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The method to combine thermoelectric (TE) and magnetocaloric (MC) cooling techniques lies in developing a
new material that simultaneously possesses a large TE and good MC cooling performance. In this work, using n-type
BiyTey 7Sep 3 (BTS) as the TE base material and Gd as the second-phase MC material, Gd/BTS composites were prepared
by the spark plasma sintering method. In the composites, interfacial reaction between Gd and BTS was identified, resulting
in the formation of GdTe, which has a large impact on the electron concentration through the adjustment of defect con-
centration. The MC/TE composite containing 2.5 wt% Gd exhibited a ZT value of 0.6 at 300 K, essentially retaining the
original TE performance, while all the composites largely maintained the excellent MC performance of Gd. This work
provides a potential pathway to achieving high performance in MC/TE composites.

Keywords: thermo-electro-magnetic energy conversion materials, interfacial reaction, thermoelectric perfor-

mance, magnetic entropy change
PACS: 74.25 fg, 75.30.sg, 81.20.—n, 68.35.ct

1. Introduction

Since 1990, the space cooling market has been continu-
ously growing and the number of space cooling units installed
worldwide has become huge.!?! In recent years, solid-state
cooling technologies, such as thermoelectric (TE) cooling and
magnetocaloric (MC) cooling have attracted increasing atten-
tion because they avoid the use of volatile refrigerants, making
cooling more environmentally friendly.

TE cooling based on the Peltier effect is achieved by cre-
ating a temperature difference between the two surfaces of
a TE material when a voltage is applied. The performance
of TE materials can be assessed by the dimensionless fig-
ure of merit (ZT), defined as ZT = OC2GT/K, where o, O,
T and k represent the Seebeck coefficient, electrical conduc-
tivity, absolute temperature and thermal conductivity, respec-
tively. Hence, high-performance TE materials are charac-
terized by high «, high ¢ and low x.1** Due to features
such as noise-free operation, compact structure, light weight
and rapid response, TE cooling is now widely commercial-
ized in areas such as portable refrigerators, temperature sen-

[5-71 Most commercially avail-

sors and integrated heat sinks.
able TE devices are made using BiTes-based alloys (p-type
Bi—Sb-Te alloys and n-type Bi—Te—Se alloys) for TE cooling
modules.®% This is because Bi,Tes-based alloys exhibit ex-
cellent TE performance and good workability at room temper-
ature. The equation for the coefficient of performance (COP)

. L VI4+ZT Ty /T,
in cooling is COP = - TfT +2T T/ Te
u-Tc  \/1477+1
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ZT represent the cold-side temperature, the hot-side temper-
ature and the average ZT of the TE material, respectively.
According to the COP expression, to achieve a COP for TE
cooling comparable to that of traditional vapor compression
refrigeration in refrigerators, the Z7T' of TE materials needs to
exceed 3.0.1'% However, the ZT of Bi,Tes-based alloys com-
monly used in the commercial sector is generally around 1.0.
This low ZT and low cooling efficiency limit the application
of TE cooling in large-scale cooling industries.!!!!

MC cooling is another green solid-state cooling technol-
ogy. It achieves cooling through magnetizing and demag-
netizing cycles of MC materials. During magnetization, the
material’s magnetic moments become ordered with reduced
magnetic entropy, thus causing the material to heat up and re-
lease heat. Conversely, during demagnetization, the magnetic
moments become disordered with increased magnetic entropy,
thereby cooling the material and absorbing heat.!!>!3! The ad-
vantages of MC cooling technology include high efficiency,
zero emissions, low noise and a large cooling capacity. As
such, MC cooling technology has potential commercial appli-
cations in the refrigeration sector.!'*!31 In an MC refrigerator,
the core component is an active magnetic regenerator (AMR),
which contains a large number of MC materials. The AMR
commonly uses the metal Gd as the MC material since Gd un-
dergoes a second-order magnetic phase transition at room tem-
perature, which brings about a significant MC effect thereby
enhancing cooling efficiency.!!®!7] Most MC refrigerators use
liquid as the cooling medium, but many more environmentally
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friendly solid cooling media have been developed, such as

