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Achieving High Thermoelectric Performance by Introducing
3D Atomically Thin Conductive Framework in Porous
Bi, Te, ;Se( 3-Carbon Nanotube Hybrids

Shuankui Li, Rui Wang, Weiming Zhu, Mihai Chu, Zhongyuan Huang, Yanjun Zhang,

Wenguang Zhao, Fusheng Liu, Jun Luo, Yinguo Xiao,* and Feng Pan*

Fabricating thermoelectric (TE) materials with porous structure is an effec-
tive approach to reduce lattice thermal conductivity; however, the electrical
conductivity is usually severely sacrificed. In this work, a high performance
porous Bi;Te, ;Se, 3-carbon nanotube (BTS-CNTs) thermoelectric hybrid is
prepared by introducing atomically thin BTS conductive networks on the
BTS-CNT interface, which simultaneously possess ultralow lattice thermal
conductivity and high electrical conductivity. The 3D conductive framework
built by atomically thin BTS layers on CNTs enables the creation of an intimate
contact with bulk BTS and serves as a fast pathway of the electric conductivity,
resulting in high electrical conductivity. Meanwhile, the phonon scattering
around nanopore wall is greatly enhanced, and the lattice thermal conductivity
is found to be as low as 0.19 W m~" K-, which is close to the minimal lattice
thermal conductivity according to Debye—Cahill model. Consequently, the
porous BTS/CNTs hybrid displays a high ZT value of about 1.2, which is 65%
higher than that of fully dense pristine BTS. The present work demonstrates a
novel and practical approach to design and fabricate high performance porous
TE materials through an unconventional sacrificial template method.

1. Introduction

Thermoelectric (TE) materials for direct converting waste heat
to electricity has drawn extensive attention because the world
energy consumption wasted in the form of heat is >50%./%2
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Generally, the energy conversion efficiency
of thermoelectric material is defined by
the dimensionless figure of merit, ZT =
S20T/k, where 0, S, k, and T are the elec-
trical conductivity, Seebeck coefficient,
thermal conductivity, and temperature,
respectively.}l However, widespread appli-
cation of TE technology is limited by its
low energy-conversion efficiency. Recently,
several efficacious strategies have been
successfully established to achieve high
TE performance in thermoelectric mate-
rials, such as alloying,® nanostructuring
or multiphase compositing,”# modulation
doping, and so on."% Most of these con-
ventional strategies are aiming at reduc-
tion of the lattice thermal conductivity
(Kay) by introducing phonon scattering
centers in various length scales.> It is
known that introducing of nanoporous
structures is an effective way to suppress
the Kj,, which has been confirmed by
experimental results in various TE mate-
rials, such as SiGe,[ Bi,Te;,® PbTe 78 SnSe.') However,
tremendous amount of experimental results in porous TE
materials revealed that the suppression of &j, is usually accom-
panied by the significant degradation of the o, so that a high
ZT cannot be achieved. Therefore, to design highly porous
TE material with ideal hybrid structure, which could maxi-
mize suppress ki, without deterioration of o, is a challenging
and worthwhile exploration to obtain high-performance TE
materials.

Introducing nanopores in TE materials is an effective
approach for reducing ki, since the phonons can be intensively
scattered by pores and accompanied interfaces. However, the
porosity and carrier transport properties are always strongly
correlated. Simply introducing highly porous structure will
inevitably sacrifice 0. As a result, the reduction of x cannot ade-
quately compensate the severely reduction of o, which always
results in poor TE performance. This dilemma is well reflected
in Figure 1a, where the data are taken from refs. [20-22]. It is
found that for the dense Bi,Te,79Seq,; bulk sample (relative
density >95%), the material quality factor p(m”*/mg)3?/kyy is
relatively high. With decreasing relative density of the samples
via introducing highly porous structure, the material quality
factor w(m”*/mg)*/?/ky,y is sharply decreased.?”! For example,
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Figure 1. a) The material quality factor pL(m*/mg)®/?/kp,: as a function of relative density. b) Temperature dependent zT for the as-prepared BTS/CNT
samples, including a comparison to the available reference. c) sketch map of as-prepared the BTS/CNTs hybrids.

