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Fast Fabrication of High-Performance CoSb,-Based
Thermoelectric Skutterudites via One-Step Yb-Promoted

Peritectic Solidification

Dou Li, Xiao-Lei Shi, Zhenyu Feng, Meng Li, Jiaxi Zhu, Xiao Ma, Lili Zhang, Hong Zhong,
Wei-Di Liu, Shuangming Li,* and Zhi-Gang Chen*

As a most promising mid-temperature thermoelectric material, CoSb,-based
bulk material exhibits an applicable figure-of-merit (ZT) of more than one.
However, their fabrication is historically time-consuming due to the long-time
solid-state phase transitions from CoSb, to CoSb,. To overcome this
challenge, here, a fast one-step process is developed to fabricate n-type
Yb-doped CoSb, with stable ZT of 1.12 at 765 K in <5 h. Experiments confirm
Yb promotes peritectic reactions of CoSb + Liquid — CoSb, and CoSb, +
Liquid — CoSb;, optimizes power factor, and suppresses thermal
conductivity. Moreover, the dense grains, induced by the one-step
crystallization, result in outstanding mechanical properties with a Young'’s
modulus of 171.4 GPa and a hardness of 8.8 GPa in the Yb-doped CoSb;. This
study indicates that the fast one-step fabrication route can effectively promote
the practical applications of CoSb,-based thermoelectrics and provide
guidance for thermoelectric fabrication via rational phase design.

1. Introduction

Recycling waste heat to electricity in an all-solid way can help
humans save fossil energy, and thermoelectric materials and
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their devices can achieve this goal.[' To il-
lustrate their thermoelectric conversion ef-
ficiency, the dimensionless figure-of-merit
ZT = % T is defined, where S%c repre-
sents the power factor, S is the Seebeck
coefficient, o is the electrical conductivity,
k is the thermal conductivity that is con-
tributed from the electronic (x.) and lat-
tice (k;) parts by k = k., + kj, and T is
the absolute temperature (K).*} High ZT
values usually lead to high thermoelectric
energy conversion efficiencies in thermo-
electric devices and in turn, developing
high-performance thermoelectric materials
is of significance.’! Historically, finely tun-
ing the carrier concentration n values by
rational band engineering is widely used
to optimize the S%c and ZT:I°! while de-
signing hierarchical micro/nanostructures
and introducing multi-dimensional crystal
and lattice imperfections are both of importance to lower the «,
since the k; is not sensitive to the n.l’l With the rapid development
in computational science and technology, the first-principles den-
sity functional theory (DFT) calculations and data science are
used to guide the designs of both conventional and new thermo-
electric materials.[®-1

Generally, thermoelectric materials with ZT values of >1 are
suitable for commercial applications.[''1*] Currently, the devel-
opment of room-temperature thermoelectric materials is rela-
tively mature, such as Bi,Te,-based bulk thermoelectric materi-
als, which have initially achieved commercialization.[">*] How-
ever, most Bi,Te;-based bulk materials are used for near-room-
temperature applications since their peak ZTs are at around these
temperatures.[?) Considering that many power generation and
refrigeration scenarios are based on higher temperatures such
as the mid (400-700 K) and high (700-1000 K) temperatures,!?!
developing new thermoelectric materials with peak ZTs located
in the mid-temperature region is still an urgent need. Till now,
many newly developed thermoelectric materials such as SnSe,[*!]
GeTe,?? and Cu, Sel?*! have reported high mid-temperature ZTs
of >1 or even >2. However, these materials usually possess rela-
tively low mechanical properties(?] and are either expensive (such
as GeTe) or not stable enough at high temperatures, especially for
thermoelectric chalcogenides since Se is easy to volatilel?#?>] and
these materials may be easily oxidized at high temperatures.[?!
Among all reported mid-temperature thermoelectric materials,?!
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http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202305269&domain=pdf&date_stamp=2023-07-05