18] These me-

plate-shaped compound magnetic refrigerants.
dia effectively assist in heat exchange during the magnetiza-
tion and demagnetization processes of MC materials. How-
ever, thermal exchange between MC materials and the cooling
medium, including conduction and convection, leads to cycle
heat losses. These heat losses limit the cycle frequency of
MC cooling and result in a lower cooling power density.!!"]
Despite the many advantages of MC cooling technology, the
aforementioned efficiency limitations make it challenging for
MC cooling to compete with traditional vapor compression re-
frigeration. Therefore, how to enhance the heat exchange ef-
ficiency and cycle frequency of MC cooling technology is of
great importance for achieving a higher COP for MC applica-
tions.

Both TE and MC technologies excel in specific applica-
tion domains, but due to limitations in efficiency, cost and ap-
plicability they struggle to independently replace existing va-
por compression refrigeration techniques. To overcome these
limitations, a new cooling technology pathway has emerged,
namely, MC/TE hybrid cooling technology.?°! This approach
combines the benefits of TE and MC cooling with the aim of
enhancing overall cooling efficiency and performance through
the synergistic operation of both technologies.?!-??!

However, this combination also introduces its own set
of challenges. At the device level, integrating TE and MC
technologies might lead to issues such as thermal leakage and
Joule heating generated by TE modules. These issues could
reduce the overall system efficiency and increase energy con-
sumption. Additionally, designing an efficient MC/TE hybrid
system poses significant challenges. It demands the develop-
ment of materials that exhibit high TE and MC performance
simultaneously. These materials need to operate efficiently in
their respective cooling cycles while maintaining good thermal
stability and mechanical properties.[>3! In practical applica-
tions, such material design and optimization require a compre-
hensive consideration of the physical, chemical and thermody-
namic properties, a task that is quite challenging in the field of

24251 Wei et al. conducted

material science and engineering. !
a material preparation and interfacial microstructure study of
Gd/Big 37Sb; 63 Tes, an MC/TE composite material.?®! Wang
et al. investigated the stability of Gd/BiysSb; sTes in a ser-
vice environment.?”l Recently, the TE and MC properties of
La(Fe(.920Co0.08)11.9S11.1/BiSbTe and MnCoGe/BiSbTe com-
posite materials were reported.?®?°! These studies not only
analyzed the effects of different contents and sintering temper-
atures on the performance and phase composition of these ma-
terials but also paid special attention to the impact of interface
reactions and elemental diffusion on MC performance. The
results indicated that these micrometer-scale interactions have
a significant impact on the MC performance of the compos-
ite materials. Note that all the relevant research has primarily

focused on the composite of p-type BirTes-based alloys with
MC materials.!>>-2% These findings have provided a valuable
knowledge base for the development of MC/TE hybrid cooling
technology. However, it is noteworthy that, to date, research
on the composite of n-type BiTes-based alloys with MC ma-
terials is relatively scarce. Therefore, investigating the impact
of incorporating MC materials on the TE performance of n-
type BirTes-based alloys is of significant interest. Addition-
ally, how MC materials retain their MC properties in MC/TE
composite materials, and how heterogeneous interfaces affect
electron and thermal transport, are topics of considerable re-
search value.

This work focused on using n-type Bi; Te; 7Seq 3 (BTS) as
the TE matrix and Gd spheres as the MC second phase to syn-
thesize a series of MC/TE composites. The thermal, electri-
cal and magnetic properties of these MC/TE composites were
investigated. The formation of an interfacial reaction layer
between the TE matrix and Gd spheres caused the creation
of defects while modulating the electron concentration. The
MC/TE composites containing 2.5 wt% Gd exhibited a ZT
value of 0.6 at 300 K, essentially retaining the performance of
the original TE material. Additionally, all composites largely
maintained the excellent MC performance of Gd.

