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The growing concern over the global energy crisis strengthened the research on thermoelectricity. It
would be logical to prepare practical thermoelectric device to effectively utilize various low-quality heat.
In this study, the high-performance structure-adjustable 3D thermoelectric devices were fabricated by
cold-press sintering and molding technologies. The thermoelectric figures of merit (ZT) of pressurized P
and N—type materials reached the maximum of 1.09 and 0.5 at room temperature, respectively. The holes
introduced by the binder and pressurization process reduced thermal conductivity and enhanced elec-
trical properties. The in—depth influence on the thermoelectric devices was shown via simulation
calculation. Fully-scaled thermoelectric devices suitable for various occasions were fabricated by one
—time forming. The tandem of small and large arrayed thermoelectric devices respectively generated
open—circuit voltages (Vo) of 584 mV and 573.8 mV and maximum output powers (Pmax) of 627.7 pW
and 1.2 mW at 398.15 K. The V, values of arched and annular thermoelectric devices were 265 mV and
332.1 mV at 398.15 K, respectively, and the Ppa, values were 948.5 uW and 1.2 mW, respectively. On
account of its good structure adjustability and high performance, thermoelectric devices fabricated will
be broadly applied in solar—thermal conversion systems, automotive heat reclaimer and radioisotope

thermoelectric generator.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

In order to overcome the global energy crisis and adhere to
sustainable development, it is urgently needed to seek for alter-
native method to utilize tremendous low—quality heat in nature.
Thermoelectric devices [1], which convert heat energy into elec-
tricity by using the Seebeck effect, have the merits of static con-
version, free of noises or greenhouse emission, vast scalability for
multiple application [2,3]. Hence, it is an appealing option of sus-
tainable utilization. At present, thermoelectric devices are exten-
sively used to power generation in various fields, such as
solar—thermal conversion systems [4], implantable or wearable
devices [5,6], automotive heat reclaimer [7], and others. It are also
employed as temperature sensors and controllers for electrical
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engineering [8,9]. Moreover, space electronic components [10],
robotic exploration packages [11], and planetary exploration [12]
are quite a bit supplied by radioisotope thermoelectric generators
(RTGs).

The performance of thermoelectric devices in practical appli-
cations is largely dependent on the preparation methods of ther-
moelectric materials and devices. Firstly, the hot—press sintering
and welding method is generally used to prepare 3D thermoelectric
devices [13—15]. Using this method, Zhang et al. [16,17] achieved a
thermoelectric conversion efficiency of 12% and a power density of
1.4 W cm~2 under a temperature difference of 541 K in the har-
vesting of waste industrial heat. Aranguren et al. [18] obtained
21.56 W of net energy with 48 thermoelectric modules to recover
waste heat from a combustion chamber. Extra attention now has
been devoted to the high proportion of materials damaged by
secondary processing. The entire device is too dispersed to be
accomplished at one time. Moreover, the flat-type device made by
this method does not match well with all heat sources, which bring
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Nomenclature

Aq The heat-receiving area, mm?

C Stefan—Boltzmann constant

Cq Heat capacity at constant volume

Mean free path of the phonon
e Carrier charge, C
Fap view factor
h Planck constant
hc Convective heat transfer coefficient, W-m 2K !
] Current density
Kg Boltzmann constant
Lorentz constant

1 Length of the thermoelectric leg, mm

m* Effective mass

n Carrier concentration, cm >

N Number of thermocouples

Prhax Maximum output power of the RTG, W
Pout Output power of the RTG, W

Q Energy accumulation

Qrad Net heat radiation from surface to surface

q Heat flux of the thermoelectric leg, W-m~2

qo Convective heat flux, W-m 2

R External load resistance in the RTG, Q

r Internal resistance in the RTG, Q

S Cross-sectional area of a single P-type or N-type leg,
mm?

%4 Output voltage of the RTG, V

Voc Open—circuit voltage of the RTG, V

ZT Figure of merit of thermoelectric materials

AT Temperature difference of both sides of
thermoelectric devices, K

a Electrical conductivity, Se-m™!

o Seebeck coefficient, V-K !