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

CoSb;,-based skutterudites are recognized as good candidates due
to their unique features, such as narrow bandgaps, non-toxicity,
high stability, mechanical performance, and high resistance to
high-temperature oxidation.?¢-?] To further their thermoelectric
performance, doping by rational filling atoms such as Y,[10:30-44]
La,[#540] T [3537] Ba [36] and Cel313747] were introduced. However,
the complex peritectic phase transition reaction*®! occurring in
Co-Sb alloy makes it difficult to fabricate single-phase CoSb,
with higher ZTs. According to the phase diagraml(*l of Co-Sb
alloy (Figure S1, Supporting Information), when the molar ra-
tio of Co:Sb is 1:3, the peritectic reactions CoSb + L — CoSb,
and CoSb, + L — CoSb; occur at 936 and 874 °C, respectively.
There L indicates the liquid phase. The first peritectic reaction
(CoSb + L — CoSb,) produces a thin envelope layer of CoSb,
surrounding CoSb, isolating the CoSb and the liquid alloy (Sb
rich). Due to the obstruction of the thin envelope CoSb, layer,
the peritectic reaction cannot be finished. The second peritectic
solidification (CoSb, 4+ L — CoSb,) is the transformation pro-
cess from CoSb, to CoSb,, which is slow and time-consuming
since it involves the solute-solid diffusion process.>#3") Figure 1a
illustrates the schematic diagram of phase evolution in the Co—-Sb
alloy peritectic solidification process. As shown in the Line-2 pro-
cess, through conventional fabrication routes, the two peritectic
reactions could not be completely carried out during the solidi-
fication process, resulting in amounts of impurity phases in the
final products, including CoSb, CoSb,, and liquid alloy phases
(mainly Sb rich).[**5152] The existence of these impurity phases
dramatically deteriorates the thermoelectric properties of CoSb,
materials.[52]

To fabricate single-phase CoSb,-based thermoelectric materi-
als, researchers usually choose the synthesis routes that avoid
those two complex peritectic reactions. For example, Co and Sb
powders were pretreated by mechanical alloying (MA) and sin-
tered under a vacuum atmosphere using a spark plasma sinter-
ing (SPS) technique.l*>2-%¢] Nevertheless, the MA process con-
sumes a long time for the complete reaction between Co and
Sb, and some impurity phases form, leading to a seriously de-
teriorated 6.1’ Therefore, it’s hard to achieve high ZTs in this
way,[4657-60] ag summarized in Table S1 (Supporting Informa-
tion). Other studies use the annealing of ingot combined with
hot pressing (HP) and/or SPS processes to fabricate single-phase
CoSb,.135:42446L62] However, the kinetic process is considerably
slow, and peritectic reactions are almost impossible to carry
out in a short time. To guarantee that the primary phase CoSb
can be completely transformed into a single skutterudite phase
CoSb;, as well as ensure the doping elements can sufficiently dif-
fuse to form a uniform and stable structure, a long annealing
time needs. As reported, more than 4 days were needed to pre-
pare Yb-filled skutterudites to complete the melting-quenching-
annealing process and in turn, a ZT of 1.0 at 723 K.*1 As well,
pure-phased Yb,Co,_,Fe Sb,, was synthesized via a melting-
quenching route followed by long-term high-temperature anneal-
ing (973 K for one week), which exhibited a maximum ZT of 1.34
at 780 K.[*7 Furthermore, single-doped CoSb, was obtained by
annealing for up to 14 days.[?*#’] These studies required a long
annealing time of up to more than one week to eliminate the
residual impurity phases during the peritectic reaction process,
as summarized in Table S1 (Supporting Information). It is histor-
ically difficult to obtain high-purity and high-quality single-phase
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CoSb;, in a short process and within a short time. Therefore, a
new method with less time and energy to obtain pure-phased
CoSb; with acceptable ZTs (>1) is critical for practical applica-
tions and scientific research.

Here, we originally found that introducing Yb in CoSb, by an
innovatively designed one-step heating-sustaining-cooling pro-
cess can directly obtain Yb-doped CoSb, products and cost
only <5 h, which is very shorter fabrication time than that
of reported studies.[?7:35394045-47.52-62] Moreover, the introduc-
tion of Yb can significantly promote the two peritectic re-
actions including CoSb + L — CoSb, and CoSb, + L —
CoSb, during the solidification process, and rapidly crystal-
lize the micro/nanosized radial-like grains, leading to the
single-phase CoSbs, as illustrated in Figure la, Such a one-
step process only need <5 h, which is much less than those
fabrication time of the reported works (Figure S2, Support-
ing Information).[?7:30-#1:45-47,5052.57.58.63] The as-fabricated single-
phase CoSb; has a maximum ZT value (Z7T,,,,) of 1.12, which is
competitive to that of the reported values (Figure S3 and Table S1,
Supporting Information).[27:30-41:45-47.5052,57.58.63] Ty highlight our
unique process, the performance efficiency is described as the
ratio between ZT, . and fabrication time (2T, /time) and com-
pared in Figure 1b, indicating our work has a record-high per-
formance efficiency. More important, our Yb-doped CoSb; bulk
materials have a Young’s modulus (Er) of 171.4 GPa and a
hardness (H) of 8.8 GPa, which are better than the reported
CoSb,-based works (Figure S4, Supporting Information),[6+-6¢]
and much higher than those of other high-performance ther-
moelectric materials such as Bi,Te; (Er = 38.8 GPa and H
= 1.2 GPa),l¥l SnSe (Er = 53 GPa and H = 2.26 GPa),%!
Cu,Se (H = 0.43 GPa),® GeTe (Er = 51.2 GPa and H =
2 GPa),” and Cu,SbSe, (H = 0.65 GPa),["l as summarized by
Figure 1c.[67-6971-82] Such outstanding mechanical properties in-
dicate that our materials have great potential for practical appli-
cations and future commercialization. The underlying mecha-
nisms for the high thermoelectric and mechanical properties are
also illustrated in this study.