Wu et al. observed an extremely low ki, of =0.14 W m™! K! in
Bi,Te, 5Sey s nanostructures with high porosity (32%). 22 How-
ever, the material quality factor p(m"*/mg)3/?/kyy is only =173
K m? V7' ST W due to low carrier mobility, which could be
ascribed to the absence of a conduction medium in the pores as
well as the pore-interface scattering of carriers.[2324

Therefore, functionally modifying pore interface to opti-
mize the electrical and thermal transport behavior and intro-
ducing a hierarchical microstructure to improve the electrical
connections are expected to enhance the TE performance
of the porous materials.?>?6! Compared with other conven-
tional approaches, the sacrificial template-based strategy offers
a great possibility to construct idea porous TE materials. Gen-
erally, the materials with hollow structure as well as high o,
such as carbon nanotubes (CNTs) and nano onion-like fuller-
enes, could be used to construct nanoporous structure. How-
ever, the TE performances of the reported CNTs-based compos-
ites are still very low because of the non-uniform dispersion of
CNTs and the weak interfacial interactions between matrix and
CNTs.7l While the excessive Te with low melting point could
be employed to optimize the hierarchical microstructure of
pore interface and improve the electrical connections between
the pore wall and matrix via liquid sintering process. Moreover,
by precisely controlling the hierarchical microstructure and
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chemical composition of pore-wall/interface, the electrical and
thermal transport behavior could be further optimized, which
guarantee the low x and high o of the as-prepared porous
materials. This provides a great space and possibility to rational
design and fabrication of porous materials with excellent com-
prehensive properties.

Here, we propose a sacrificial template-based strategy to in
situ introduce the highly porous structure and construct the
3D conductive framework for high performance porous TE
composites. The amorphous carbon coated Te nanowires (C@
Te NWs) are used as sacrificial template, in which the Te NWs
core could liquefy and penetrate into matrix-CNTs interfaces
during the Spark Plasma Sintering (SPS) process and results in
the formation of nanoporous structures as well as 3D conduc-
tive framework. Due to the electrical conductivity of atomically
thin BTS layers formwork and good bulk BTS-pore contact, the
carrier transport behavior is almost unaffected, which is almost
impossible for the traditional porous thermoelectric materials.
The as-prepared BTS/CNTs hybrids reveal both large material
quality factor p(m”/mg)*/?/kyy and low relative density, which
is close to ideal porous thermoelectric materials. The highest
power factors (PF) of the BTS/CNTs hybrids (85.6%) is as high
as 22 uW cm™ K2, which is comparable to that of the pris-
tine BTS (22.8 uW cm™ K2). Importantly, it is found that the
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phonon scattering at the sub-nano-BTS/CNTs interface is effec-
tively enhanced and the lowest ki, is only about 0.19 W m™ K7,
which is near to the calculated &j,;, using Debye—Cahill model.
As a result, the maximum ZT for BTS/CNT1-4% is 1.2 at 425 K,
superior to other n-type BTS-based materials reported before
(Figure 1b). The present work demonstrates a strategy to design
and fabricate high performance porous TE materials through
an unconventional sacrificial template method.

2. Results and Discussion

Figure 1a shows the relative density dependent material quality
factor pm”/mg)*?/ky,y for as-prepared BTS/CNTs hybrids in
this work, with literature results of dense Bi,Te, 79Se; ,; bulk and
porous Bi, o, Te, ssSeq for comparison.?-22l The ideal porous
thermoelectric materials possess both large material quality
factor w(m*/mg)*?/k, and low relative density, as shown
in Figure la. However, it is shown that the material quality
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factor w(m”/mg)*/?/kyy is sharply decreased with decreasing the
relative density of the samples via introducing highly porous
structure. This is due to the deterioration of ¢ according to
recent report.l?®l In present work, we employ C@Te NWs as
sacrificial to in situ introduce the highly porous structure
and construct the 3D conductive framework (Figure 1c), and
the above problem is resolved. As shown in Figure 1a, the as-
prepared BTS/CNTs hybrids reveal both large material quality
factor p(m”/mg)*/?/k,y and low relative density, which is close
to ideal porous thermoelectric materials. Figure 1b compares
ZT obtained in this work with reported highest ZT values for
the n-BTS in literature, which indicates that the thermoelectric
performance of the BT'S/CNTs is substantially better than that
reported in previous work, especially in the near room tempera-
ture range.[2223.28-31