K Thermal conductivity, W.m!.K~!

KL Lattice thermal conductivity, W-m!-K!

Ke Carrier thermal conductivity, W.m~1-K~!

v Diffusion rate of the phonon

n Carrier mobility, cm3-V~1.s!

p Density of thermoelectric materials, g-cm >

€ Emissivity coefficient

irreconcilable difficulties to the practical heat utilization. Secondly,
the screen printing method is another major topic of discussion
[19,20]. On the basis of screen printing technique, Varghese et al.
[21] produced flexible thermoelectric films with a power density of
4.1 mW cm 2 in energy harvesting and cool applications. Choi et al.
[22,23] fabricated a thin—film thermoelectric device with a high
output power density of 5.02 mW cm~2 — 5.45 mW cm™2, which
can be applied to non—flat surfaces. These works demonstrated the
feasibility of mass printing thermoelectric devices with good reli-
ability and reproducibility, but their thermoelectric performance
still have a great margin for improvement. Thirdly, sputtering [24],
electro deposition [25], and 3D printing methods [26], which have
gradually became the focus of research, are also available. Son et al.
[27,28] developed all—inorganic thermoelectric inks with ZT values
of 0.9 (P—type) and 0.6 (N—type) for 3D printing. These inks
enabled the fabrication of thermoelectric materials with different
geometries. Although these methods have the advantages of ac-
curate preparation and low porosity, the improved process and low
cost of widespread application need be imperative consideration.
Therefore, an efficient and pragmatic method for fabricating
high—performance 3D thermoelectric devices that satisfy unique
requirements is currently lacking.

This manuscript discusses electric energy harvesting from heat
sources based on thermoelectric energy harvesters. In this manner,
this paper proposes a high-performance and structure-adjustable
3D thermoelectric device fabricated through a combination of
cold-press sintering and molding technologies, by introducing ul-
tralow thermal conductivity (as low as 0.2 W m~! K~1). This
commendably solves complicated problems of high breakage rate,
and small temperature difference, and thereby effectively improves
energy efficiency and output power of the thermoelectric genera-
tors. The fabricated thermoelectric generator targets applications
such as solar-thermal conversion systems, automotive heat
reclaimers, and radioisotope thermoelectric generators. The paper
presents four configurations of 3D thermoelectric generators,
which are small and large arrayed thermoelectric plates and single
curved and annular thermoelectric configurations. In the analysis,

based on the microstructure and atomic levels of materials, several
material properties analyses of the fabricated P and N-type mate-
rials are made, including XRD and SEM analyses for pressurized and
unpressurized P/N materials. Parametrical analyses of the gener-
ated electricity versus the material properties are performed based
on simulations using the COMSOL platform. Thereafter, considering
an electric heating test rig, the performance of the proposed ther-
moelectric generators is tested using a low-quality heat with a
temperature ranged from 323.15 K to 398.15 K.

2. Experimental section
2.1. Cold—press sintering and molding method

This method was utilized to prepare good thermoelectric ma-
terial with low thermal conductor by cold pressing and sintering,
and fabricate complicated 3D thermoelectric devices with excellent
electrical output by molding. The usual preparation process is
shown in Fig. 1. Firstly, thermoelectric paints were disposed and
filled into a mold (Fig. 1(a and b). The P/N Bi,Tes-based powder
doped with Sb or Se was mixed with DER732 binder (poly-
propylene glycol diglycidyl ether) at a mass ratio of 88:12. Second,
the filled mold was placed in the press machine under 30 MPa
cold—pressing pressures (Fig. 1(c)). This operation effectively
increased the tightness of the materials. The P/N thermoelectric leg
can be connected by pressing the paint without additional elec-
trode material. Third, the thermoelectric devices after demolding
(Fig. 1(d and e)) were sintered at 573.15 K for 3.5 h Der732 con-
tained a variety of binders and diluents. By adjusting the mass ratio
of the thermoelectric powder to Der732, pressure, and sintering
temperature, the molecular connection and crystallization of ma-
terial were changed, which are reflected on the electrical properties
of the material on a macro scale. PDMS sealant was then used to
seal the thermoelectric devices (Fig. 1(f)). After removing the partial
sealant, the two electrodes were electroplated with nickel/tin
electrodes, and the thermoelectric devices were connected in series
by welding (Fig. 1(g and h)). This work combined the method of



K. Liu et al. / Energy 206 (2020) 118096 3

(@) ."