2. Results and Discussion

To explore the suitable Yb concentration and achieve CoSb,
with both high thermoelectric performance and less fabrication
time, we fabricated six CoSb;-based alloys with different Yb con-
centrations, described as Yb,Co,Sb,,, namely Co,Sb,, (CoSb;),
YD, s Co,Sb,,, Yb,;Co,Sby,, Yb,,Co,Sb;,, Yb,;Co,Sb;,, and
Yb, ,Co,Sb,,. We first studied the fundamentals of adding Yb
for achieving a CoSb; phase during the one-step fabrication pro-
cesses. In the fabrications of Yb,Co,Sb,,, we all co-heated the
precursors (Co, Sb, and Yb single elements) with different Yb
contents to 1323 K in a corundum crucible under a protective
argon atmosphere within 1 h, sustained at this temperature for
20 min, and cooled to room temperature by a furnace cooling
within 2 h. Figures 2a-d compare the electron backscattered
diffraction (EBSD) phase maps (up) and inverse pole figure (IPF)
maps (down) of Yb,Co,Sb,;, (x =0, 0.1, 0.2, and 0.4). The col-
ors for identifying different phases and orientations via IPF are
provided on the right of Figure 2d. A more detailed compari-
son between the EBSD results of Co,Sb,, and Yb,,Co,Sb,, are
shown in Figure S5 (Supporting Information). As can be seen,
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Figure 1. Illustration of peritectic solidification process of Co—Sb alloy and its competitive properties. a) Schematic diagram of phase evolution during
Co-Sb alloy peritectic solidification process with and without Yb doping (Lines 1& 2). b) Comparison of “performance efficiency” (ZT,,,./time) between
this work and reported CoSb;-based works.[27:30-41,45-47,50,52,57,58,63] Here ZT,

max indicates the maximum ZT. ¢) Comparison of mechanical properties
including Young's modulus Er and hardness H values between this work and reported thermoelectric materials.[67-6%71-82]
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Figure 2. Phase analysis and identification: Electron backscattered diffraction (EBSD) phase maps (up) and inverse pole figure (IPF) maps (down) of
Yb,Co,Sb;, for x = a) 0.00, b) 0.10, c) 0.20, and d) 0.40, respectively. The phase and IPF colors are provided on the right. e) Pole figures of Yby ,Co,Sb;,
for {100}, {110}, and {111} planes. f) Proportions of grain size for Yb, ,Co,Sb;, taken from its EBSD mapping as inset. g) X-ray diffraction (XRD) patterns
of Yb,Co,Sb;, samples for x =0, 0.05, 0.1, 0.2, 0.3, and 0.4. The 26 ranges are all from 20 to 80 °. The standard peaks for CoSb, Sb, and CoSb; phases
are included for comparison. h) Proportions of CoSb; skutterudite phase in Yb,Co,Sb;, samples.