2. Experiment
2.1. Sample preparation

A series of MC/TE composites xGd/BTS with different
mass fractions of Gd (x = 0%, 2.5%, 5.0%, 7.5%, 10.0%)
were prepared using the spark plasma sintering method. Bi
(4N, 60 mesh powder), Te (4N, 60 mesh powder), Se (4N, 60
mesh powder) and Ag (SN, powder) in the stoichiometric ratio
Ago.o0sBiaTes 7Seg 3 were weighted. The weighted elements
were sealed in a quartz glass tube under vacuum and placed
in a muffle furnace at 1073 K to melt for 24 h. After quench-
ing, a polycrystalline ingot of Agg oogBixTe27Sep.3 was ob-
tained. The ingot was crushed and ground, followed by siev-
ing through a 120-mesh screen to prepare BTS alloy powder
with an approximate particle size of 120 um. To avoid particle
segregation leading to uneven mixing of the two phases, "]
Gd spheres with a particle size of 120+ 30 pm were selected.
The BTS powder was mixed with Gd spheres at different mass
ratios, then ultrasonically dispersed in alcohol and dried to ob-
tain uniformly mixed powders. To fully utilize the MC prop-
erties of the composites, a larger amount of composite was
chosen. To suppress the heterogeneous interfacial reaction be-
tween Gd and BTS, a low-temperature high-pressure sintering
method was selected as follows: the Gd/BTS composite pow-
der was loaded into a cylindrical die made of tungsten carbide
and sintered at 600 K under a high axial pressure of 200 MPa.
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2.2. Characterization and measurements

The phase composition of Gd/BTS composites was an-
alyzed using Cu K radiation (A = 1.54186 A) through x-
ray diffraction (XRD; SmartLab, Rigaku Corporation, Tokyo,
Japan). The microstructure and elemental mapping of the
reaction interface between Gd and BTS were characterized
using an electron probe microanalyzer (EPMA; JXA-8230,
JEOL). The thermomagnetic curves (M—T curves) and Ar-
rott plots of the composites were measured using the vibrat-
ing sample magnetometer (VSM) module of Versalab, man-
ufactured by Quantum Design, USA. The magnetic entropy
change ASy, was calculated based on the magnetization curves
obtained from the VSM. The electrical conductivity (o) and
Seebeck coefficient (¢t) were simultaneously measured from
300 K to 500 K under a helium atmosphere using the stan-
dard four-probe method (Cryoall CTA-3/500). The thermal
conductivity (x) of the samples was calculated using the for-
mula k = ApC,, where p is the volume density measured by
the Archimedes method, C,, is the specific heat capacity cal-
culated using the Dulong—Petit law and A is the thermal diffu-
sivity measured using the laser flash technique (Netzsch LFA-
467). The carrier thermal conductivity (kc) of the samples was
calculated using the Wiedemann—Franz law kc = Lo T, where
L is the Lorenz number calculated according to the equation
L =1.5+exp(—|a|/116). The lattice thermal conductivity
(xp) of the samples was determined by ki, = Kk — kc. The
Hall effect coefficient (Ry) was measured on a Hall testing
system (NYMS-1) and the carrier concentration (n) and mo-
bility (1) were calculated using the equations n = |1/(Rye)|
and 1 = |oRy], respectively, where e is the electronic charge.

3. Results and discussion
3.1. Phase constituents and microstructures

Figure 1 shows the XRD patterns of the Gd/BTS com-
posites. Comparing the characteristic diffraction peaks of the

composites with the standard data of BiyTe;7Sep3 (JCPDS
No. 50-0954), it is observed that the characteristic diffraction
peaks for all composites correspond to the standard without
an obvious peak shift. This result indicates that the introduc-
tion of metallic Gd to the BTS matrix does not alter the crystal
structure of BTS. A characteristic diffraction peak of Gd ap-
pears near 32.5° for the 10% Gd/BTS sample, while this is not
observed in the other samples. This result is understandable
because of the much lower amount of Gd in the composite.

o Gd
o 10.0 Gd/BTS

. JL 7.5 Gd/BTS

z . | 5.0 Gd/BTS

0

§ I k 2.5 Gd/BTS
A ) S BTS

JCPDS 02-0864 Gd
L1l 1 1 [T 1

JCPDS 50-0954 BigTBQjSEQ.g

10 20 30 40 50 60 70
20 (%)

Fig. 1. XRD patterns of Gd/BTS composites prepared by the spark
plasma sintering method.