&

“_\.:_‘u,...‘u

< L]
ENtR YRS

mm ¢

B
Thermoelectric paint

-+

(b)

Y|

Male die / master model

Extraction electrode

(h) / (2
T

Serial Thermoelectric Devices

Electroplating electrode

P-type N-type g

(e)

Sinter hardening

/

()

PDMS encapsulation

Fig. 1. Fabrication of thermoelectric devices based on cold—press sintering and molding method.

molding with cold—press sintering ingeniously and achieved the
one—time forming of thermoelectric devices. This method
addressed the problem of brittleness and waste in processing
thermoelectric materials, which greatly improve the fabrication
process and thermoelectric performance of devices. Through
designing the structure and size of the mold used, various 3D
thermoelectric legs and devices can be developed for different heat
sources, temperature ranges and dimensions according to appli-
cation requirements.

2.2. Characterization of thermoelectric materials

For degenerate BiTes-based semiconductors (parabolic band,
energy-independent scattering approximation), the interrelation-
ship between carrier concentration (n), effective mass (m*) and
Seebeck coefficient («) can be observed in relatively simple models
of electron transport. The electrical conductivity (¢) is linked to n
through the carrier mobility (u). The thermal conductivity (k)
mainly originates from two parts: (1) phonons travelling through
the lattice (k1) and (2) electrons and holes transporting heat (xe). To
maximize the thermoelectric figure of merit (ZT) of a material, a
large «, high ¢, and low « are required.

87Tm K2 / m\3
© 3eh? (ﬁ) M
g=enu (2)

K=K+ Ke = —C”;d—o—LaT (3)
2
ZT:aTUT (4)

where Kg, h, and L represented the Boltzmann, Planck, and Lorentz
constants, respectively. T was the temperature, and g was the car-
rier charge.

The cold—pressing pressure played a noteworthy role in the
material preparation. The advantages of materials prepared were
compared through a control experiment with or without
cold—pressing pressure of 30 MPa. P/N block samples were pre-
pared by particular molds. The effects of the pressurization process
on material morphology and thermoelectric performance were also
discussed. The morphology and composition of the samples were
characterized by scanning electron microscopy (SEM) and X—ray
powder diffraction (XRD), respectively. The thermoelectric pa-
rameters of the materials at different temperatures were measured
with a thermoelectric parameter measurement system
(Namicro—3), Hall effect testing system (HT—50 type), and thermal
conductivity tester (DRL—III). Considering energy conversion of
low-quality heat applications and Bi;Te3—based materials suitable
for the low—temperature situation, the fabricated thermoelectric
materials were tested under relevant temperature ranges of
323.15 K—398.15 K.
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2.3. Finite element analysis

The thermoelectric properties of P/N materials with or without
pressurization have been analyzed. To analyze the effects of these
properties on thermoelectric devices, a thermoelectric device
model was built by using COMSOL software. The coupling analysis
of heat transfer, current and thermoelectric effect was carried out.
The current density (J) consists of Ohms law and the Seebeck effect.
The heat flux (q) are composed of Fourier heat conduction and
Peltier effect.

