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Abstract

Cu,Se based thermoelectric materials are of great potential for high-temperature energy
harvesting due to their high-temperature figure-of-merit (z7). For further development
of Cu,Se, both engineering and mid-temperature figure-of-merit need to be improved.
In this work, we report that carbon-coated boron (C/B) nanoparticles incorporation can
significantly improve both mid- and high-temperature zT in Cu,Se. The nanoparticle
inclusions can result in a homogeneous distribution of Cu:C:B interfaces responsible
for both improvement of the Seebeck coefficient and significantly reduction in thermal
conductivity. Ultrahigh mid- and high temperature thermoelectric performance with
zI'=1.7 at 700 K and 2.23 at 1000 K as well as significantly improved engineering
zT are achieved in the C/B incorporated Cu,Se with desirable mechanical properties
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to electricity with competitive energy conversion efficiency.
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1 | INTRODUCTION conversion efficiency, figure-of-merit (z7) is the decisive fac-
tor to screen good TE materials, namely z7 = Ssz/K, where
Improving energy conversion efficiency in thermoelectric S, 0, T, and k are the Seebeck coefficient, electrical conductiv-
(TE) materials can greatly enhances their prospects for exten- ity, absolute temperature in Kelvin, and thermal conductivity,

respectively.*” In the past decades, many novel concepts and

sive commercial applications.'” As an evaluation for energy
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effective experimental approaches aiming to enhance z7 have
emerged, such as band convergence,® phonon-glass electron-
c:rystal,9 multiscale phonon scattering,10 resonant states,'!
anharmonicity,'? quantum confinement,'? and grain boundary
engineering,® and so on. Consequently, these methods have
been adopted to successfully raise up the z75 in a wide range
of TE materials, including SnSe, PbTe, GeTe, CoSbs, Bi-Te,
Sb-Te, and so on, promoting TE modules applied in conver-
ting waste heat to electricity with competitive energy conver-
sion efficiency.'*"?

The value of zT could be enhanced via increasing the power
factor (PF =S§%) or decreasing the thermal conductivity
(k = k1 + k), where k1 and k¢ are the lattice and charge carrier
thermal conductivity, respectively.”*** However, S and & usually
couple together limiting the modulation of PF, thus the lattice
thermal conductivity that solely depends upon on phonon propa-
gation is often considered to be the vital factor for maximizing
7T %% Besides the maximum 7T, the efficiency of TE modules
also depends on the material's average z7T (z7,y,) and engineering
7T (zTeng).27'29 Therefore, it is imperative to raise both the 27,
and 7T, over the whole temperature range for device's operation
application. Great efforts have been devoted to enhancing the
7T, and 7T, through tuning charge carrier scattering
mechanism,30 band structure enginc—‘x—*:n'ng,31 or hierarchical archi-
tectures.” The key objective of these strategies is to enhance the
mid-temperature z7, and form a “plateau” that persists to high-
temperature. >

Recently, carbon incorporated Cu,Se has been reported
to reach an ultrahigh figure-of-merit (z7° ~2.4) due to drasti-
cally suppressed lattice thermal conductivity.>**> However,
the mid-temperature z7 and average/engineering z7' remain
inferior. In this work, we aim to enhance both zT,,, and
ZTeng in Cu,Se via the incorporation of carbon-coated-boron
nanoparticles (C/B-NPs). Boron is proposed a promising

secondary phase introduced to TE matrix because of its
small atomic number, high melting point, and great chemical
stability. Furthermore, the totally different phonon density-
of-states (DOS) of boron from Cu,Se could make boron
nanoparticles extra phonon scattering centers. To incorporate
more fraction of C/B-NPs in Cu,Se via eutectic transforma-
tion process and increase the coherence between inclusions
and the Cu,Se matrix, carbon buffer layer having similar lat-
tice parameter with high-temperature phase Cu,Se (as is
shown in Figure S1) are introduced. As a result, the C/B-NP
incorporated Cu,Se shows generally increased Seebeck coef-
ficient and decreased thermal conductivity. Maximum z7 of
~2.23 at 1000 K is achieved in Cu,Se incorporated with
0.10% C/B-NPs, and the corresponding z7,,, and z7¢,, are
enhanced by 100%. Our work reveals that the C/B-NP incor-
porated Cu,Se has great potential for mid-temperature TE
applications.