To investigate the interfacial reaction between Gd and
BTS, the microstructure and elemental mapping near the
Gd-BTS interface were characterized by electron probe mi-
croanalysis (EPMA). The secondary electron image (SEI)
(Fig. 2(a)) and backscattered electron image (BEI) (Fig. 2(b))
clearly reveal the formation of a thin interfacial reaction layer
at the interface between the matrix and Gd spheres. It can be
seen that the thickness of the interfacial reaction layer near the
Gd sphere is uneven. The elemental mappings of Bi, Te, Se
and Gd are shown in Figs. 2(c)-2(f). This analysis confirmed
that the interfacial reaction layer consisted of Gd and Te with-
out the presence of Bi and Se.

50 um

Fig. 2. Interfacial microstructure between Gd and BTS in 2.5% Gd/BTS: (a) secondary electron image; (b) backscattered electron image.

(c)—(f) Elemental mappings of Bi, Te, Se and Gd.
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Fig. 3. Backscattered electron images and corresponding elemental line scans at the interfaces of xGd/BTS composites: (a) 2.5% Gd/BTS,

(b) 5.0% Gd/BTS, (c) 7.5% Gd/BTS, (d) 10.0% Gd/BTS.

BEIs and energy dispersive x-ray spectroscopy (EDS)
line scans around the Gd spheres were measured to analyze
the interfacial reaction layer. The results, shown in Fig. 3,
indicate that the interfacial reaction layer is composed of Gd
and Te with a Gd:Te ratio very close to 1:1, confirming the
formation of GdTe at the heterogeneous interfaces. The EDS
line scan shown in Fig. 3(d) did not detect the existence of an
interfacial reaction layer, suggesting that some Gd/BTS inter-
faces remained unreacted. It was observed that the thickness
of the interfacial reaction layer near the Gd sphere was un-
even, with a large average thickness of about 9.0-10.0 pum,
indicating no significant difference in the thickness of the in-
terface reaction layer among different samples. Therefore, as
the mass fraction of Gd increases in the composites, the con-
tent of the GdTe phase also increases. It is interesting that the
structure of the heterogeneous interface between Gd and BTS
matrix is very similar to that between Gd and a p-type bismuth
telluride matrix. >3]

3.2. Magnetocaloric properties

Figure 4 shows the magnetic properties of metallic Gd
and Gd/BTS composites measured under extended magnetic
fields. The thermomagnetic (M—T) curves imply that the Curie
temperature (7¢) of the Gd/BTS composites is approximately
293 K, equal to that of Gd (Figs. 4(a) and 4(b)). The mag-
netic field dependence of the magnetization curves was mea-
sured under external magnetic fields ranging from 0 to 2.5 T
within a temperature range of 251-329 K. Using Arrott plots
(M?-H /M curves) the magnetic phase transitions can be de-
termined. The Arrott plots of Gd and the Gd/BTS composites
are displayed in Figs. 4(c) and 4(d). According to Banerjee’s
criterion, a negative slope or S-shaped profile of the M?>~H /M
curves near T¢ suggests a first-order magnetic phase transi-
tion, while a positive slope of these curves implies a second-
order magnetic phase transition.!3!! The Arrott plots of Gd
and Gd/BTS composites both exhibit positive slopes, imply-
ing their second-order magnetic phase transition characteris-

tics. It can therefore be seen that although interfacial reaction
takes place the compositing of Gd with BTS has less impact
on the magnetic phase transition of the composites.