—J=0-VV +0-a-VT (5)

q= —KkVT +T-a] (6)

The J was divergence-free in steady state, and the boundary
condition was shown as follows:

V.]=0 (7)
Go=hc(Text — T) (8)
de:FabAagc(Tg‘ - Tj) (9)

And at this moment the energy accumulation (Q) must be 0:
Q=V-+&VT)-V({(V+Ta)*])=0 (10)

The thermoelectric parameters of the P/N materials with and
without pressurization were substituted into the models. By
generating the tetrahedral mesh and solving the above equations,
the steady-state electrical output of thermoelectric devices can be
achieved. The electrical performance of the devices was simulated
in heat source temperature ranged from 323.15 K to 398.15 K. The
model structure of the thermoelectric devices is illustrated in
Fig. 5(a and b). The size, including the length, width, and thickness
of each thermoelectric leg, varies from the interval provided in
Table 1. 8 pairs of P/N thermoelectric legs are included in the
thermoelectric devices.

2.4. Performance test of thermoelectric devices

When the power or temperature of a heat source is stable, the
internal relation between the electrical outputs of thermoelectric
devices, such as open—circuit voltage (V) and output power (Poyt),
and the parameters of the materials were established. The specific
calculation equations are as follows:

Voc=(ap —an) x AT x N (11)
2 — ap)-AT-N2
Pou[:LZXR:%XR (12)
(R+T1) (R+%&)

where N was the number of thermocouples ap and «; are the
Seebeck coefficients of P-type and N-type thermoelectric materials,

Table 1
Relevant dimensions of thermoelectric devices in COMSOL.

Thermoelectric leg Variety range

Length (mm) 5-20
Width (mm) 0.5-2
Thickness (mm) 0.5—-2
Quantity (pair) 8

respectively. Py was the output power when the external resis-
tance (R) of the devices is connected. The internal resistance of the
thermoelectric devices (r) is intrinsically related to the size of
thermoelectric legs. The maximum output power (Ppax) can be
obtained asR =r.

After the preparation of the thermoelectric devices, the elec-
trical performances of the thermoelectric filaments were tested
using a parameter analyzer (Keithley 4200 SCS) at 293.15 K ambient
temperature. As revealed in Fig. 2, the electrical heating source
provides a constant heat in a range of 323.15 K—398.15 K. It’s
equivalent to the low-quality heating sources, such as industrial
wastewater, automobile exhaust, and solar energy. To minimize the
error of the measurement data, the samples were processed after
heating them for half an hour. The real-time temperatures of the
hot and cold sides of the thermoelectric devices were measured
with a temperature sensor (R7100).

3. Characterization and analysis of thermoelectric materials
3.1. Atlas analysis of XRD and SEM images

Fig. 3(a) shows that the phases in the P/N thermoelectric ma-
terials are the same with and without pressurization. The phase of
the P—type materials was Big.5Sby.5Tes, and that of the N—type
materials was BiySeg.3Tes 7. Fig. 3(b) illustrates abundant holes on
the surface of the P/N thermoelectric materials, leading to a large
number of grain boundaries and defects. This phenomenon was
caused by the volatilization of the binder after sintering. As a result,
the x values of the thermoelectric materials were one order of
magnitude lower than that of commercial thermoelectric materials
(Fig. 4(c)). The density values (p) of the four materials are obtained
and shown in Table 2. The density of the pressurized thermoelectric
materials was greater than that of the unpressurized ones. The
pressure treatment makes the thermoelectric materials compact. In
the light of the adhesion theory of binders, the intermolecular
Brownian motion was aggravated by the pressure, temperature,
and low viscosity, then promoting the diffusion of bonding agent
molecules to the interface of bismuth telluride molecules. This
condition was conducive to the transport of carriers in the bonding
system. Therefore, it eventually led to an improved electrical con-
ductivity of pressurized thermoelectric materials (Fig. 4(b)).

