) magnifications of the 3D-printed Cu,Se grain
sintered at1,233 K. The yellow arrow in cindicates SFs. h, The selected-area
electron diffraction image of the TEM image. i, Full frequency spectrum of the

phonon scattering effect in the 3D-printed Cu,Se. The interplay of Umklapp (U),
grain boundary (GB), point defect (PD) and dislocation (DC + DS) scattering
canreduce the spectral thermal conductivity exclusively at specific low-and
high-frequency intervals. Thered-shaded areainirepresents the reductionin
spectral thermal conductivity due to SFs only. j, Temperature-dependent lattice
thermal conductivities of 3D-printed Cu,Se samples sintered at 873,1,053 and
1,233 K. The dashed and dotted lines represent the simulated and measured data,
respectively.
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Notably, at T;, of 873 K, the hourglass exhibited a T, 0f 378.6 K among
those observed in other geometries (Supplementary Fig. 26). Corres-
pondingly, the Vmirrored the trendsin AT. Consequently, the hourglass
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Fig. 6 | Power-generating performances of 3D-printed Cu,Se devices.

a-f, Photographs and 3D illustrated models of TE devices chipped with cuboid-
(a), optimized hourglass- (b), truncated pyramid- (c), multi-hollow rectangle- (d),
reverse hourglass- (e) and Y- (f) shaped Cu,Se TE legs. g-i, Output voltages (g),
powers (h) and efficiencies (i) as a function of the hot-side temperature of the
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3D-printed Cu,Se TE devices under the fixed T;, condition. j-1, Output voltages

(§), powers (k) and efficiencies (I) as a function of the hot-side temperature of the
3D-printed Cu,Se TE devices under the fixed AT condition. The points and dashed
linesin the graphs are the measured and simulated data, respectively, that were
determined by FEM simulations.

their P,,,,, reaching 6.1% at the T, of 873 K. This  was 3.6 times greater
than that of the cuboid, respectively (Fig. 6i). Such enhancements are
ascribed to the larger AT created in comparison with other designs at
equivalent T, which is a consequence of the increased R, due to the
geometric parameters, as well as the expanded cooling surfaces.

In addition, under the fixed AT condition, all samples exhibit
nearly identical output voltages across measurement temperatures
(Fig. 6j-1). The P, of each leg was primarily influenced by its R, with
the hourglass demonstrating the lowest R, attributable to the larger
contact surface area with the electrodes. Accordingly, the optimized
hourglass shows the highest P, 0f 29.75 mW, surpassing other geom-
etriesby approximately 1.5times, relative to the cuboid. Moreover, the
n/Pn.xof the hourglass was superior compared with that of the cuboid,
indicating that an equivalent AT could be generated with a reduced
Q. in more complex geometries characterized by higher geometric
parameters and consequent R,,,. These results demonstrate theimpact

of the geometry for enhancing the power-generating performance
under diverse working conditions.

These experimental results are in concordance with the simula-
tion results in the 3D plots under the various thermal environment
conditions (Fig. 2a-e), corresponding to the constant cooling h of
200 W m2K™and the heatingand cooling A of infinite (Supplementary
Figs.27 and 28). Such consistency demonstrates the effect of geometry
onthe power-generating efficiency of the devices under various work-
ing conditions.

Discussion

We demonstrated the feasibility of the designand 3D printing strategy for
non-cuboid geometries of Cu,Se TE materials for more efficient thermal
energy harvesters. We developed 3D FEMs for the library of geometries
of TE legs that allowed us to comparatively optimize the geometries of
the TElegs withrespect to the geometric parameter for creating alarger
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thermal resistance, resulting in a higher output power and efficiency.
Moreover, we demonstrated the controlled formation of atomic defects
in3D-printed Cu,Se by induced lattice strain in the Cu,Se grains, where
a high density of SF arrays was created in the entire grain. Such defect
engineering allowed us to substantially reduce the thermal conductivity
and enhancethe ZTvalues up to 2.0. The experimental validation of the
FEM design by 3D printing fabrication and evaluation of the TE materials
showed excellent agreement with the predicted power-generating per-
formances, where the hourglass geometry exhibited noticeably higher
output power and efficiencies than the other geometries. Our design
strategy for the non-cuboid geometry of a TE material provides a way
to overcome the intrinsic trade-off between the electrical and thermal
transportinadevice. Forinstance, the numerical simulation shows that
the ratio of electrical to thermal current density—a critical factor for
maximizing efficiency—can be tuned by the geometry (Supplemen-
tary Discussion 5 and Supplementary Fig. 29). In addition, this strategy
can be easily applied to other TE materials, as evidenced with BiSbTe
(Supplementary Fig. 5), and functional properties of materials, such as
mechanical, optical and catalytic properties. Despite the anticipated
mechanical vulnerability of the hourglass structure (Supplementary
Fig.12), the incorporation of mechanically robust fillers or the imple-
mentation of a3D metastructure design can enhance the durability at the
devicelevel. Ourapproachwill unveil anew way to enhance the efficiency
of TEdevices, which ultimately contributes to future electricity supplies.

