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A B S T R A C T   

To fulfill the ever-increasing power demands of deep space exploration, the output performance of radioisotope 
thermoelectric generators, the only accessible power source, must be enhanced in several aspects, including 
thermoelectric properties of materials, geometry, welding, etc. In this study, we present our results on the 
development of a novel thermoelectric slurry suitable for the 3D printing of thermoelectric generators with 
optimized leg geometry. The rheological properties of the slurry are optimized by combining proper amounts of 
organic solvent, binder, and bismuth telluride-based thermoelectric powder. The addition of Cu to the slurry as a 
conductive additive are also investigated. The homogeneous dispersion of Cu within the material not only in-
creases the electrical conductivity of the final thermoelectric leg significantly but also promotes the crystalli-
zation of the thermoelectric particles during the sintering process. These effects result in 3D-printed 
thermoelectric composites exhibiting ZT values up to 0.91 and extended optimum operating temperature range. 
Thermoelectric modules composed of 3D-printed thermoelectric legs show excellent output performance and 
structural strength. This work could also produce other special shaped thermoelectric devices to match irregu-
larly shaped heat sources to reduce contact heat loss and improve output performance.   

1. Introduction 

With the continuous deepening of space exploration and the diver-
sification of exploration tasks, increasing numbers of powerful elec-
tronic devices are equipped in spacecrafts [1–5]. These large numbers of 
electronic devices pose new difficulties and challenges to the spacecraft 
power supply [6,7]. Worse, in deep space exploration missions, solar 
cells struggle to produce enough electrical energy for the spacecraft 
since output power is inversely proportional to the distance from the sun 
[8,9]. Besides, chemical batteries with stable output cannot power the 
spacecrafts for the necessary mission times, years if not decades [10,11]. 
Radioisotope thermoelectric generators (RTGs) have become almost the 
only power source available in deep space missions due to their long 
lifetime, high energy density, and high stability [12–14]. RTGs convert 
the decay heat of radioactive isotopes directly into electrical energy 
based on the Seebeck effect [15,16]. There are no rotating parts inside 

the RTGs and no gas is generated, which is a static energy conversion, so 
maintenance is not required during service [17]. However, the appli-
cation of RTGs is limited due to the low energy conversion efficiency and 
related output power. The conversion efficiency can be expressed as η =

Th − Tc
Th

×

̅̅̅̅̅̅̅̅̅
1+ZT

√
− 1̅̅̅̅̅̅̅̅̅

1+ZT
√

+Tc/Th
, where Th and Tc represent the temperature of the hot 

and cold side of the thermoelectric (TE) legs, respectively; T represents 
the average temperature of the TE legs [18,19], and ZT is the dimen-
sionless figure of merit used to evaluate the TE properties of the mate-
rials within the TE legs, which can be expressed as ZT = α2σ

κ T, where α, 
σ, and κ denote the Seebeck coefficient, electrical conductivity, and 
thermal conductivity of the material, respectively; and T is the absolute 
temperature [20,21]. From the above formulas, to increase the con-
version efficiency, not only the ZT needs to be improved, but also the 
temperature difference between the hot and cold sides of the TE legs 
should be as large as possible. 

The temperature distribution and flow of heat within a TE device are 
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not only determined by the thermal conductivity of the TE materials, but 
also by external and architectural factors such as the thermal contacts, 
heat source/sink conditions, geometry of the TE legs, ambient temper-
ature, wind speed, etc [22,23]. Thus, beyond maximizing the ZT of the 
TE materials [24,25], among the parameters that can be adjusted to 
enhance the performance of a TE device, the geometry of the TE legs is a 
particularly interesting parameter to be optimized. Through theoretical 
analysis, Sahin et al. proved that the shape parameter can significantly 
improve the output performance of the TE legs [26]. Besides, Khalil et al. 
simulated the output performance of TE legs with the same volume but 
different geometries using the finite element method showing that the 
highest conversion efficiencies were obtained with Y-shaped legs [27]. 
Zebin et al. experimentally demonstrated that TE generators with 
stretchable helical architectures have adjustable temperature differ-
ences and improved output power [28]. In a previous work, we proposed 
two kinds of TE legs with helical and spoke geometries relying on the 
increment of the side area to enhance heat dissipation [29]. We 
demonstrated that both the helix- and spoke-shaped TE legs generate 
higher power than the traditional cylinder- and square-shaped TE legs 
under natural heat dissipation. Many researchers have demonstrated 
that the output performance of TE generators can be improved by 
optimizing the geometry, however, the preparation processes for TE 
materials with high ZT values, such as hot pressing and spark plasma 
sintering (SPS), can only fabricate regular shapes such as cylinder and 
cuboid [30,31]. Thus, many previous attempts to fabricate TE devices 
with special geometrical shapes to improve output performance or 
better couple with irregularly shaped heat sources have used 3D printing 
technologies [29,32,33]. Among 3D printing technologies, direct-ink 
writing (DIW) 3D printing is most used to fabricate TE materials and 
devices with arbitrary shapes [34,35]. As an example, Kim et al. fabri-
cated TE half rings by 3D printing using all-inorganic viscoelastic inks to 
better match the cylindrical heat source [36]. However, inert gas con-
ditions are required for the manufacture of all-inorganic viscoelastic 
inks, which is a significant constraint for 3D printing. Abu et al. fabri-
cated a trapezoidal-shaped TE prototype using the dispenser printing 
technique, and demonstrated the special shape to enable the generation 
of 1.24 times higher voltage and 1.5 times higher power compared to the 