Process of fabricating highly porous BTS/CNTs hybrids
can be regarded as the C@Te NWs-based sacrificial template
strategy as shown in Figure 2. Specifically, the C@Te NWs are
synthesized first via a facile two-step solvothermal route as
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| @

Ball milling ‘

‘;’$ N
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Figure 2. Fabrication process and formation mechanism of BTS/CNT porous hybrid bulk.
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Figure 3. The morphology of the as-prepared C@Te nanowires. a) The C@Te nanowires dispersed in ethanol. b) FE-SEM image and c) the corre-
sponding EDS pattern of the C@Te nanowires. d) TEM and e) HRTEM images.

previously reported.3233 The preparation of C@Te NWs started
with the synthesis of Te NWs as the template, followed by a
carbon coating process to obtain the C@Te NWs. The high dis-
persity of C@Te NWs is propitious to uniformly distribute the
final CNTs in the matrix material (Figure 3a), which has great
advantages over the hard-separated conventional CNTs. The as-
prepared Te NWs are about 60-100 nm in diameter and dozens
of micrometers in length (Figure 3b), and its purity is confirmed
by XRD (Figure S1, Supporting Information). Importantly, the
diameter of the Te NWs can be controlled by adjusting the PVP
content during the hydrothermal process. As shown in Figure
S2, the ultrathin Te NWs with a about 10-20 nm diameter is
synthesized. A simple hydrothermal carbonization process
using glucose as carbon source is employed to coat a carbon
shell of about 10 nm onto the Te NWs. It is noted that the
carbon shell shows a porous nature, which conformed by the
TEM as well as the previous reported (Figure 3c—e). 34 During
the SPS process under a high pressure and high temperature,
the melting Te will penetrate into the surface of porous CNTs,
which results in the reconstruction of BTS/CNTs interface
by local liquid phase process. It is noted that the as-prepared
C@Te NWs have an excellent dispersibility in alcohol, which
ensures the uniform distribution of nanopores in bulk sample
without any agglomeration. The highly porous BTS/CNTs bulk
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pellets are fabricated by SPS. During the SPS process under a
high pressure (60 MPa) and high temperature (753 K, above
the melting point of Te) environments, the Te NWs core should
liquefy and penetrate into BTS/CNTs interface, which may lead
to the formation of sub-nano-BTS/CNTSs interface. On the other
hand, the amorphous carbon shell could further carbonize, and
maintain nanopore structures in the BTS matrix.

The detailed microstructure of the porous BTS/CNTs bulk
materials with well-distributed nanoholes are carried out by
SEM and TEM. According to the SEM image of the fracture
surface (Figure 4a), high-density uniform pores embedded in
the BTS grains are observed, which conform with the holes
produced by Te evaporation during SPS process. The low-
magnification TEM images also conform that high-density
nanoholes are uniformly dispersed within BTS matrix without
any agglomeration (Figure 4b). It is noted that for the porous
BTS/CNTs bulk sample, the nanoholes are linked together to
form a 3D structure, which can be observed in TEM images as
well as the cross-section SEM images of the sample cut by FIB
(Figure S3, Supporting Information). Moreover, the bulk sam-
ples contain two types of nanoholes, the high-density uniform
3D nanoholes embedded in the BTS grains as well as the lager
voids constructed by BTS nanocrystalline. The HRTEM image
clearly reveals that an =10 nm amorphous carbon wall exists
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Figure 4. The microstructure of the porous BTS/CNT1 hybrid. a) FE-SEM images of the fractured surfaces of BTS/CNT1 hybrid. b) TEM image and
corresponding EDS mapping images. ¢,d) HRTEM images of the BTS/CNT interface. e) A sketch map of the BTS/CNT interface.