without introducing Yb, the CoSb, phase is formed by a con-
ventional two-step way, described as two peritectic reactions in-
cluding CoSb + L — CoSb, and then CoSb, + L — CoSb;. As
shown in the EBSD maps of Figure 2a, CoSb phases as cores
are covered by CoSb, phases, which are also covered by CoSb,
phases, confirming the two peritectic reactions. However, the
first peritectic reaction (CoSb + L — CoSb,) usually costs more
time than the secondary peritectic reaction (CoSb, + L — CoSbs)
to finish the formation of CoSb; phase,®*] and this is why con-
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ventional fabrication routes are considerably time-consuming. In
our work, after adding Yb during the as-designed one-step fab-
rication process, no CoSb, phase can be found. This suggests
that the CoSb, phases, transferred from the core CoSb phases,
can be rapidly transferred to the CoSb; phases. With increasing
the Yb content, fewer core CoSb phases can be found, and when
the Yb content reached 0.4, almost no CoSb phase can be found
but leaving radial-like grains around the vanished core CoSb
phase, indicating that the introduction of Yb can significantly
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accelerate the two peritectic reactions without forming CoSb,
phases. Such an interesting phenomenon can be described by
the phase diagrams, as shown in Figure S6 (Supporting Informa-
tion). Figure 2e shows the polar diagrams of EBSD in Figure 2d
for {100}, {110}, and {111} planes, from which the grain orien-
tations are isotropic. Figure 2f statistically summarizes the pro-
portions of grain size for Yb, ,Co,Sb,, by analyzing the EBSD
results as shown in Figure 2d, from which most of the grains
are smaller than 1 pum, indicating that our as-achieved products
possess obvious nanograin structures. Besides, we can quantify
each phase by the EBSD results (see Table S2, Supporting In-
formation). For example, for the Yb,,Co,Sb,, sample, there are
five phases including CoSb;, CoSb, CoSb,, YbSb,, and Sb, which
accounted for 89.63%, 1.02%, 0.26%, 1.30%, and 0.90% respec-
tively. Noted that the zero solution phase of 6.89% can be at-
tributed to the abundant grain boundaries of CoSb,. Therefore,
the actual phase fraction of skutterudite CoSb, should be 96.52%
(89.63% + 6.89%), and the real content of the impurity phase
is much less than 10% (much closer to 3.42%). In addition to
the EBSD results, other characterization methods, such as opti-
cal microscopy (OM), can also confirm these results, as shown
in Figures S7 and S8 (Supporting Information). Figure 2g com-
pares X-ray diffraction (XRD) patterns of as-achieved Yb,Co,Sb;,
samples. The 26 ranges are all from 20° to 80°. The standard
peaks for CoSb, Sb, and CoSb, phases are included for com-
parison. Without adding Yb, there are at least three phases that
can be found, namely the CoSb; phase (major phase), the CoSb
phase, and the Sb phase. The Sb phase is a commonly found
secondary phase in the CoSb, system due to its high concentra-
tion during the synthesis.[*¥] With increasing the Yb contents, the
peaks for CoSb and Sb phases become less significant, indicating
the reduced phase proportions of CoSb and Sb, and the CoSb;-
based skutterudite phase start to become the dominant phase.
Figure 2h compares the proportions of CoSb, skutterudite phase
in Yb,Co,Sb,, samples calculated from the optical microscopy
(OM) images shown in Figure S8 (Supporting Information) via
an Image Pro-Plus (IPP) software, from which when Yb content x
increases from 0 to 0.1, the proportion of CoSb, phase increases
from 54% to 95%, indicating rapid phase transitions from CoSb
and CoSb, to CoSb;, and the proportions of the impurity phases
are sharply decreased. As the Yb content continues to increase,
the proportion of CoSb; phase is slightly decreased, and finally
maintains at #91%. However, compared with the results of EBSD
(e.g., 96.52% CoSb, phase for the Yb,,Co,Sb;, sample), the cal-
culated proportion of CoSb, phase by OM should be >91% since
OM cannot evaluate the abundant grain boundaries of CoSb,. At
the same time, it is historically impossible to achieve 100% purity
in a CoSb, system due to its Sb-rich nature during the synthesis.
When the Yb content x was >0.1, the decrease in the proportion
of the CoSb; phase results from the precipitation of new phases
including Sb and Yb-rich phases, which occupy part of the pro-
portion of the CoSb; phase, as shown in energy-dispersive X-ray
spectrometry (EDS) results (Figures S9-S14, Supporting Infor-
mation).