rectangular-shaped prototype [37]. While 3D printing offers numerous 
additional degrees of freedom for the design and fabrication of complex 
shapes, in these previous TE devices fabricated by 3D printing, the TE 
legs have complex patterns in cross-section, but no complex spatial 
structure. They are just formed by stretching the complex patterns on the 
bottom surface along the axis perpendicular to the bottom surface. Thus, 
there is plenty of room for further optimizing the TE leg geometry using 
3D printing technologies and thereby enhancing the output performance 
of RTGs and TE generators used in other scenarios. 

Generally, the printability of a TE slurry and the TE properties of the 
3D-printed TE materials are the two most critical factors for DIW 3D 
printing technology. In terms of printability, the TE slurry needs to have 
suitable rheological properties, resulting in a smooth extrusion from the 
needle without clogging and retaining the shape after reaching the 
substrate. In terms of TE properties, electrical conductivity is the key 
factor that needs to be improved in slurry-derived TE materials due to 
the loose contact between TE particles as well as the presence of organic 
binders. 

Herein, we detail our results on the development of a novel TE slurry 
suitable for 3D printing using organic solvents and binders, which can be 
synthesized under air conditions. The TE slurry has proper rheological 
properties so it can be printed into samples with complex spatial 
structures. Cu powder is added to the TE slurry as a conductive additive. 
The addition of Cu can improve the crystallinity of TE particles during 
sintering. Besides, the homogeneous distribution of Cu within the TE 
materials generates more carriers to increase the electrical conductivity 
but reduce the Seebeck coefficient to a certain extent. We thoroughly 
characterize the structural, chemical, and transport properties of the 3D- 
printed materials, both p- and n-type. Additionally, we demonstrate here 
their excellent performance by producing TE modules composed of 3D- 
printed TE legs with unconventional geometries. 

2. Materials and method 

2.1. TE slurry formulation 

A key result of the present work is the formulation of TE slurry 

Nomenclature 

RTG Radioisotope thermoelectric generator 
TE Thermoelectric 
η Conversion efficiency 
Th Temperature of the hot side of the thermoelectric leg 
Tc Temperature of the cold side of the thermoelectric leg 
T Average temperature of the thermoelectric leg 
α Seebeck coefficient 
σ Electrical conductivity 
κ Thermal conductivity 
PF Power factor 
ZTmax Maximum ZT value 
n Carrier concentration 
μ Mobility 
m* Effective mass 
kB Boltzmann constant 
h Planck constant 
e Electron charge 
SPS Spark plasma sintering 
DIW Direct-ink writing 
EC Ethyl cellulose 
Cu Copper 
G’ Storage modulus 
G″ Loss modulus 