According to the Maxwell relation,

H am

AS(T,H)=S(T,H)-S(T,0) = —dH
o dT

AS is defined as a function of temperature and magnetic field.
It can be seen that AS is closely related to the magnetic prop-
erties of the MC material. Figure 5(a) shows AS of Gd un-
der external magnetic fields ranging from O to 2.5 T. Fig-
ure 5(b) compares AS for Gd/BTS composites and the cor-
responding mass fraction of Gd under an external magnetic
field of 2.5 T, while Table 1 summarizes the corresponding
MC properties. For Gd and Gd/BTS composites, AS grad-
ually rises as the temperature increases, reaching a maximum
(ASp) at the Curie point (7¢), and then decreases, with a higher
mass fraction causing an increase in ASy,. For Gd/BTS com-
posites, the results indicate that the 7¢ of all composites is
around 293 K, consistent with the 7Tc of Gd. With an in-
crease in the amount of Gd, the difference between the AS,, of
Gd/BTS composites and the ASy, of the corresponding mass
fraction of Gd increases. Figure 5(c) shows the loss rate of
ASy, of Gd/BTS composites under different mass fractions of
Gd. With the increase in mass fraction of Gd, the loss rate
of ASp, also increases monotonously. This indicates that the
increase in heterogeneous interfaces will lead to greater ASp,
loss of Gd/BTS composites. The ASy, of 2.5% Gd/BTS com-
posite is 0.15 J-kg~!-K~!, while that of theoretical 2.5 wt%
Gdis 0.16 J-)kg~!-K~!, indicating a loss rate of AS,, about 6%
for the Gd/BTS composite, essentially maintaining the MC
performance of Gd. The ASy of 10.0% Gd/BTS composite
is 0.54 J.kg=!-K~!, and that of theoretical 10.0 wt% Gd is
0.60 J-kg~!-K~!, resulting in a loss rate of AS,, of about 9.4%.

Relative cooling power (RCP) represents the heat transferred
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from the heat reservoir to the cold reservoir and is commonly
used to assess the MC properties of materials.[>?) The RCP is
defined as follows: RCP = fTT; |ASm|dT, where the tempera-
ture ranges from 7] to 7. Although an increase in the com-
posite amount of Gd may result in greater loss of MC proper-

(a) Tc=293 K
1501 H = 10000 Oei
T
e 100
=
g
L
= 50 — Gd
— dM/dT
0 [ 1 1 H 1 1
240 260 280 300 320 340
T (K)

-

400 500

200

300
H/M (Oe-emu~!-g)

ties, the loss rate of MC properties of 10% Gd/BTS is 9.6%,
which is still a relatively low level. Therefore, the MC perfor-
mance of the Gd/BTS composites studied in this work could
be well maintained, which is necessary for developing high-

performance thermo-electromagnetic materials.

(b) Te=293K
H =10000 Oe

181

M (emu-g~1)

M? (emu?-g—2)

g

20
H/M (10® Oe-g-emu~!)

25

Fig. 4. Magnetic properties of Gd and Gd/BTS composites. (a) M—T thermomagnetic curves and corresponding differential curves measured at
10000 Oe. (b) M-T thermomagnetic curves and corresponding differential curves of Gd/BTS composites measured at 10000 Oe. (c) Arrott plots of Gd,
measured over the range 251-329 K at 3 K intervals. (d) Arrott plots of xGd/BTS composites, measured over the range 251-329 K at 3 K intervals.

—=—0.5T —2.5 —
6 r (a) 1.0 T O 6 _+%?) gg/BTS H: 25 T 50 100- (C)
o c1s5T| =& V[ 20dd b —
[ : | —-50Gd (b) g2 9.0f
N —~—2.0T M 7.5 Gd [%5)
S oq) 25T B 7.5 Gd 4
il - 0.4}f—=100 Gd 8.0F
Lo o —=—10.0 Gd =
= = o T.0F
= ot - It
2 < 02l 2
%) n : 6.0f
A ""'“"/\\"‘R" < et el | g
Op Fmree™  img =305 oL 1=293 R S 50 . . .
260 280 300 320 260 280 300 320 2.5 5.0 7.5 10.0
T (K) T (K) Mass fraction of Gd (%)

Fig. 5. Magnetic entropy of Gd and Gd/BTS composites. (a) Magnetic entropy change AS of Gd under an external magnetic field ranging from 0 to
2.5 T. (b) Magnetic entropy change AS of Gd/BTS composites and corresponding mass fractions of Gd under an external magnetic field of 2.5 T. The
AS data for xGd are obtained by multiplying the AS data for Gd by x%. (c) Loss rate of maximal magnetic entropy ASy, of Gd/BTS composite material

with different mass fractions of Gd.

Table 1. Magnetocaloric properties of xGd/BST composites and xGd.