at the edge of nanoholes and some small Te regions embed
in the amorphous carbon wall (Figure 4d). All of these results
prove that the nanoholes are mainly resulted from the evapora-
tion and exudation of Te NW cores under SPS process. Impor-
tantly, a sub-nano-layer containing five to eight BTS quintuple
layers along c-axis is observed between the amorphous carbon
wall and BTS matrix (Figure 4b,d). Interestingly, the c-axis of
the sub-nano-BTS layer is almost perfectly perpendicular to the
surface of amorphous carbon wall (Figure 4e), even when it is
highly curved, which originate from the reconstruction of BTS/
CNTs interface under liquid phase process. During SPS process
under a high pressure and high temperature, the Te NW cores
(melting point: =455 °C) melt and penetrate into the surface of
porous CNTs, which dissolve some of the BTS near the porous
CNTs surface. When the temperature decreases, the dissolved
BTS heterogeneously nucleates and grows along c-axis on the
surfaces of the porous CNTs due to its anisotropic crystal struc-
ture. This in situ growth of the sub-nano-BTS layers ensures
that it exists on almost all of the nanoholes surface (Figure
S3c,d, Supporting Information), which are linked together
to form a 3D structure that enables to create a close contact
with bulk BTS. With increasing C@Te NWs content, the den-
sity of nanopores and the porosity of the sample are all greatly
increased, which is confirmed by the SEM images shown in
Figures S4 and S5, Supporting Information.
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The thermoelectric properties of as-prepared porous hybrids
are measured in order to investigate the structure related carrier/
phonon transport behavior. As shown in Figure 5, the as-pre-
pared porous BTS/CNT1 samples exhibit high electrical trans-
port performance and extra-low K, leading to extraordinarily
high ZTs. For all samples, o decreased with increasing tempera-
ture, which in agreement with the previous reports (Figure 5a).
As the content of C@Te NWs rises, the relative density of the
sample gradually decreases from 99% (BTS) to 83.3% (BTS/
CNT1-5%), while the o only decreases slightly. Moreover, the
absolute value of S for the BTS/CNT1 increases slightly, particu-
larly for the samples with low relative density (BTS/CNT1-4%
and BTS/CNT1-5%; Figure 5b). The power factors (PF=S%0)
of the BTS/CNT1-4% with a low relative density (85.6%) is as
high as 22 uW cm™ K2, which is comparable to that of the
pristine BTS (22.8 uW cm™ K2 Figure 5c). Obviously, unlike
previous studies about the thermoelectric materials with porous
microstructure, the carrier transport properties of as-prepared
highly porous BTS/CNT1 hybrids do not deteriorate signifi-
cantly, which may be ascribed to the unique structure of BTS/
CNTs interface as-maitioned above. Interestingly, all the BTS/
CNT1 samples have much lower i, than that of pristine BTS,
reaching the minimum value of 0.72 W m™ K™! for BTS/CNT1~
5%, about 44% reduction as compared with fully dense BTS
matrix (1.29 W m™ K Figure 5d). This significantly reduced

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

85U8017 SUOWWIOD SAIERID 3(dedl|dde auy Ag peusenob a1e sooiLe VO ‘85N 0 Sa|n. 10} AIq1T8UIIUO AB|IA UO (SUOIIPUOD-PUR-SLLIBI WD A8 |1 ARe.d 18Ul Uo//:Sdny) SUONIPUOD pue swie | 8U1 89S *[9202/£0/80] U Akeiqiauljuo A8]iIM ‘Ueyzuaus JO umo | AisieAlun Aq 262000202 WBe/200T 0T/I0p/Wod A8 | im Ale.d 1 jpuluo'peoueApe//scily Wwo.j pepeojumod ‘g ‘0202 ‘X09T66TZ



ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC

www.advancedsciencenews.com

MATERIALS

www.advelectronicmat.de

-120
a'l —m-BTS €l
400 m —®— BTS/CNT1-1.5% - I
-3% 2 —H
P Y e,
o L -
1200 [ &g ‘. @ BTSCNTI-5% .Agl 2=ty e Ny
| \‘:‘:l a0l O\ s’ ) \‘\:‘\ “m
2 1000 - g m [~ ‘\\ E 18} “ge m
E I ® ‘~\.\ 2] 150 L ‘\ \ S =} %
T 800f O~ L N e .. 2 o-o-0-¢_ 2
L .. R © 15 .\
® a™n \: N W p 15 °
< W e PB=g= "
‘\‘ e \’_‘ = K,
600 ~o._ -160 =@ oo
‘\‘ 12+
]
400 . L L L -170 L 1 1 1 1 1 1 1 1 1
300 350 400 450 500 300 350 400 450 500 300 350 400 450 500
TX) T(K) TK)
d 16 1500 f
1350 12
14 ’._‘_,’_‘
1200 &
= i i
91.2 L §10» & ,A/A A\A\A :
E :E: E ., /A ,/'7";'\.
SR § 900 2 = A g~ e
= "JE« S08} / /'
3 {75  © AN
0.8 b -~ = :/ ./.,l I\. "
& =] P ¥
o ‘:—tf‘—:ﬁ"/‘ 1 =oer - M “m
06} o o o
o 4450
02} .
0.4 L S . e Y 0al e
300 350 400 450 500 99 9 93 90 87 84 81 300 350 400 450 500
T(K) Relative density(%) T(K)