tan δ Loss tangent 
γ Shear rate 
τ Shear stress 
ω Angular frequency 
ΔV Voltage difference 
ΔT Temperature difference 
L Length 
A Cross-sectional area 
R Resistance 
I Current 
U Voltage 
D Density 
Cp Specific heat capacity 
λ Thermal diffusivity 
PCB Printed circuit board 
I-V Current-voltage 
Voc Open circuit voltage 
Pout Output power 
Pmax Maximum output power 
αp Seebeck coefficient of p-type thermoelectric material 
αn Seebeck coefficient of n-type thermoelectric material 
N Number of pairs of thermoelectric legs 
Rin Internal resistance 
RL External resistance 
FWHM Full-width at half of maximum  
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suitable for DIW 3D printing technology under air conditions, i.e., 
having proper rheological properties and resulting in printed TE legs 
with excellent TE properties. Ethyl cellulose (EC) with a viscosity of 200 
mPa S (>99 %, QASEG) and diethylene glycol monobutyl ether acetate 
(98 %, Aladdin) were used to synthesize organic binders. Epoxy-resin 
DER.732 (Sigma-Aldrich) was used as solvent. Commercial bismuth 
telluride powders (p-type: Bi0.5Sb1.5Te3; n-type: Bi2Se0.3Te2.7, Chengdu 
Alfa Metal Material Co., Ltd, China) with particle sizes below 10 µm 
were used as TE filler. Copper (Cu) powder (Chengdu Alfa Metal Ma-
terial Co., Ltd, China) with particle sizes less than 10 µm was added to 
the p-type TE slurry as a conductive additive to increase the electrical 
conductivity. Tween-80 (SCR) as a dispersant was added to the TE slurry 
to avoid the clustering of copper powders. The above reagents and 
powders are used directly without further purification. 

The schematic of the preparation of the TE slurry is shown in Fig. 1a. 
DER.732 was used as the solvent with a certain viscosity, and the organic 
binder was added into the solvent and stirred thoroughly to form the 
solution with a sufficient viscosity. And the mass ratio of DER.732 to 
binder is 65:35. Subsequently, TE powder and Cu powder were added to 
the above solution (sum of DER.732 and binder) in batches during 
stirring to form TE slurry. Cu powder would cluster in the TE slurry to 
form larger granules, which can cause the needle blockage. Tween-80 
needs to be added to the solution as a dispersant to disperse the Cu 
powder evenly in the TE slurry. Due to the Schottky barriers generated 
between the Cu and n-type TE particles that results in an increase of the 
material electrical resistance, Cu powder was only added to the p-type 
TE slurry as a conductive additive. After the TE and Cu powders were 
added to the solution, continuous stirring (usually more than 4 h) was 
required to make the TE slurry form a uniform colloidal suspension. To 
achieve the rheological properties suitable for 3D printing, for the n-type 
slurry, the mass ratio of the solution to the TE powder was 1:9.3. On the 

other hand, for the p-type slurry, the mass ratio of the solution to the 
combination of TE and Cu powders was 1:8.8. The percentage of Cu on 
the total amount of inorganic material was in the range 0–1 %. The 
difference in the mass ratio of the solution to TE powder comes from the 
difference in the density of the p-type and n-type TE powders. The mass 
ratio of Tween-80 to TE slurry (sum of solution, TE and Cu powders) is 
shown in Table S1 in the Supplementary Materials. 

Fig. 1b shows the synthesis schematic and photograph of the organic 
binder. EC was dissolved in diethylene glycol monobutyl ether acetate to 
form a gel-like binder, where the mass ratio of EC to the solvent is 1:10. 
After sintering, there are small amounts of DER.732 and binder present 
in the 3D-printed samples to increase the hardness and strength, and Cu 
particles are uniformly distributed in the TE materials as shown in 
Fig. 1c. 

2.2. Fabrication of TE legs using 3D printing 

The DIW 3D printer used to fabricate TE legs is shown in Fig. 2a. The 
TE slurry is loaded into a syringe connected to a high-pressure air circuit 
to extrude the TE slurry through a needle with a diameter of 260 µm. 
The shape of the TE leg is defined by the translation of the syringe using 
an xyz mechanical stage. A computer programmed using G-code controls 
the displacement of the mechanical stage according to the desired 
sample shape. The extrusion rate of the TE slurry from the needle is 
adjusted by the air pressure, which requires comprehensive consider-
ation of the diameter of the needle, the moving speed as well as the 
rheological properties of the TE slurry. The TE slurry is printed layer-by- 
layer on a glass substrate to fabricate TE legs with a predefined 
geometry. 

After printing, the samples were dried in an oven at 170 ◦C for 24 h 
to evaporate the solution and separate from the substrate. Subsequently, 

Fig. 1. (a) Schematic diagram of the preparation of the TE slurry; (b) Synthesis schematic and photograph of the organic binder; (c) Schematic illustration of the 
sintered composite. 
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the samples were annealed under N2 for 6 h to remove the organic 
binder and sinter the materials. To achieve the best TE properties, the 
optimal annealing temperature was found to be 450 ◦C for the p-type 
and 400 ◦C for the n-type. Fig. 2b and c show the printed IINT letters and 
the helix-shaped TE legs after drying, respectively. 