Methods

Materials

Chemicals used in this research were purchased from the following
suppliers: ethylenediamine (>99.5% pure), glycerol (>99.5% pure) and
ethanethiol (>97% pure) from Aldrich Chemical; Cu (99.9%) powder
and Se (99.999%) powder for high-energy ball milling from Alfa Aesar
and 5N Plus, respectively; and isopropanol (99.5%) and Se (99.999%)
powder for the synthesis of Se polyanion from Samchun Chemicals
and Alfa Aesar, respectively. The chemicals and elements were used
asreceived without further purification.

Synthesis of 3D-printable all-inorganic Cu,_Se-based ink

The entire procedure was conducted under N, atmosphere. To syn-
thesize Cu,Se powder, Cuand Se powder with the stoichiometricratio
of Cu,Se were high-energy ball-milled (SPEX, 8000M Mixer/Mill) for
200 min. The resulting powder was sieved to eliminate particles larger
than 45 pum. The Se polyanion additive was prepared with the follow-
ing process: dissolving 0.5 g of Se powder in cosolvent of 0.5 ml of
ethanethiol and 4.5 ml of ethylenediamine at room temperature with
vigorous stirring. After 72 h, 5 ml of Se dissolved solution was mixed
with 37.5 ml of isopropanol and centrifugated for 10 min at 7,715g to
precipitate the Se polyanion from the dissolved solution. The pre-
cipitate was vacuum-dried for 1 h after discarding the supernatant.
Cu,Se-based ink was prepared by dispersing 2 or 3 g of ball-milled Cu,Se
powder,1or1.5 gofdried Se polyanion,and 2.5 gofglycerolfor2 hina
planetary centrifugal mixer (ARM-100, Thinky). To ensure successful
homogenization, five to seven zirconium oxide grinding balls with a
5 mm diameter were introduced into the mixing process.

Rheological characterizations of Cu,_,Se-based inorganicink
The rheological properties of the Cu,Se inorganic ink were assessed
at room temperature using a rotational rheometer (Haake MARS 1II,
Thermo Scientific) with acoaxial cylinder geometry. Frequency sweep
tests were performed at a constant stress of 1 Pa, while stress sweep
tests were conducted at frequencies of 1 rad s and stress values rang-
ing from 0.005to0 300 Pa.

3D printing and heat treatment process of Cu,Se
Three-dimensional printing was conducted using a home-built
extrusion-based 3D printer with programmable temperature and

pressure control. The synthesized ink was loaded into a 5 ml syringe
(Saejong), which was fitted with a metal nozzle having an inner dia-
meter of 340 pm. The design software was used to print theink in layers
of parallel lines, with eachlayer developed perpendicular to the previ-
ous one. The printing process was carried out at room temperature,
withalsintervalbetweeneach layer deposition. The as-printed sample
wasdried at 423 K for 5 hand subsequently annealed under anitrogen
atmosphere at 873,1,053and 1,233 Kfor1-13 h.

Microstructure characterization of 3D-printed Cu,Se

The Olympus BX51M was used to capture the optical microscopy image.
The field-effect SEM (Nova-NanoSEM230, FEI and S-4800 Hitachi
High-Technologies) operated at 30 kV was used to obtain the SEM
images. The XRD patterns were obtained by the Rigaku D/Max2500 V
diffractometer with a Cu-rotating anode X-ray source (A = 0.15418 nm)
operating at 40 kV and 30 mA. The reference peaks of Cu,_,Se and
Cu, ;Se were determined by comparison with the references of JCPDS:
00-047-1448 and 01-073-8642, respectively. The TEM specimens were
prepared using focused ion beam milling (NX5000, Hitachi), and the
FE-TEM characterization was performed using the Titan G2 ChemiSTEM
CsProbe from FEl company.