3.2. Analysis of thermoelectric parameters

The performance curves of the P/N thermoelectric materials
with or without pressurization (30 MPa) are presented in Fig. 4. The
pressure treatment exerted minimal effect on « of the materials
(Fig. 4(a)). The highest ¢ was at 298.15 K, then decreased with
increasing temperature (Fig. 4(b)). The ¢ values of the pressurized
P/N materials were significantly higher than those of the
non—pressurized materials. The maximum ¢ values of the pres-
surized P and N—type materials were 1.24 x 10* S m~! and
1.81 x 10* S m~!, respectively. Even though the « values of the
pressurized materials were slightly higher than those of the un-
pressurized materials (Fig. 4(c)), the k was still in a very low range
from 0.2 Wm ! K ! to 0.67W m ! K !). The extremely low k and
commendable thermoelectric properties of the materials are
mainly due to the addition of the binder. The ZT values of the
pressurized thermoelectric materials were higher than those of the
unpressurized materials (Fig. 4(d)). The maximum ZT values of the
pressurized P/N thermoelectric materials reached 1.09 and 0.5 at
room temperature and then decreased with increasing tempera-
ture. The variations of carrier concentration of P/N material were
slightly before and after pressurization, while the mobility of the
pressurized P/N thermoelectric materials was higher than those of
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Fig. 3. Morphological and composition analyses of the P/N thermoelectric materials: (a) XRD spectrum, (b) SEM image.

the unpressurized thermoelectric materials (Fig. 4(e and f)).
Therefore, as depicting in eq. (2), the increase of ¢ of the pressur-
ized P/N materials was primarily put down to the improved ma-
terial mobility obtained by compression technology. In addition,
the decrease of mobility made the ¢ decrease with the increase of
temperature. The increase in temperature aggravated the lattice
scattering in the materials and then reduced the mobility of the
materials. As the ¢ values of the materials decreased with
increasing temperature, the carrier thermal conductivity in eq. (3)
also declining. However, the « values of the materials in Fig. 4(c)
increased. So the lattice thermal conductivity increased with tem-
perature, offsetting the effects of the reduced carrier thermal
conductivity. The « values of the materials prepared in the current
work were one order lower than those of commercially mature
BioTes—based thermoelectric materials, whereas these « values
exhibited minimal differences. Since the improvement of the x was
more than the reduction of the ¢, the thermoelectric materials
prepared in this work show favorable thermoelectric performances
according to eq. (4).

4. Results and discussion
4.1. Simulation and contrastive analysis

The influence of material properties on the electrical perfor-
mance of the devices under different sizes was comprehensively
discussed. Fig. 5(a and b) shows the distribution of the temperature
and potential fields of the thermoelectric devices with a dimension
0f20 x 1 x 1 mm? at a hot surface temperature of 398.15 K. The two
end of thermoelectric devices showed a large temperature differ-
ence and good electrical performance. In Fig. 5(c—f), the V. values
of the pressurized and unpressurized thermoelectric devices are
slightly different at the same heat source temperature and size
because pressure exerted a minimal effect on the Seebeck coeffi-
cient of the materials (Fig. 4(a)). Under the same conditions, the
Pmax values of the pressurized thermoelectric devices were far
greater than those of the unpressurized thermoelectric devices. The
pressurized thermoelectric devices obtained the maximum Vi
value of 305.3 mV and Py« of 2.28 mW, whereas the unpressurized
thermoelectric devices obtained the maximum V. value of
304.5 mV and Ppax of 410.7 uW. The internal resistance of the de-
vice was effectively reduced because the electrical conductivity of
thermoelectric material was improved after pressurization. For
example, the internal resistance of a thermoelectric device with a