2.3. Characterization of slurries and materials 

The rheological properties of TE slurries were tested by a rotational 
rheometer (MCR92) at a temperature of 25 ◦C. The TE slurry was filled 
in a gap of 1 mm between two parallel plates, and the rheological 
properties are determined when applying rotational speed difference 
between the two plates. The dynamic viscosity and shear stress (τ) were 
tested in the flow curve mode; the storage modulus (G′) and loss modulus 
(G″) were tested in the amplitude sweep mode with an angular frequency 
of 10 rad/s; and the loss tangent (tan δ) is tested in the frequency sweep 
mode, where the tan δ is calculated by the following formulas: 

tan δ =
G’’
G′ (1)  

where, G′ and G″ are the measured storage and loss modulus in the 
frequency sweep mode, respectively. 

The Seebeck coefficient (α), electrical conductivity (σ) and power 
factor (PF) of the 3D-printed TE materials were measured by the ther-
moelectric effect system (CTA–3) under a helium atmosphere. They 
were calculated from the measured data according to the following 
formulas: 

α =
ΔV
ΔT

(2)  

σ =
L

RA
(3)  

PF = α2σ (4)  

where, ΔV and ΔT are the measured voltage difference and temperature 
difference between the two sides of the sample when one side is heated, 
respectively; L and A represent the length and cross-sectional area of the 
sample, respectively; R is the resistance of the sample, which is obtained 

by Ohm’s law: R = U/I, where I is the current applied to the sample, and 
U is the measured voltage across the sample. Carrier concentration (n) 
and mobility (μ) were obtained by Hall effect test system (HT-50 type) 
measures at a temperature of 25 ◦C. The relationship among α, σ and n, μ 
as follows: 

α =
8πTm∗k2

B

3eh2

( π
3n

)2
3 (5)  

σ = enμ (6)  

where, m* is effective mass, kB is the Boltzmann constant, h is the Planck 
constant, e is the electron charge [38]. The thermal conductivity (κ) can 
be determined from: 

κ = DCpλ (7)  

where, D is the density of the 3D-printed materials, which is obtained by 
the Archimedes method; Cp represents the specific heat capacity, which 
was measured by differential scanning calorimeter (DSC, TA25); λ is the 
thermal diffusivity, which was measured on the Xenon flash apparatus 
(XFA 600, Linseis). 

2.4. Output performance test of TE modules 

Helix-shaped TE legs with geometrical parameters of “r = 0.25, 
n = 5” and “r = 0.5, n = 3” in our previous work were fabricated by 3D 
printing [29]. The bottom surface of the helix-shaped TE legs is a circle 
with a radius of 2 mm, and the height of the TE leg is 10 mm. P-type TE 
slurry with 0.6 % Cu addition content was used to fabricate the p-type 
TE legs. After sintering, the helix-shaped TE legs were connected into 
π-shaped single TE modules to test the electrical output characteristics. 
Customized aluminum printed circuit boards (PCBs) substrate with high 
electrical and thermal conductivity were used as the electrodes, and the 
regions not connected to TE legs were coated with electrical insulation 
to avoid short circuits, as shown in Fig. 3a. Lead-free solder paste 
(Sn96.5Ag3.0Cu0.5) was used to bond the TE legs to the electrodes. Fig. 3b 
displays the assembled TE modules with helix-shaped TE legs. 

The TE modules were placed on the electric heating plate, which 
surface temperature can be adjusted through resistive heating. The TE 

Fig. 2. (a) Molding process of 3D printing; Photographs of (b) letters printed on the substrate and (c) helix-shaped TE legs after drying.  
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modules were in an air environment at a temperature of 293.15 K and 
naturally dissipates heat into the air. Current-Voltage (I-V) characteristic 
curves of the TE modules were tested by a Keithley 4200 source meter 
when the temperature is stable for more than 30 min. The open circuit 
voltage (Voc) and output power (Pout) can be calculated by the following 
formula: 

Voc =
(
αp − αn

)
NΔT (8)  

Pout =

(
Voc

Rin + RL

)2

RL (9)  

where αp and αn are the Seebeck coefficient of the p-type and n-type TE 
materials, respectively; N is the number of n-type and p-type TE leg 
pairs, which is 1; ΔT is the temperature difference between the hot and 
cold sides of the TE legs; Rin and RL are the internal resistance and 
external resistance of the TE modules, respectively. The Pout will reach 
the maximum output power (Pmax) when Rin=RL. The measurement 
system for the TE modules is shown in Fig. 3c. The same TE modules and 
test conditions as in the experiment were constructed in the finite 
element analysis software COMSOL to verify the output performance 
test. 