2 | RESULTS AND DISCUSSIONS

A schematic illustration of the sample synthesis via eutectic
transformation is shown in Figure 1A. During the melting pro-
cess, the C/B-NPs disperse in molten Cu,Se homogeneously.
When the temperature cools down, the eutectic phase begins to
solidify and the Cu,Se nucleates on the surfaces of the C/B-
NPs. Owing to the similar lattice parameter between C and
Cu,Se, the Cu atoms tend to interact with C atoms and form the
Cu:C:B interfaces, causing energy filtering effect which can
enhance the Seebeck coefficient, especially when the interfacial
barrier potential is similar to that of the Fermi level of the com-
pound.13’36 For the heat transport, the phonons will be greatly
scattered when they pass through the Cu:C and C:B interfaces
due to the significant mismatch of the phonon DOS and soft-
ened chemical interaction. As a result, the phonon mean-free-
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FIGURE 1

Schematic diagram of
A, the eutectic transformation synthesis M*
and Cu:C:B interfaces and B, the
illustration of energy filter effect and
phonon scattering. C, The average figure-
of-merit and engineering figure-of-merit in
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path is suppressed, and the thermal conductivity is decreased.
This synergistic modulation of the Seebeck coefficient and ther-
mal conductivity should be beneficial for the TE performance,
as shown in Figure 1C. The average zT (zT,y.) and engineering
7T (zTpg) are calculated using the following equations,

1000 K

Tave :J ZT(T)dT (1)

500K

(/S(T)dT)*- [o(T)dT
[k(T)dT

@)

ZTeng =

for the C/B-NPs incorporated Cu,Se and the previously
reported carbon nanotube reinforced Cu,Se.>” The results show
that the z7,,, of the sample with 0.10 wt% C/B-NPs is larger
than that of the pristine Cu,Se due to the very high zT values
over a broad range of temperature. Accordingly, the
x=0.10 wt% sample also shows the highest z7T,,, of ~2.9
when the temperature difference between the cold side and hot

side of a TE module is 500 K. This value is almost twice as
high as that in the pristine Cu,Se, implying that the C/B-NPs
incorporation can lead to an ultrahigh energy conversion effi-
ciency at high-temperature (7 = 14.49% when AT = 500 K).

Figure 2 shows the microscopic characterization of the
0.10 wt% C/B-NPs incorporated Cu,Se sample. As is shown
in Figure 2A, the fractography consists of highly dense com-
pressed Cu,Se particles in size of ~40 pm, and no preferen-
tial orientation is observed. The back-scattered electron
(BSE) image and electron backscatter diffraction (EBSD)
patterns illustrated in Figure 2B,C, respectively, were
acquired from a Ga* ion-beam milled surface. It can be seen
that incorporated Cu,Se consists of grains in hierarchical
sizes scoping from nanometers to micrometers. The
nanometric grains are proposed to be nucleated from C/B-
NPs hetero-surface, while the much larger grains should be
the agglomeration of Cu,Se during melting process. Mean-
while, large density of twins are observed as presented in
Figure 2C, which could scatter the phonons to reduce ther-
mal conductivity.*”-®

5nm

FIGURE 2 A, Scanning electron microscope (SEM) image of the cross-section of the Cu,Se incorporated with 0.10 wt% carbon-coated-boron
nanoparticles. B, BSE image with enlargement shown in inset. C, EBSD pattern for the x = 0.10 wt% sample. D, HAADF and E, BF TEM images
for the grain boundary region. F, High resolution TEM (HRTEM) image of the labelled area in E, shows the interface between the C/B-NPs and the
Cu,Se matrix. BF TEM, bright field transmission electron microscope; BSE, back-scattered electron; EBSD, electron backscatter diffraction;

HAADF, high-angle annular dark field
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Figure 2D,E show the high-angle annular dark field
(HAADF) and bright field (BF) transmission electron micro-
scope (TEM) images, respectively, for a lamella prepared by
the focused ion beam (FIB) cutting. The spherical C/B-NPs
in a diameter of ~100 nm are embedded both at grain bound-
aries and inside the Cu,Se grains. Some copper-rich areas
could be found on the surfaces of C/B-NPs, which are simi-
lar to the case reported in carbon incorporated Cu,Se, indi-
cating that the copper atoms interact with carbon during the
melting process at high temperature.’>~° High-resolution
image for the interface between Cu,Se and C/B-NPs is pres-
ented in Figure 2F, where the C/B-NPs appear to be amor-
phous and compacted by the Cu,Se matrix, and no visible
changes of the d-space of Cu,Se lattice is detected nearby
the interface.