Figure 5. Thermoelectric transport properties of the porous BTS/CNT1 hybrids. a) Electrical conductivity (0), b) Seebeck coefficient (S), c) power factor
(S?0), and d) total thermal conductivity (k). €) Electrical conductivity and lattice thermal conductivity dependence of relative density of the porous
BTS/CNT1 hybrids at 300 K. b) Hall carrier concentration dependence of Hall mobility at 300 K. f) Thermoelectric figure of merit ZT.

Kior 1S mainly ascribed to the extremely low &, which is near
the minimum value of amorphous Bi,Te; (Figure 5e).*>% Based
on the measured electrical and thermal transport properties, the
BTS/CNT1 hybrid materials possess greatly improved ZTs with
a maximum value of 1.2 at 425K for BTS/CNT1-4%, which is
about 65% higher than that of the pristine BTS (Figure 5f).

To describe the effects of nanopores on the electrical and
thermal transport behavior, a classical effective medium theory
(EMT) model is employed, which is often used to describe the
simple hollow structure defined as a solid structure with a void
space.3% For a porous material with a porosity p, the electrical
conductivity would be o, = 04 f(p) and the lattice thermal
conductivity would be xj, = xjq fi(p), where f is EMT function,
o,/Kp, and og/Kq present the electrical conductivity/lattice
thermal conductivity of porous and dense materials, respec-
tively.?>3738 The EMT function is given as follows:

1-9, A = 3Ky,

30,y

file)= " Co.

0. = %ncndi [7(06" i 135(205" +2)]

n
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where o, d,, and C, are the “shape” parameter of the gamma
distribution, the average diameter of nanopores, and the
number density of nanopores, respectively.!?3 A, is the
phonon mean free path, C, is the volume heat capacity, and
v, is the average sound velocity. It is found that EMT function
depends weakly on the shape of the pores to first order f,(p)
=fp) = (1 - 3p/2) and the Hall mobility and carrier concen-
tration decrease by (1 — 3p/4).*! To study the impact of nano-
pores, the o and Kj,; at 300 K of the as-prepared BTS/CNT1
samples were plotted versus the relative density, as shown in
Figure 5e. Note that compared with the curve calculated by the
EMT model, the as-prepared BTS/CNT1 samples have slightly
higher o values (except BTS/CNT1-5%) due to the high carrier
concentration (Table S1, Supporting Information). The carrier
concentration gradually increases from 4.7 X 10¥ cm™ (pris-
tine BTS) to 5.25 x 10* cm™ (BTS/CNT1-4%), while the carrier
mobility only decreases from 184.8 cm? V! S7! (pristine BTS) to
141.1 cm? V! §7! (BTS/CNT1-4%). Compared with the values
calculated EMT model, the results are unusual, which could be
ascribed to the unique structure containing 3D conductive net-
work of the as-prepared BTS/CNT1 samples.”3% Note that for
the BTS/CNT1-5%, the ois distinctly lower than that calculated
by the EMT model due to low carrier mobility, which is mainly
attributed to the formation of lager pores in the bulk sample
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due to aggregation of C@Te NWs (Figure S6, Supporting Infor-
mation). It is interesting that the xj,,; of the BTS/CNT1 is dra-
matically affected, which is lower than the results calculated by
the EMT model. For pristine BTS, the ki, is =0.54 W m™ K™
at 300 K, consistent with the reported results for fully densi-
fied sample.l*] But it is only =0.19 W m™! K™! for BTS/CNT1-4%
(relative density is 85.6%), which shows 55% reduction as com-
pared with the value calculated by the EMT model. This value
is even lower than the calculated i, using Debye—Cahill
model.*) By applying the phonon gas theory, the lattice thermal
conductivity in a 3D isotropic system can be written as Kj,; =
1/3Cyvl, where Cy, v, and | stands for the constant volume heat
capacity, sound velocity, and phonon mean free path, respec-
tively. In porous material, the Cy, v, and | should be lower than
that of dense materials, because all of them should lie between
that of matrix material and vacuum/gas. Thus, a large porosity
leads to a much reduced C, v, and ! simultaneously, which
result in the K, of as-prepared BTS/CNT1 samples lower than
the calculated &j,;, using Debye-Cahill model for fully densified
sample. Obviously, the lager deviations between the measured
value and EMT model are mainly attributed to the nanoholes
structure containing 3D conductive network, which is distinctly
different from the simple material/air or material/vacuum
interface used in EMT model.