3. Results and discussion 

3.1. Rheological properties of thermoelectric slurry 

The printability of the TE slurry was evaluated by its rheological 
properties. The n-type TE slurry and p-type TE slurry with different Cu 
addition content exhibit the same rheological properties. The rheolog-
ical properties of the p-type TE slurry without Cu addition are shown in  
Fig. 4. Fig. 4a shows the variation of dynamic viscosity with shear rate 
(γ). The dynamic viscosity decreases with the increase of γ, and de-
creases sharply when γ exceeds 70 1/s, dropping 4 orders of magnitude. 
This dramatic decrease of the dynamic viscosity with γ is known as shear 
thinning behavior and allows the TE slurry to be smoothly extruded 
from fine needles without clogging. The shear stress (τ) of TE slurry as a 
function of γ is shown in Fig. S1a in the Supplementary Materials. Var-
iations of storage modulus (G′) and loss modulus (G″) with shear stress 
(τ) are shown in Fig. 4b. G′ and G″ decrease with increasing τ. While G′ is 
larger than G″ at low τ < 20 Pa, which indicates that TE slurry is in a 
solid state. As marked by the red arrow in Fig. 4b, when τ exceeds 20 Pa, 
G′ is smaller than the G″, indicating that TE slurry is in the liquid state. At 
about τ = 200 Pa, G′ and G″ increase gradually, which may be due to the 
change and damage of the internal structure of TE slurry caused by the 
high temperature generated by the high-speed rotation of the plates 

Fig. 3. Photograph of (a) electrodes, (b) helix-shaped TE modules, and (c) electrical output performance measurement system.  
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during the test. To ensure a stable printing process, the extrusion rate of 
the TE slurry should not be too fast, so this situation will not appear in 
the 3D printing. The loss tangent (tan δ) as a function of angular fre-
quency (ω) is shown in Fig. 4c. As shown by the red dotted line (tan 
δ = 1), when the ω is less than about 50 rad/s, tan δ is less than 1, which 
means that the TE slurry is in a solid state; and when the ω exceeds 
50 rad/s, the tan δ is greater than 1, which indicates that the TE slurry is 
in a liquid state. Fig. 4d shows the variation of the G′ and G″ with the ω 
measured in the frequency sweep mode, displaying a magnitude switch 

in the two modulus as indicated by the red arrow. 
The measured rheological properties show that the TE slurry will be 

smoothly extruded from the needle without clogging. Rheological data 
also shows that as the applied stress disappears, the TE slurry immedi-
ately returns to the initial solid state with high viscosity, the G′ greater 
than G″ and tan δ > 1. Therefore, the TE slurry will not drip from the 
needle when the air pressure disappeared. What’s more, after the TE 
slurry is extruded from the needle and deposited on the substrate, the 
printed structure will not collapse or deform. These rheological 

Fig. 4. Rheological properties of TE slurry measured under different test modes. (a) Dynamic viscosity measured under flow curve mode; (b) Storage modulus and 
loss modulus measured under amplitude sweep mode; (c) Loss tangent, (d) storage modulus and loss modulus measured under frequency sweep mode. 

Fig. 5. SEM images of the p-type samples after (a) drying and (b) sintering.  
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properties enable the TE slurry can be printed into TE legs with spatially 
complex geometrical shapes. 

3.2. Characterization of 3D-printed thermoelectric materials 

After the TE slurry is printed into the samples with specific shapes, it 
needs to be further dried and sintered. Fig. 5 displays SEM images of the 
p-type samples after drying (before sintering) and after sintering. SEM 
images of n-type samples are shown in Fig. S2. 

As shown in Fig. 5a, TE particles with a broad size distribution co- 
exist in the 3D-printed samples after drying. Before sintering, TE parti-
cles are bound together by the organic binder and thus come in different 
sizes. After sintering, the organic binder between TE particles and the 
organic thin film coated on the surface of the TE particles disappeared as 
shown in Fig. 5b. The material become denser due to the sintering of TE 
particles. 