The temperature dependence of electrical conductivity
(o) and Seebeck coefficient (S) is presented in Figure 3A,B,
respectively. The o is reduced from 385 S/cm for
x=0.05 wt% to 176 S/cm for x = 0.45 wt% at 500 K, and it
is reduced from 101 S/cm for x = 0.05 wt% to 49 S/cm for
x = 0.45 wt% at 1000 K. The overall decrease of ¢ indicates
the negative effect induced by C/B-NPs, which is attributed

to the following two reasons. One is that the intrinsic low
conductivity of boron will reduce the effective electrical
conductivity of the system, the other is the Cu:C:B interfaces
might induce extra surface states scattering charge carriers
and suppressing their mobility. Along with the reduced elec-
trical conductivity, obvious enhancement of S in Cu,Se with
C/B-NPs incorporation is observed for both a- and f-phase.
The S of the x = 0.05 wt% sample reaches a maximum value
of 337 pV/K at 950 K, which is ~137% of pristine Cu,Se
sample. This remarkable enhancement of the Seebeck coeffi-
cient should be attributed to the aforementioned energy filter
effect derived from the local heterostructures formed by
C/B-NPs. Figure 3C presents the temperature dependence of
the power factor (PF) in samples with or without C/B-NPs.
Unlike the pristine Cu,Se, the PF of the C/B-NPs incorpo-
rated samples do not change much with temperature. For
T<700 K, the PF values for the 0.05 wt%< x <0.30 wt%
samples are all larger than for the pristine Cu,Se. While for
T>700 K, they show lower values compared with pristine
Cu,Se.

The temperature dependence of the total thermal conductiv-
ity (x) and the calculated lattice thermal conductivity (Kjagice)

85U8017 SUOWIWOD) AI1TE81D 3dedldde au Ag peusenob a e ssppiie YO ‘8sn Jo Se|nu 1oy Ariqi8uljuO /8|1 UO (SUOTPUOD-pUe-SLLIB)L0D A3 | 1M Afe.q1pU1|UO//:SANY) SUOTIIPUOD pue SWie | 3L} 88S *[9202/0T/G2] Uo Aridiauliuo A1 ‘AIsieAlun 90 AG 9002T Z4U1/200T OT/I0pALI0o A3 1M Arelq1juljuoj/sdny woy papeo|umod ‘T ‘6T0Z ‘GTELISE



LIET AL.

FIGURE 4 A, Vicker's hardness

(A) o0 B) 3
=[5 10 s g/%ej 537;: % -‘Cuzs‘e

z % 7,0 wt%% % wre | & &ﬁ-o.loww
Sut. 718 NN

B-0.10 wt%

(HV 0.5) and B, fracture toughness (Kjc)
of fabricated samples in comparison with
other traditional thermoelectric materials.
CoSbs C, Bending test for samples with or

‘ without carbon-coated-boron
nanoparticles; the inset is an enlargement
of the labelled area. D, Temperature

N\ dependent variation of Young's modulus
of fabricated samples

(©) (D) go
O ceccccce x=0
£ [ o =--x010wt%

~ a0l 5
5 E Sy, ity ey s
= i i iy = ) ) a
= f» A °°°o§ e | applied force 3
= -20 —?1 \541 \éo oo pp 560 | oo

Ll e le /\/\/)ZI 4 Wﬂﬁ

e% g% oo o n § L

DO sei ved eey 5
[EEP R A B A | ol w1y

300 350 400 450 500 550
T (K)

are presented in Figure 3D,E, respectively. The k of the C/B-
NPs incorporated samples is much lower than the pristine
Cu,Se and show an anomalous temperature dependent ten-
dency; it first decreases for 7'< 750 and then increases for
T > 750 K. Remarkably, the x decreases from 0.98 W/mK for
x=0 to 0.59 W/mK for x = 0.05 wt% at 500 K, and it then
further decreases to 0.41 W/mK for x = 0.45 wt% Cu,Se. We
calculated the lattice thermal conductivity for all samples by
subtracting the electronic thermal conductivity from the total
thermal conductivity (Kiagice = Ktotal — Kelectron)- 1N€ Kelectron 1S
calculated based on the Wiedemann-Franz law, namely
Kelectron = LoT, where L is the Lorenz number and calculated

by L=1.5+ exp[—%} 49 As is shown in Figure 3E, the

C/B-NPs incorporated samples show significantly reduced
lattice thermal conductivity, which is even lower than the
theoretical prediction based on the diffusion mode of phonon
propagation. Interestingly, all the incorporated samples show
upward lattice thermal conductivity on increasing tempera-
ture. If we treat heat transport as solely mediated by pho-
nons, the lattice thermal conductivity of an isotropic bulk

material can be described as*!'*#?