K. Liu et al. / Energy 206 (2020) 118096

(a) 300 (b)2 =
4 OE+04
o~ ;gg I = — o~ - —— Pressurized p-type
v ] E 1.8E+044 P —— Unpressurized p-type
i 150 - 5 e —o— Pressurized n-type
=2 100 —e— Pressurized p-type }:1 SEH4 N —9— Unpressurized n-type
+ 504 —e—Unpressurized p-type =
8 4] S 1.3E+04]
Q T T T T T T N
= 300 320 340 360 380 400 <
"‘g 0 Temperature (K) '§ LOE+04
1 Q
; '30‘_ —o— Pressurized n-type 2 7.5E+034
E _60: —o— Unpressurized n-type § 5 0E+03
g 5
A 120+ 2 2 5E+03
A50] F———— - K
-180 T . : = : 5 0.0E+00-—— . - . ; : : : ;
300 320 340 360 380 400 298.15  323.15 34815  373.15 398.15
Temperature (K) Temperature (K)
©) (d)
~0.80 - 4 — Pressuri &
= —o— Pressurized p-type 1.2 —a— Pressurized p-type
M —@— Unpressurized p-lype 4 —— Unperssurized p-type
) —9— Pressurized n-type e 2 Pressurized n-type
:E 0:64 1 o Uiposariand s 9 c >, 0 ] —o— Unpressurized n-type
E S o 087
20.48 1 b =
= S 0.6
2 s
° 0.32 1 N 0.4-
o ]
S
S 0161 02
g 1 s
o 0.0- = = B
2 :
F 0~00 T T T T | T T T T T
298.15 323,15 348.15 37315 398.15 298.15 323.15 348.15 373.15 398.15
Temperature (K) Temperature (K)
(e)
4.0E+19 (f)l 00
1 —a— Pressurized p-type —P . :
4 3.5E+19+ —a— Unpressurized p-lype U:?;Zigﬁ?g ep dtgl-)’;p o
£ 0Ei Lo 1 5 PY VI:ressurLzefi n-type _.Q 80 B4 Prssrized Ritype
\; .OE * \ —a— Unpressurized n-type :.,; »— Unpressurized n-type
22.5E1194 . 2 60-
] £
8{,
B4
B
(=}
S 204
0.0E+00 ~— . —— . 01— : ; : T
298.15 32315 34815 373.15  398.15 298.15 323.15 348.15 373.15 398.15
Temperature (K) Temperature (K)

Fig. 4. Analysis of the thermoelectric performance criterion of P/N thermoelectric materials. (a) Seebeck coefficient, (b) electrical conductivity, (c) thermal conductivity, (d) figure of
merit, (e) carrier concentration, (f) carrier mobility.




K. Liu et al. / Energy 206 (2020) 118096

390
380
370
360
350
340
330
320
310
300

mm

22IN0S JeoH

20

305.5
|

300 | T ! 2719

i 2444

1

2138

Hno-uad0
i
=3

20! 3 183.3
g | e 152.8
2 150 | T=348.15K 1222
2 | =048 TSI

g = 91.65
6{;100" - 6110
% mA"
ﬁ

0.000

Open-circuit

__voltage(mV)
""""" 305.0

—_
(]
N

ey
=
=

1 2745
Q 0 2410
2 a4
@ 27 235
2 i
& 500 183.0
152.5
g
Z 50 122.0
s 9150
.3
dg 100 y
> . . 6100
% h ;
/a- 5 . ; 30.50
Z
7

0.000

[y
=3
=

Pressurized-lype

3 RUASWL
o
[= Doty Strd

RPN

=

unpressurized thermoelectric devices (width of 1 mm), (g) internal resistance r.

oz::m Temperature(K)

Open-circuit
__voltage(mV)
S o
h

(b)

10
a
a
f+V)
-
mm

& 0
=
(¢}
a

-10

(d)

power(uW)
; 2280

2052
1824
1596
1368

(RO BIRRNKEIN

iR nod e

’ = 1140

912.0
— 6840
456.0
228.0
0000

®

AN RINL
2 O
O R,

a2
25
= <=

od e
=

[T
=2

s
=

~..Internal resistanec(€2)

3500
3150

|

280.0
2450
2100
1750
140.0
105.0
7040
3500
0.000

% Voltag:&V)

0.25

0.2

0.15

0.1

0.05

Maximum output

Fig. 5. Electrical performance of thermoelectric devices under different sizes: (a) temperature field distribution, (b) potential field distribution, (c—f) V,c and Pnax of pressurized and