Fig. 6 displays the SEM image and EDS elemental maps of an n-type 
sample after sintering. During the printing process, the sample is formed 
by stacking TE slurry in a layer-by-layer fashion, and no axial pressure 
acts on the sample. Therefore, the 3D-printed samples have less density 
compared to the TE materials fabricated by hot pressing and SPS. This 
can also be reflected in SEM and EDS elemental maps where pores can be 
observed, as marked by the yellow arrows. According to Archimede’ 
method, the density of the samples was 4.31 g/cm3. 

SEM image and EDS elemental maps of the p-type sample with 0.6 % 
Cu addition content after sintering are shown in Fig. 7. Some pores can 
be also observed in the p-type samples as indicated by the yellow arrows. 
According to Archimede’ method, the density of the samples was 4.25 g/ 
cm3. Cu is evenly distributed in the sample which shows no Cu aggre-
gates (Fig. 7d). According to EDX analysis, the content of Cu in the final 
material is 1 wt %. SEM images and EDS elemental maps of p-type 
samples with different Cu addition content after sintering are shown in 

Figs. S3-S7. 
Fig. 8 displays the XRD patterns of the 3D-printed TE materials after 

sintering. As shown in Fig. 8a, the peak positions in the XRD patterns of 
the p-type samples with different Cu addition content do not shift, which 
indicates that Cu does not change the crystal structure and composition 
of the p-type TE materials during the sintering process. Additionally, no 
Cu-based secondary phase is observed from the XRD pattern, which 
indicates that Cu does not react with BiSbTe to generate an additional 
phase. The Full-width at half of maximum (FWHM) of the XRD patterns 
first decreases and then increases with the Cu addition content, and 
reaches the minimum when the Cu addition content is 0.6 %. The 
decrease in FWHM indicates an improvement in crystallinity. Thus, the 
proper Cu addition facilitates the crystallization of p-type TE materials 
during sintering and improves the crystallinity. The XRD pattern of the 
n-type TE material is shown in Fig. 8b. The patterns of p-type and n-type 
samples are consistent with single-phase Bi0.5Sb1.5Te3 and Bi2Se0.3Te2.7, 
respectively. Therefore, it can be concluded that the microstructure and 
composition of the TE materials are not changed during the printing and 
sintering processes. 

3.3. Thermoelectric properties of 3D-printed materials 

The TE properties of the 3D-printed n-type and p-type TE materials 
with different Cu addition contents are shown in Fig. 9. Fig. 9a shows the 
variation of the Seebeck coefficient (α) of 3D-printed TE materials with 
temperature. For the n-type and p-type materials without Cu addition, 
the α of the p-type decreases with increasing temperature, and the α of 
the n-type increases first and then decreases with temperature, which is 
similar to that of bulk materials [39,40]. The addition of Cu significantly 
reduces the α of the p-type TE materials, but the α decreases slowly with 
the increase of Cu content. In addition, the α shows an increasing trend 
with temperature. The reason for the decrease of α may be due to the 

Fig. 6. (a) SEM image and (b-d) EDS elemental maps of n-type samples after sintering.  
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increase in carrier concentration due to the addition of Cu. The electrical 
conductivity (σ) of the p-type TE materials with Cu addition is signifi-
cantly higher than that without Cu addition, which proves that Cu acts 
as a conductive additive within the TE materials. The σ of the p-type 
increases first and then decreases as the content of Cu increases, and 
reaches the maximum when the content of Cu is 0.6 % as shown in 
Fig. 9b. During the preparation of the TE slurry, Tween-80 is added to 
the TE slurry to prevent the cluster of Cu powder and the amount of 
Tween-80 is proportional to the content of Cu powder. The added 
Tween-80 exists in the TE slurry as an organic solution, that is to say, the 
content of TE and Cu powders in the TE slurry decrease with the addition 
of Tween-80. Thus, the contact among TE and Cu powders decreases 
with the addition of Tween-80 and more pores appear in the 3D-printed 
TE materials after sintering. This is the reason why the σ of the p-type 
decrease with the increase of the content of Cu when the content exceeds 
0.6 %. Considering the effect of Cu on the α and σ, the p-type TE ma-
terials with Cu addition exhibit better power factor (PF) than that 
without Cu addition as shown in Fig. 9c. 