Sample ASp Jkg~ LK) RCP (J-.kg™ 1)
2.5 Gd/BTS 0.149 6.34
25Gd 0.159% 6.77%)
5.0 Gd/BTS 0311 13.21
5.0 Gd 0.329% 13.97%
7.5 Gd/BTS 0.446 18.88
7.5Gd 0.480% 20.32)
10.0 Gd/BTS 0.542 22.94
10.0 Gd 0.599% 25.409

The ASy, of xGd/BST are obtained under an applied magnetic field of 2.5 T.
9The ASp, data of xGd are obtained by multiplying the ASy, data for Gd by
Xx%.

3.3. Thermoelectric properties

Figure 6 displays the temperature dependence of the Hall
coefficient (Ry), carrier concentration (n), mobility (i), elec-
trical conductivity (o), Seebeck coefficient (o) and power fac-
tor (a’c) of Gd/BTS composites in the temperature range
300-500 K. The temperature dependence of Ry (Fig. 6(a)) in-
dicates that the majority of carriers are electrons, implying an
n-type conductive behavior. As shown in Fig. 6(b), and at-
tributed to the enhanced intrinsic excitation at elevated tem-

peratures, the n of all composites increases with the rise in test
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temperature, resulting in the generation of more electron—hole
pairs across the band gap.33! n becomes similar when the test
temperature increases to 500 K. The reasons for the similarity
are as follows: (1) The n of BTS is high, which suppresses its
intrinsic excitation. Thus, intrinsic excitations are not signif-
icant throughout the entire temperature range and the carrier
concentration of BTS remains relatively constant. (2) As x
increases, n decreases, and the temperature of intrinsic exci-
tation also decreases. Consequently, intrinsic excitations be-
come more pronounced with increasing x, leading to the con-
vergence of n in different composites at high temperatures.

Compositing Gd with BTS results in a significant de-
crease in n. With the increase in x, n monotonically decreases.
The decrease in carriers should be closely related to the inter-
face reaction. According to the research conducted by Liu et
al., the formation of an interfacial reaction layer produces anti-
site defects.!**! The generation of defects consumes electrons
and generates holes, leading to a decrease in n. The defect
reactions are represented by

where Big;, Vi., e, Bi’,, Vi and h' respectively represent
a normal Bi atom, Te vacancy, electron, antisite defect (Bi
on Te site), Bi vacancy and hole. Moreover, based on the
theory of metal-semiconductor contacts, 135] a5 the work func-
tion of GdTe (5.7 V)% is greater than that of n-type Bi; Te3
(5.13 eV) and Gd (2.9 eV),37] electrons tend to transfer from
n-type BirTes and Gd to GdTe, leading to a decrease in car-
rier concentration. Therefore, with increasing x, the content
of the GdTe phase increases, and a greater influx of electrons
into the GdTe phase and increase in the concentration of anti-
site defects are expected, consequently resulting in a decrease
of n.

As shown in Fig. 6(c), the u of all composites decreases
with the increase in test temperature, as elevated temperatures
enhance lattice vibrations.3®! The variation in y is a coupled
result of carrier and interface scattering. The y at room tem-
perature for 2.5% Gd/BTS is increased compared with BTS.
The introduction of Gd significantly reduces n, optimizes car-
rier scattering and leads to an increase in u.) For x > 5%, p
at room temperature decreases relative to BTS. When x is high,

X . /
Gd + Teq, — GdTe+ V. +2¢, (D there are too many heterogeneous interfaces, which results in
Bij, 4+ Vi, +2¢’ — Bip, + Vg +4h', (2)  enhanced interface scattering and decreased p.[4"]
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Fig. 6. Electrical transport properties of Gd/BTS composites. Temperature dependence of (a) Hall coefficient (Ry), (b) carrier concentration
(n), (c) mobility (i), (d) electrical conductivity (o), (e) Seebeck coefficient («) and (f) power factor (020).