8 K. Liu et al. / Energy 206 (2020) 118096

Table 2
Density values of four thermoelectric materials.
Type Density value (g-cm~3)
Pressurized P—type 5.14
Unpressurized P—type 4.39
Pressurized N—type 5.87
Unpressurized N—type 39

thermoelectric leg of 20 x 1 x 1 mm? is effectively reduced from
174.6 Q to 22.9 Q after pressurization, as shown in Fig. 5(g). When
the V,c values of the pressurized and unpressurized devices were
not much different, the lower the internal resistances of the devices
were, the higher the output power of the devices will be. The
electrical output of the thermoelectric devices under other widths
of the thermoelectric legs is shown in the supplementary materials
(Supplementary Figs. S1—S4), and similar conclusions can be
drawn. Those simulation results proved that pressurization does
have promotion effects on improving device performance, which
provides a worthy reference for subsequent device preparation.

4.2. Arrayed thermoelectric device

To ascertain that the practical performance of arrayed thermo-
electric configuration, the 3D arrayed thermoelectric devices were
fabricated with two different sizes by molding (Fig. 6(a)). The exact
sizes are shown in Table 3. Three thermoelectric devices were
connected in series by electrode welding and then tested under the
plane heat source in the temperature range of 323.15 K—398.15 K to
evaluate the ability of the devices to collect low—quality waste heat.

The internal resistance values of the small and large thermo-
electric devices in series were 119.5 Q and 71.3 Q at room tem-
perature, respectively. With increasing heat source temperature,
the electrical performance of the devices increased. When the hot
surface temperature was 398.15 K, the V. and Ppax of the small
thermoelectric devices reached 584 mV and 627.7 uW, respectively,
as shown in Fig. 6(c and d). The temperature difference (4T) be-
tween the two ends of the devices reached 75.7 K. In Fig. 6(e and f),
the Voe, Pmax» and AT of the large thermoelectric devices are
573.8 mV, 1.2 mW, and 72.8 K under the same conditions, respec-
tively. The small and large thermoelectric devices showed almost
the same output voltages mostly because of those similar AT.
However, the large devices presented minimal internal resistance
and good output power for their large cross—sectional area. These
results are also consistent with the simulation. The small devices
can be applied to surface heat sources by using PDMS sealant
(Fig. 6(b)). The thermoelectric devices were tested given a curved
heat source of a 5 cm diameter and temperature range of
323.15 K—-398.15 K. At 398.15 K heat source temperature, the V.,
Pmax, and AT of the thermoelectric devices reached 668 mV,
700.5 uW, and 86.5 K, respectively (Fig. 6(g and h)). The results
were comparable to the electrical output of the devices under a
plane heat source. Therefore, the 3D arrayed thermoelectric devices
are capable of collecting low—quality heat in various occasions. It
can be applied to not only flat collectors to collect sunlight, but also
curved water/exhaust pipes to collect waste heat from industrial
emission.

4.3. Curved thermoelectric device

Given that planar thermoelectric devices are not completely
applicable to different scenarios, two 3D thermoelectric devices
with different radians were designed. Fig. 7(a) shows the thermo-
electric devices with a curved structure that can be implemented to
a large curved heat source. Fig. 7(b) shows an annular thermo-
electric device for a small heat source. The heat source was located
in the middle, and the heat was radially transferred along the
thermoelectric leg. The interrelated dimensions of the two ther-
moelectric devices are shown in Table 4. A single thermoelectric
device was tested in the range of 323.15 K—398.15 K to verify its
usage on a curved surface.

The internal resistance values of a single curved thermoelectric
device and annular device were 17.5 Q and 23.5 Q at room tem-
perature, respectively. At 398.15 K hot surface temperature, the V¢
and P« of the curved thermoelectric device reached 265 mV and
948.5 pW, respectively; and those of the annular thermoelectric
device reached 332.1 mV and 1.2 mW, respectively (Fig. 7(c—f)). The
AT values of the two devices were 80.9 K and 86.4 K, respectively.
The varied Vpc and P .« of the thermoelectric devices in relation to
the hot surface temperature showed a positive correlation with 4T.
A single device had an electrical output close to or even exceeding
the mW level under a low heat source condition. This result in-
dicates that the 3D thermoelectric devices fabricated by the
cold—press sintering and molding method have excellent practi-
cability. Higher electrical performance of thermoelectric devices
with system layout and series-parallel could be obtained by col-
lecting the heat of wastewater and exhaust pipes design. Moreover,
power supply device like radioisotope thermoelectric generators
fabricated by curved thermoelectric devices will win a bright
application prospect.