Carrier concentration (n) and mobility (μ) of the 3D-printed TE 
materials are shown in Table 1. The n of p-type TE materials with Cu 
addition is an order of magnitude higher than that without Cu addition. 
The n increases first and then decreases with the Cu addition content, 
and reaches the maximum when the content of Cu is 0.6 %. Compared 
with the p-type material without Cu addition, the increase of n of the p- 
type material with Cu addition indicates that Cu can inject charge into 
the TE materials. The large increase in the n leads to an increase in the σ, 
but a decrease in the α to a certain extent, which can be explained by 
Formulas. (5) and (6). The decrease of n when the Cu addition content 
exceeds 0.6 % is associated to the effect of Tween-80. That is, the 
increasing amounts of Tween-80 introduced reduce at some point the 
Cu-BST interaction and thus decrease the charge injection effectiveness 
of the Cu domains. On the other hand, the μ decreases monotonously 
with Cu addition content due to the increased porosity and potentially to 
the charge carrier scattering not only at solid-pore but also at the Cu-BST 
interphases. The addition of Cu changes the behavior of carriers in TE 
materials, thereby affecting the TE properties. 

Fig. 7. (a) SEM image and (b-d) EDS elemental maps of the p-type samples with 0.6 % Cu addition content after sintering.  

Fig. 8. XRD patterns of 3D-printed TE materials. (a) P-type with different Cu addition content; (b) n-type.  
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Fig. 9d displays the thermal conductivity (κ) of the 3D-printed TE 
materials. The κ of the n-type and p-type TE materials without Cu 
addition increase with temperature, which is due to the excitation of 

minority carriers at high temperatures. From the SEM and XRD results, it 
can be seen that Cu powder is evenly distributed in the p-type sample, 
and there is no reaction between Cu and the TE material to produce 
secondary phases. Therefore, the κ exhibits the superposition of Cu and 
TE materials, and also exhibits the trend of first increasing and then 
decreasing with the increase of Cu addition due to the effect of Tween- 
80. 

Based on the above analysis it is clear that ZT increases first and then 
decreases with the increase of Cu addition as shown in Fig. 9e. The p- 
type TE material with 0.6 % Cu addition exhibits the best ZT value, and 
the maximum ZT value (ZTmax) is 0.91 at 497 K. The ZTmax of the n-type 
is 0.24 at 432 K. This lower ZT value is related to the lack of suitable 
conductive additives. The temperature at which ZTmax is reached in-
creases with the addition of Cu, which increases the operating temper-
ature range and thus expands the application scenarios of TE devices. 

Fig. 9. Thermoelectric properties of 3D-printed thermoelectric composites. (a) Seebeck coefficient; (b) Electrical conductivity; (c) Power factor; (d) Thermal con-
ductivity; (e) ZT value. 

Table 1 
Carrier concentration and mobility of 3D-printed TE materials.  

3D-printed TE materials Carrier concentration (/cm3) Mobility (cm2/V s) 

n-type 2.33E + 19 14.22 
p-type 4.85E + 18 21.86 
p-type with 0.2 %Cu 2.45E + 19 14.62 
p-type with 0.4 %Cu 4.65E + 19 12.85 
p-type with 0.6 %Cu 7.38E + 19 11.35 
p-type with 0.8 %Cu 6.92E + 19 9.13 
p-type with 1 %Cu 5.76E + 19 9.01  
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3.4. Output performance of 3D-printed thermoelectric modules 

After the helix-shaped TE legs were connected within the TE modules 
(see details in the Materials and methods section), they were placed on 
an electric heating plate to test the electrical output performance. The 
electric heating plate acts as a constant temperature heat source, and the 
surface temperature is varied from 333.15 K to 393.15 K. The electric 
heating plate and the TE modules were in the air with a temperature of 
293.15 K. The electrical output performances of the helix-shaped TE 
modules with parameters of “r = 0.5, n = 3” and “r = 0.25, n = 5” at 
different heat source temperatures are shown in Fig. 10. 

Fig. 10a shows the open circuit voltage (Voc) of two helix-shaped TE 
modules as a function of the heat source temperature. The Voc of the two 
TE modules increases with the heat source temperature as the temper-
ature difference between the hot and cold sides of TE modules increases. 
For the two TE legs, the helix-shaped TE legs with parameters of 
“r = 0.5, n = 3” have a larger side area than the TE legs with parameters 
of “r = 0.25, n = 5”. Therefore, the helix-shaped TE module with pa-
rameters of “r = 0.5, n = 3” generates larger Voc due to the larger side 
area for heat dissipation, which increases the temperature difference 
between the hot and cold sides of the TE module. The helix-shaped TE 
legs with parameters of “r = 0.5, n = 3” have a larger resistance due to 
the extended carrier path, which is proved in our previous work [29]. 
However, the two TE modules have similar internal resistance due to the 
greater influence of the contact resistance among TE legs, electrodes and 
solder paste. The internal resistance and short circuit current of the TE 
modules as a function of the heat source temperature is shown in Fig. S8. 