Klattice = %C\/Vl (3)
where C,, v, and [ are the volumetric heat capacity, the group
velocity and mean free path of phonons, respectively. With
elevating temperature, both C, and [ should keep constant as
the Cu,Se lattice structure keeps stable up to 1000 K. Never-
theless, v is proposed to be enhanced due to the strengthened
chemical interactions between matrix and inclusion, thus
increasing Klamce.43'45 From macroscopic view, because

440 460 480 500 520 540 560 580

T (K)

SC "

voc (E/p)"? (5)

where v, v;, v, and E are average phonon velocity, longitudinal
phonon velocity, shear phonon velocity, and Young's modulus,
respectively.***® For samples with C/B-NPs incorporation, the
defects and interfaces will be strongly suppressed at high-
temperature due to the different thermal expansion between
Cu,Se and C/B-NPs. Accordingly, the Young's modulus will
be enhanced, resulting in an increased v and higher xjagice-
Figure 3F shows the temperature dependence of the
figure-of-merit (z7) in samples with or without incorporated
C/B-NPs. All the incorporated samples show appearant
enhancement of z7 compared with pure Cu,Se. The overall
ZTs first increase for the x = 0.05 wt% and 0.10 wt% sam-
ples, and then decrease for x>0.10 wt% samples. Remark-
ably, zT of ~1.7 at 700 K is achieved in sample x = 0.30 wt
%, which is the highest value reported for Cu,Se in mid-
temperature to the best of our knowledge. This implies that
the incorporated Cu,Se has great potential for mid-
temperature TE applications. For 7>700 K, by combining
the ultralow « and enhanced S, a maximum z7 of ~2.23 at
1000 K is eventually achieved for the x = 0.10 wt% sample,
which is almost 55% higher than the z7T of pristine Cu,Se.
As the TE modules usually work under cyclic heat stress
and high current concentration, mechanical properties are
also important criterias in addition to z7 for TE application.
Robustness of materials determines their reliability and dura-
bility during manufacturing and functioning, and to some
extent, reflects the TE performance.49 Figure 4A shows the
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Vicker's hardness of incorporated samples compared with
some widely adopted TE materials. When C/B-NPs incorpo-
ration increases from x =0 to x = 0.45 wt%, the hardness
slightly decreases from 0.52 GPa to 0.46 GPa due to the
weak stiffness of nanoinclusions. The fracture toughness of
the x = 0.10 wt% sample shown in Figure 4B is 1.7 MPa'’?
for a-phase and 2.1 MPa'? for p-phase being comparable
with pristine Cu,Se and larger than other TE systems. This
should attribute to the hardening and toughening effect from
the multiscale interfaces and grain boundaries that restrict
the growing and spreading of sample cracks.”®

We also did the bending test at elevating temperatures for
samples with or without C/B-NPs. From room temperature to
the phase transition temperature, both samples show elastic
deformation and the according amplitude remain constant.
Notably, although bending is observed in both samples, the
C/B-NPs incorporated sample shows less displacement, indi-
cating that the C/B-NPs reinforce the sample's toughness
against bending. For the B-phase temperature, no obvious
bending can be seen for either sample. An enlargement of
labelled area is shown in the inset. It is obvious that the C/B-
NPs incorporated sample shows a lag with respect to the
applied force, implying that nanoinclusions suppress the
motion of interfaces or domains.’’ Figure 4D presents the
Young's modulus measured at increasing temperature. At
450 K, the Young's modulus of the incorporated sample is
55 GPa, which is 16.7% lower than that of the pure Cu,Se. For
higher temperatures, the incorporated sample shows an
increasing trend of Young's modulus, which is consistent with
the increased lattice thermal conductivity shown in Figure 3E.

3 | CONCLUSION

In this work, we report the effects of carbon-coated-boron
nanoparticles on the TE and mechanical properties of Cu,Se.
The incorporated samples are characterized by X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), electron
backscatter diffraction (EBSD), transmission electron
microscopy (TEM), electron and heat transport measure-
ments, and mechanical properties analysis from room tem-
perature to 1000 K. The homogeneous distribution of
C/B-NPs was detected, leading to a high density of Cu:C:B
interfaces. The Seebeck coefficient at 1000 K is improved
from 280 pV/K for pristine Cu,Se to 320 pV/K for 0.45 wt
% C/B-NPs incorporated sample due to the energy filtering
effect. Meanwhile, the lattice thermal conductivity at
1000 K is drastically reduced from 0.5 W/mK to 0.28 W/
mK. Owing to the synergistic modulation of Seebeck coeffi-
cient and thermal conductivity by C/B-NPs incorporation, a
significantly enhanced TE figure-of-merit of ~2.23 at
1000 K is achieved in the x = 0.10 wt% sample. Enhance-
ment of the average z7 and engineering z7 by ~100% are

also achieved owing to the high mid-temperature z7 of 1.7 at
700 K. The C/B-NPs also have an evident impact on the
mechanical properties of Cu,Se, implying the competence
for different manufacturing and working situations. Our
work demonstrates that carbon-coated-boron is a new and
effective secondary phase for Cu,Se which can significantly
enhance the z7 for both mid- and high-temperatures. The
ultra-high TE performance in the C/B-NPs incorporated
Cu,Se will stimulate further study and potential applications
of the Cu,Se based TE materials.
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