5. Conclusions

To achieve the sustainable application of low-quality heat, the
high-performance and structure-adjustable 3D thermoelectric de-
vices based on cold—press sintering and molding was innovatively
fabricated by introducing ultralow thermal conductivity. This
works effectively solve the communal problem with high breakage
rate, small temperature difference, and poor practicality. The
combined effect of the holes introduced by the binder and the
pressurization process analyzed from the microstructure and
transport properties reduced the thermal conductivity and
enhanced the thermoelectric properties. The maximum ZT values of
the pressurized P/N thermoelectric materials reached 1.09 and
0.5 at room temperature, which results in the much greater Pp,x of
the pressurized thermoelectric devices than that of the unpres-
surized one under the same conditions. Fully-scaled 3D thermo-
electric devices applicative were prepared in accordance with
practical application requirements. At 398.15 K hot surface tem-
perature, the small arrayed thermoelectric devices obtained V. and
Prax of 584 mV and 627.7 uW, respectively; and the large arrayed
thermoelectric devices obtained V,c and Ppax of 573.8 mV and
1.2 mW, respectively. In case of a surface heat source at 398.15 K hot
surface temperature, the Vo and Pnax of the curved thermoelectric
devices reached 265 mV and 948.5 uW, respectively; and those of
the annular thermoelectric devices reached 332.1 mV and 1.2 mW,
respectively. 3D thermoelectric devices have excellent practica-
bility, which targets applications in heat reclaimer, solar—thermal
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Fig. 6. Electrical performance of arrayed thermoelectric devices: (a) single thermoelectric device, (b) tandem of small thermoelectric devices on curved surface, (c) I-V/[-P
characteristic curves and (d) 4T, Vo, and Pmax Vs. hot surface temperature of small thermoelectric devices, (e) [-V/I—P characteristic curves and (f) 4T, Vo, and Ppax vs. hot surface
temperature of large thermoelectric devices, (g) [-V/I-P characteristic curves and (h) 4T, Vo and Ppax Vs. hot surface temperature on curved surface.



10 K. Liu et al. / Energy 206 (2020) 118096

Table 3
Relevant structural dimensions of two arrayed thermoelectric devices.
Type Small size Large size
Thermoelectric leg (mm?) Length (mm) 20 20
Width (mm) 1 1.5
Thickness (mm) 1.6 1.9
Number of thermoelectric legs (pair) 8 8
Overall dimensions (mm?) 31 x21 x1.6 41 x 21 x 1.9
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Fig. 7. Electrical performance of curved thermoelectric devices: (a) single curved thermoelectric device, (b) single annular thermoelectric device, (c) I-V/I-P characteristic curves
and (d) 4T, Vi, and Ppax Vs. hot surface temperature of single curved thermoelectric device, (e) I-V/I—P characteristic curves and (f) AT, Vo, and Ppax Vs. hot surface temperature of
single annular thermoelectric device.
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Table 4
Relevant structural dimensions of two curved thermoelectric devices.

Type

Curved type Annular type

Thermoelectric leg (mm?) Radius (mm)
Width (mm)
Thickness (mm)
Radius of heat source (mm)

Number of thermoelectric legs (pair)

20 15.5
14-2.1 0.7-3.14
13 13

20 4

8 10

conversion system and radioisotope thermoelectric generator. The
next works will comprehensively consider the influence of prepa-
ration parameters on the thermoelectric materials. Through deeply
integrated design and assembly of the above thermoelectric de-
vices, electronic components are expected to be powered in several
areas.
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