The helix-shaped TE module with parameters of “r = 0.5, n = 3” 
exhibit the larger maximum output power (Pmax) due to the larger Voc as 
shown in Fig. 10b. The variation trend of Voc and Pmax with heat source 

temperature as well as the comparison of the output performance of the 
two TE modules in the test results are the same as the simulation results, 
which indicates that the thermoelectric materials in the two TE modules 
have the same material properties. What’s more, a traditional cuboid- 
shaped TE module with the same height and volume as the helix- 
shaped TE modules was fabricated and the photographs are shown in 
Fig. S9. The comparison of the electrical output performance of the three 
TE modules is shown in Fig. S10. The two helix-shaped TE modules 
generate larger Voc and Pmax than the cuboid-shaped TE module due to 
the increased side area for heat dissipation, which is consistent with our 
previous research results [29]. That is, the TE slurry has sufficient uni-
formity and can print a large number of samples with stable material 
properties. 

I-V characteristic curves of the two helix-shaped TE modules at 
different heat source temperature are shown in Fig. 10c and d, respec-
tively. Particularly, the helix-shaped TE module with parameters of 
“r = 0.5, n = 3” generate a Voc of 38 mV and a Pmax of 29 μW at a heat 
source temperature of 393.15 K, which exceeded the 35 mV and 25.5 
μW of the helix-shaped TE module with parameters of “r = 0.25, n = 5”. 
Due to the larger side area for heat dissipation, the helix-shaped TE 
module with parameters of “r = 0.5, n = 3” generates the larger tem-
perature difference and Voc than the helix-shaped TE module with pa-
rameters of “r = 0.25, n = 5”, and thus generates larger Pmax because of 
the similar internal resistance. And the I-V characteristic curves of the 
cuboid-shaped TE module are shown in Fig. S11. The three TE modules 
exhibit sufficient hardness and strength during the testing, and the 
variation trend and comparison of output performance in the test results 
is the same as the simulation results. This shows that the TE slurry has 
good uniformity and stability, so it can be used to fabricate TE devices 
with stable output performance and long life. 

Fig. 10. (a) Open circuit voltage and (b) maximum output power of helix-shaped TE modules under different heat source temperature, and the images of the two TE 
modules constructed in COMSOL are inserted within them; I-V characteristic curves of helix-shaped TE modules with parameters of (c) “r = 0.25, n = 5” and (d) 
“r = 0.5, n = 3”. 
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4. Conclusion 

To improve the output performance of TE generators, we developed 
a novel TE slurry based on organic binders and solvents to fabricate TE 
legs with special geometrical shapes using 3D printing technology. The 
proper ratio of organic solvent, binder and TE powder enables TE slurry 
with suitable rheological properties, which can be smoothly extruded 
from the needle without clogging, and result in printed samples that 
maintain specific shapes without collapsing. Cu powder is added to the 
p-type TE slurry as a conductive additive. Cu is homogeneously 
distributed within the 3D-printed materials, it does not react with 
BiSbTe to generate additional phases, but it facilitates the sintering of 
the TE material. The addition of Cu significantly increases electrical 
conductivity and improves ZT, although it reduces the Seebeck coeffi-
cient to some extent. At the same time, the addition of Cu increases the 
optimum temperature range of operation, which may increase the 
application scenarios of TE devices. The 3D-printed TE materials exhibit 
maximum ZT values of 0.91 for p-type (Bi0.5Sb1.5Te3) and 0.24 for n- 
type (Bi2Se0.3Te2.7). The helix-shaped TE modules composed of 3D- 
printed legs show excellent output performance and structural 
strength, and the comparison of test results matches the simulation, 
which proves the uniformity of the TE slurry and the stability of the 3D- 
printed TE materials. This novel TE slurry can also be used to fabricate 
other TE devices with special geometrical shapes to match irregularly 
shaped heat sources to reduce contact heat loss and improve output 
performance. 
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