The results shown above indicate that the unique nanoholes
structure is critical to the phonon and electron transport prop-
erties of samples, which contains a 3D conductive network
constructed by sub-nano-BTS layers. In this case, conductive
network could reasonably endow the highly porous BTS/CNT1
samples with high o. Moreover, the carrier concentration is
unexpectedly increased for the BTS/CNT1 hybrids, suggesting
the donor-like effect of the introduced amorphous carbon wall.
Especially, the intimate interaction of amorphous carbon wall
with BTS, in which amorphous carbon walls are parallel with
the (000l)-textured orientation of the sub-nano-BTS layers, leads
to more contact area and thereby promote the charge transfer.[*!
As mentioned above, the larger reduction of thermal conduc-
tivity cannot be explained by the porosity alone and requires
additional scattering mechanisms such as sub-nano-BTS/CNTs
hybrid interface scattering. Considering the unique structure
at BTS/CNTs hybrid interface, the phonon-pore scattering
could be effectively enhanced, since the effective phonon scat-
tering interface is about three times larger than the ordinary
porous materials. Moreover, the phase boundary, sub-nano-BTS
layer (=5 nm), amorphous carbon wall (=10 nm), and nano-
pore (60~100 nm) work together to scatter phonons with dif-
ferent frequencies, which is different from that the large size
pore only targeted low frequency phonons as reported in many
porous thermoelectric materials.?>3% The large reduction of
the thermal conductivity due to the sub-nano-BTS/CNTs hybrid
interface and nanopores, along with the good electrical perfor-
mance can promote the thermoelectric performance.

Considering that the BTS/CNTs hybrid interface is critical
to the unusual phonon and electron transport properties, it
is interesting to regulate the microstructure of the BTS/CNTs
hybrids. One simple way is using ultrathin C@Te nanowires
(20 nm) as sacrificial template to fabricate the BTS/CNTs
hybrid sample. As show in Figure S2, Supporting Informa-
tion, the ultrathin C@Te nanowires with an =10 nm diameter
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and 5 nm carbon shell is synthesized, which is used to con-
struct the porous hybrids noted as BTS/CNT2. It is clear that
the morphology of the BTS/CNT?2 is significantly different from
the BTS/CNT1, as shown in Figure 6. Clearly, for the sample
BTS/CNT2, the CNT network is intimately embedded in the
BTS grain boundaries, which is different from BTS/CNT1 that
the CNTs are homogeneously embedded in the BTS grains
(Figure 6a—c; Figure S7, Supporting Information). Importantly,
similar to the reported Bi,Te;/CNTg composite, the nanopores
in the sample BTS/CNT2 mainly distribute on the grain bound-
aries and the BTS/CNT interface is clean without any buffer
layers, as shown in Figure 6c¢. Interesting, the relative density of
BTS/CNT?2 first decreases (78% for BTS/CNT2-1.5%), and then
increases (90.3% for BTS/CNT2-4%) with the increased content
of ultrathin C@Te nanowires sacrificial template (Figure 6d).
Considering that the small diameter of as-prepared ultrathin
C@Te nanowires, the penetration of liquefied Te from core to
the surface could be difficult during SPS process due to low
Te volume fraction. Thus, larger pores as well as rough BTS/
CNTs interfaces could be formed due to the weak interfacial
interactions between matrix and CNTs, which is similar to the
conventional CNT/Bi,Te; composites. As shown in Figures S8
and S9, Supporting Information, a large number of lager pores
could be observed in the SEM images of the samples (BTS/
CNT2-1.5% and BTS/CNT2-3%) with low content of ultrathin
C@Te nanowires sacrificial template, which is consistent with
their low relative density. Note that for the BTS/CNT2 samples
with high sacrificial template content (BTS/CNT2—4% and BTS/
CNT2-5%), the relative density reaches 90.3% (Figure S8, Sup-
porting Information), which could be ascribed to the above-
mentioned liquid phase sintering process. The sufficient lig-
uefied Te at the BTS/CNTs interfaces could improve the weak
interfacial interactions between BTS and CNTs, which result
in the high relative density of the BTS/CNT2 samples with
high sacrificial template content (BTS/CNT2-4% and BTS/
CNT2-5%). The thermoelectric properties of the BTS/CNT2
samples are measured to investigate the structure-related car-
rier/phonon transport behavior (Figure S10, Supporting Infor-
mation). For all the BTS/CNT2 samples, the o values are
much lower than that calculated by the EMT model due to
the low carrier mobility (Figure 6e). For instance, the carrier
concentration of the BTS/CNT2-4% (5.58 cm™) is similar to
that of BTS/CNT1-4% (5.28 cm™), while the carrier mobility
(86.1 cm? V1 S7Y) is only =61%. The results confirmed that the
3D conductive network constructed by sub-nano-BTS layers is
essential for the high ¢ of BTS/CNT1. Moreover, the &, values
of the BTS/CNT2 samples agree well with the values calculated
by EMT model (except BTS/CNT2-1.5% with a large amount
of lager pores), which means xj,; of BTS/CNT2 is dominated
by the phonon scattering on the induced nanopores (Figure 6e).
Based on the measured electrical and thermal transport prop-
erties, the highest ZT of 1.01 at 425 K for BTS/CNT2-5% is
obtained, which reveals a 40% enhancement compared with
BTS matrix (Figure 6f). The above results confirmed the micro-
structure and nanoholes interface structure are critical to the
phonon and electron transport properties.