Measurement of TE properties

The temperature-dependent electrical conductivity and Seebeck
coefficient were measured using a commercial equipment (SBA 458
Nemesis, Netzsch) under argon atmosphere in the temperature range
0of 300 Kto 1,000 K. The thermal conductivity of the 3D-printed sam-
ples was estimated using the formula x = pC,D, where k is the thermal
conductivity, p is the density, C, is the specific heat capacity and D is
the thermal diffusivity, which was measured using laser flash analysis
(LFA 467HT, Netzsch) in the same temperature range as the electrical
conductivity. The maximum equipment error range for thermal dif-
fusivity, considering radiation heat loss, is limited to 3%. The density
of the samples was obtained by measuring their weight and volume.
The specific heat capacity was calculated using the Dulong-Petit
equation. The maximum equipment error range for thermal diffu-
sivity measurement was 3%. All the measurements were conducted with
the 3D-printed Cu,Se made from Cu,Se ink containing 5 g of glycerol
medium, 4 g of ball-milled Cu,Se powder and 2 g of Se polyanion addi-
tive. Room carrier concentrations and mobility were evaluated using
anequipment of HCS-1, LINSEIS, capable of generating dual opposing
magnetic fields of +0.7 T. TE properties are slightly changed during
the process of optimizing the heat treatment duration at the sintering
temperature of 1,233 K. (Supplementary Figs.30 and 31). Owing to the
phase transition, the TE properties of the Cu,Se samples at around
400 K fluctuated, not displayed in Figs. 1b and 5 ref. 33.

Optimizing TE generator design

A 3D FEM was developed using the commercial software COMSOL
Multiphysics to calculate the temperature difference, output voltage
and power of the TE device. The dimensions of the shapes used in the
TE leg are shown in Fig. 1a, and the volume of the TE material used is
64 mm®with a height of 4 mm. The material properties of the used TE
material are depicted in Fig. 5Sb-e. The electrical conductivity, thermal
conductivity and Seebeck coefficient of Cu,Se used in the FEM were
interpolated with cubic splines based on the measured properties.
To evaluate the performance enhancement attributable to the altera-
tion in geometry within a suitable temperature range, the boundary
conditions were established as follows: a fixed temperature of 873 K
or varying convection coefficients on the hot side with an ambient
temperature of 873 K, and a fixed temperature of 350 K or varying
convection coefficients on the cold side with an ambient temperature
of 300 K. Adiabatic conditions were applied to the exterior sides. In the
TE device, the electrical potential (V,.) was calculated by applying elec-
trical ground to the top surface at open circuitand the current (/) was
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calculated at shortcircuit to obtainthe electrical resistance (R=V,/I.).
The maximum output power (P,,,,) was calculated using P, = V, */4R.
The n was computed via = P,,,,/ Qn = Prax/ (Pmax T Qc), Where Q,, and
Q. are the heat transfer rates from a heat source and to the cold side,
respectively. The cross-sectional area of the electrodes, which has a
thickness of 1 mm, is the same as those of the boundary surface of the
TE leg, except for the narrow side of the truncated pyramid which uses
electrode of the same size as the wider side. The solder layer between
theelectrodes and the TE leg was modelled with a thickness of 0.1 mm,
and the properties of Ag paste were applied: electrical conductivity (o)
of 5x10°S m™, Seebeck coefficient (S) of 0 VK™, thermal conductivity
(k) of 9.1W m™ K™ and specific heat capacity (C,) of 167 kg™ K. The
contact resistance (R.) was applied to interlayer between the elec-
trode and TE leg with the contact resistivity of 4.88 x 10° Qm?, which
is based on the measured values (Supplementary Fig. 3). The value of
h,200 W m2K™, was identified as the optimal parameter when water
circulating cooling was employed®.

Fabrication and power measurement of Cu,Se TE devices
Copper electrodes were prepared in suitable dimensions and thick-
ness of 0.3 mm for three distinct geometries of Cu,Se legs presented
in Fig. 5a—c. Nickel layers, each 300 nm in thickness, were deposited
on both the top and bottom surfaces of the 3D-printed Cu,Se TE legs
throughasputtering process. Following this metallization, the samples
were connected to copper electrodes using silver paste (Pyro-Duct
597-A, Aremco). The output power was measured under atemperature
difference using a 70 mm by 15 mm ceramic heater as the heat source
and a water-circulating chiller. To prevent thermal convection and
radiation, glass fabric was wrapped around the hot plate and 3D-printed
TE devices. Temperature changes were monitored with K-type thermo-
couples connected to aKeithley 2000 multimeter. To avoid unintended
oxidation and air convection, the entire evaluation was performed in
avacuum chamber (Supplementary Fig. 32).

Data availability

All data generated or analysed during this study are included in the
published article and its Supplementary Information. Source dataare
provided with this paper.

Code availability
The COMSOL Multiphysics codes generated for this work have been
uploadedtoZenodo at https://zenodo.org/records/12154029 (ref. 66).
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