As depicted in Fig. 6(d), the room-temperature ¢ of the
Gd/BTS composites monotonically decreases with increasing
x, which should be attributed to the increase in heterogeneous

B3] As shown in

interfaces and the resultant reduction in n.
Fig. 6(e), all composites exhibit a negative ¢, indicating n-
type conductive behavior of Gd/BTS, in consistent with the
Hall measurement. At room temperature, the absolute value
of a monotonically increases with x due to the reduction in
n. According to the temperature dependence of lattice thermal

conductivity (Fig. 7(c)), the intrinsic excitation temperatures

of BTS, 2.5% Gd/BTS, 5.0% Gd/BTS and 7.5% Gd/BTS are
around 350 K. Consequently, the absolute value of « initially
increases with rising test temperature and then decreases at
around 350 K due to intrinsic excitation. The 10.0% Gd/BTS
exhibits intrinsic excitation behavior from room temperature,
resulting in a monotonic decrease in the absolute value of o
with increasing test temperature. As shown in Fig. 6(f), the
room-temperature &’>c of the Gd/BTS composites decreases
monotonically with increasing x. A large decrease in ¢ should
be responsible. The o> of BTS at 300 K is approximately

087403-6



Chin. Phys. B 33, 087403 (2024)

242 mW-K~2:m~!, while for 2.5% Gd/BTS at 300 K it is
about 2.40 mW-K~2.m™!, a slight decrease. It can be inferred
that a further improvement in # is necessary, as it plays a cru-
cial role in determining the electron transport properties of
Gd/BTS composites.

The thermal transport properties and Z7T values of
Gd/BTS composites in the temperature range 300-500 K are
shown in Fig. 7. With an increase in x, the total thermal
conductivity (x) near room temperature increases at first and
then decreases. The carrier thermal conductivity (kc) signifi-
cantly decreases with increasing x, and this trend is consistent
with the behavior of ¢. The lattice thermal conductivity (ki)
of Gd/BTS composites increases with x, predominantly influ-
enced by the high thermal conductivity value of Gd itself when

(a)
| —— BTS

—e— 2.5 Gd/BTS
1.8F 450 Gd/BTS
—— 7.5 Gd/BTS
10.0 Gd/BTS

2.0

1.6

1.4F

K (W-m—1.K-1)

1.2

300 350 400 450 500
T (K)

2.0F (c)

-= BTS

-~ 2.5 Gd/BTS

1.6k 5.0 Gd/BTS
O -+ 7.5 Gd/BTS

10.0 Gd/BTS

0.8} M

300 350 400 450 500
T (K)

K1, (W-m‘LK‘l)
(51
N

Gd composite is abundant. The ki, of Gd/BTS composites de-
creases with increasing test temperature, closely related to the
enhancement of phonon—phonon interactions at elevated tem-
peratures. With further increase in temperature, ki, rapidly in-
creases, indicating the dominance of bipolar thermal diffusion
at this stage.!*!! For the 10% Gd/BTS composite, k;. mono-
tonically increases with temperature, suggesting that the ma-
terial enters the intrinsic excitation region even at room tem-
perature. The low intrinsic excitation temperature should be
accounted for by low carrier concentration. The ZT value of
2.5% Gd/BTS is nearly equal to that of BTS matrix, at around
0.6. This indicates that when BTS is used as the matrix and
combined with a low mass fraction of Gd spheres, a high ZT
can be obtained for the MC/TE composites.
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= W
I
X041
I
z "
O 0.2p vvr —a— BTS
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Fig. 7. Temperature dependence of thermal transport properties and Z7 of Gd/BTS composites: (a) total thermal conductivity (x), (b) carrier
thermal conductivity (kc), (c) lattice thermal conductivity (ki) and (d) ZT.

4. Conclusions

In summary, in this work we employed a low-temperature
high-pressure spark plasma sintering process to prepare a se-
ries of Gd/BTS composites. XRD results indicated that Gd, as
a secondary phase, did not affect the crystal structure of BTS.
In Gd/BTS composites, an interfacial reaction layer composed
of Gd and Te, with a Gd:Te ratio of 1:1, was found to be
distributed around the surface of the Gd spheres. Both MC
and TE performances were significantly affected by the inter-
facial reaction layers during the fabrication of the composites.
The results showed that 2.5% Gd/BTS MC/TE composites and
BTS both exhibited a ZT of 0.6 at 300 K, essentially retaining

the TE performance prior to compositing. All the composites

largely maintained the excellent MC performance of Gd but a
high Gd content poisoned the TE performance. This work pro-
vides a promising pathway for achieving high TE performance
in n-type MC/TE composites.
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