For the Bi,Te;-based alloys, the |S| and n at 300 K could be
used to calculate the density-of-states effective mass (m¥),
which depends on the interface potential barriers.**? The m,*
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Figure 6. Morphology and thermoelectric transport properties of the porous BTS/CNT2 hybrids. a) FE-SEM images of the fractured surfaces of BTS/
CNT2 hybrid. b) TEM image and c¢) HRTEM images of the BTS/CNT interface. d) The relative density of the BTS/CNT1 and BTS/CNT2 hybrids with
different C@Te nanowires sacrificial template content. e) Electrical conductivity and carrier concentration dependence of relative density of the porous
BTS/CNT1 and BTS/CNT2 hybrids at 300 K. f) Total and lattice thermal conductivity dependence of relative density of the porous BTS/CNT1 and BTS/

CNT2 hybrids at 300 K.

value of BTS (=0.8my) is almost the same to the previously
reported n-type BTS-based materials.”®* For the porous sam-
ples BTS/CNT1 and BTS/CNT2, the calculated values of m*
are comparable at 300 K and indicating that the introduced
porous structure may not change the band structure of the
hybrids. To enhance TE performance, an increased material
quality factor p(mg*/mg)®?/ K, is required, which could be
used to determine the net gain in TE performance.?>*! The
BTS/CNT1 shows a high p(mg*/mg )*/?/kj,, value of about
575 x 107 K m® V7! St W, which is far higher than that of
BTS/CNT2 and the reported porous BTS thermoelectric mate-
rials. Thus, the results reveal that the high electrical conduc-
tivity and ultralow lattice thermal conductivity could be simulta-
neously achieved for the highly porous BTS sample by rational
design the chemical composition and microstructure of the
nanoholes interface, which is crucial to extend this strategy to
other TE material system.

3. Conclusion

In this study, we developed a strategy to fabricate high-perfor-
mance porous thermoelectric materials, using a multifunc-
tional C@Te NWs as sacrificial template to in situ form the
highly porous structure and modify the BTS/CNTs interface.
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The liquefying and penetration of the Te NW during the SPS
process result in the sub-nano-BTS/CNTs hybrid interface,
which serves as a 3D conductive network to improve the
electrical conductivity of highly porous BTS/CNTs hybrids.
Due to the unique structure, the high PF and ultralow lattice
thermal conductivity were obtained simultaneously for the
highly porous BTS/CNTs hybrids with a high porosity of =15%,
which is contrary with the classical effective medium theory
(EMT) model. An improved ZT of 1.2 is obtained, which is
much higher than that of fully dense pristine BTS as well as
reported n-type Bi,Tes;-based ingot. Furthermore, by adjusting
the diameter and chemical composition of sacrificial template,
the microstructure, nanopore structure, and chemical composi-
tion of the porous hybrids could be controlled to investigate the
structure-related phonon and electron transport behaviors. The
sacrificial template-based strategy can be potentially applied
to prepare other thermoelectric materials with highly porous
nanostructure to optimize the thermoelectric performance.

4. Experimental Section

Synthesis of BTS Matrix: High-purity Bi, Te, and Se powders were
weighed according to the stoichiometric composition Bi,Te;;Seq 3
and loaded into a vacuum sealed quartz tube with the diameter of
15 mm. The silica tubes were heated up to 1073 K in 5 h, soaked at this
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temperature for 10 h, and subsequently cooled to room temperature in
air. The obtained ingot was ground into fine powders by high energy ball-
milling for 1 h.

Synthesis of Te Nanowires: TeO, powder (99.999%), NaOH (99.999%),
thiourea, polyvinylpyrrolidone (PVP, average MW 40 000), ethylene
glycol, acetone, and ethanol were purchased from the Shanghai
Reagent Company. All the chemicals were used as obtained without
further purification. Te nanowires were first synthesized through a
simple solvothermal-based synthetic strategy. In a typical experiment,
0.96 g TeO,, 1.2 g NaOH, and 0.4 g PVP were dissolved in 40 mL of
ethylene glycol by continous stirring until all of them were dissolved.
The 2 mL hydrazine hydrate solution (N,H,H,0, 80%) was added to
the clear solution. Then the solution was transferred into a Teflon-lined
stainless autoclave (50 mL capacity), followed by solvothermal treatment
at 180 °C for 18 h. The products were collected by filtration, successively
washed several times with deionized water and absolute ethanol, and
dried at 60 °C for 24 h.

Synthesis of C@Te Nanowires: For the synthesis of C@Te nanowires,
0.5 g of the as-prepared Te nanowires was dispersed in 40 mL of
deionized water by sonication at a low-power sonic bath for 2 h. After
that, 2 g glucose was added to the solution under magnetic stirring. Then
the solution was transferred into a Teflon-lined stainless autoclave (50 mL
capacity), followed by solvothermal treatment at 180 °C for 18 h. The
products were collected by filtration, successively washed several times
with deionized water and absolute ethanol, and dried at 60 °C for 24 h.

The as-prepared nanowires were first dispersed in 20 mL ethanol. After
sonication at a low-power sonic bath for 2 h, the resulting solution was
put together with the BTS powder and mechanical milled by using a high
energy ball mill for 1 h. The products were collected by filtration,
successively washed several times with deionized water and absolute
ethanol, and dried at 60 °C for 24 h. Then, the products were sintered by
SPS at around 753 K for 5 min under a pressure of 65 MPa.

Characterization: X-ray diffraction (XRD) was performed on a Bruker
D8 Advance powder X-ray diffractometer; field-emission scanning
electron microscopy (SEM) on a Zeiss SUPRA-55; and transmission
electron microscopy (TEM) on a JEOL-3200F instrument.

Thermoelectric Measurements: The products were sintered by SPS at
=753 K for 5 min under a pressure of 65 MPa. The pellets were cylinders
with 10 mm in diameter and 14 mm in height. In order to avoid the
anisotropic effect of the sample, the electrical and thermal transport
properties were both measured along the same direction (parallel to
the pressing direction of the SPS sintering). The disk with thickness
of =2 mm was cut from the sintered pellets to measure the thermal
conductivity, and a cuboid about 3 mm x 3 mm X 12 mm was cut to
measure the o and S. The electrical conductivity and Seebeck coefficient
were measured using ULVAC ZEM-3 within the temperature range 300—
480 K. The total thermal conductivity (x;.;) was calculated through K, =
DC,p, where D, C,,, and p are the thermal diffusivity coefficient, specific
heat capacity, and density, respectively. The thermal diffusivity coefficient
was measured by a laser flash apparatus using Netzsch LFA 457 from
300 to 480 K, and the specific heat (C,) was tested by a differential
scanning calorimeter (Mettler DSCT), and the density (p) was calculated
by using the mass and dimensions of the pellet.

Supporting Information

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