To investigate the micro/nanostructural characteristics of the
as-fabricated Yb,Co,Sb,,, we performed detailed characteriza-
tions based on double spherical aberration-corrected scanning
transmission electron microscopy (Cs-STEM) equipped with an
EDS detector. Figure 3a shows a low-magnification TEM im-
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age of the Yb,,Co,Sb,, prepared by an ion thinning technique,
from which micro/nanosized grains can be observed with grain
sizes of <2 um, which are consistent with the results shown in
Figure 2f. At the same time, these grains exhibit different con-
trasts (Figure S15, Supporting Information), indicating differ-
ent orientations, attributed to the isotropy features of skutteru-
dites. A few nanopores can be simultaneously found between
the grains (Figure S15, Supporting Information), which is the
nature of polycrystalline CoSb,. Figure 3b shows an indexed se-
lected area electron diffraction (SAED) pattern taken from the
square area in Figure 3a (within one grain), from which typical
crystalline features can be observed viewed along the [111] direc-
tion. Figure 3c shows an atomic-resolution Cs-STEM high-angle
annular dark-field (HAADF) image viewed along the [111] direc-
tion with an overlapped crystal structure in the center, directly
confirming the as-achieved CoSb; phase as the major phase of
the matrix. At the same time, Yb atoms can be found in the in-
terstitial sites of CoSb,, indicating that Yb has been doped in the
form of filling behavior and acts as a point defect. The overlapped
crystal structure can be referred in Figure S16 (Supporting In-
formation). Figure 3d shows a HAADF image and correspond-
ing EDS maps for Co, Sb, and Yb elements, from which all el-
ements are uniformly distributed, and YD is further confirmed.
The TEM and corresponding SAED images of the Yb,,Co,Sb,,
viewed along the [011], [001], and [111] directions are provided
in Figure S17 (Supporting Information). Figure 3e shows a high-
resolution TEM (HRTEM) image taken from a highly distorted
area as the inset TEM image shows. The highly distorted area
induces significant lattice distortions derived from the elemen-
tal segregation. Figure 3f shows an HRTEM image taken from
the grain boundary area as the inset TEM image shows. Between
the three grains with different orientations, the grain boundaries
show obvious lattice mismatch, indicating potential lattice dis-
tortions or edge-like dislocations, which are embedded around
these mismatch areas. Figure 3g shows a HAADF image and cor-
responding EDS maps for Co, Sb, and Yb elements, from which
a Yb-rich secondary phase can be observed. Further EDS spot re-
sult (Figure S18, Supporting Information) indicates that such a
Yb-rich secondary phase belongs to the YbSb, phase according
to its composition. However, because of its low concentration in
the matrix, XRD results are difficult to identify these secondary
phases (Figure S19, Supporting Information), and we can only
occasionally observe these secondary phases by TEM characteri-
zations such as in the Yb,,Co,Sb,, (Figure S20, Supporting In-
formation). Figure 3h shows a TEM image with different con-
trasts between the two phases, and Figure 3i shows an HRTEM
image taken from the square area in Figure 3h. The major CoSb,
phase and the YbSb, secondary phase possess clear boundaries,
and the boundary roughness is much lower than that of the
grain boundaries. Therefore, there are multi-dimensional crystal
and lattice imperfections found in our as-fabricated Yb,Co,Sb,,,
which are expected to be beneficial for suppressing their «.

To further understand the interaction of different phases ob-
served in our as-fabricated Yb,Co,Sb,, and their expected con-
tribution to the thermoelectric performance, we performed first-
principles DFT calculations. Figures 4a—f compare calculated
band structures of CoSb, (Co,Sb,,), Yb-filled CoSb, (YbCo,Sb,,),
CoSb, CoSb,, Sb, and YbSb,, respectively, which were calcu-
lated based on their unit cells (Figures S21-S25, Supporting
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Lattice distortion

Figure 3. Micro/nanostructure analysis: a) Low-magnification transmission electron microscopy (TEM) image of the Yby 4Co,Sb,, sample prepared
by an ion thinning technique. b) Indexed selected area electron diffraction (SAED) pattern taken from the square area in (a). c) Magnified spherical
aberration-corrected scanning transmission electron microscopy (Cs-STEM) high-angle annular dark-field (HAADF) image viewed along the [111] direc-
tion with an overlapped crystal structure in the center. d) HAADF image and corresponding energy-dispersive X-ray spectrometry (EDS) maps for Co,
Sb, and Yb elements. e) High-resolution TEM (HRTEM) image taken from a highly distorted area as an inset. f) HRTEM image taken from the grain
boundary area as inset. g) HAADF image taken on secondary phases and corresponding EDS maps for Co, Sb, and Yb elements. h) TEM image of two
phases with different contrasts. i) HRTEM image taken from the square area in (h).

Information). For the pristine CoSb;, it possesses a narrow in-
direct bandgap of 0.135 eV, indicating that CoSb; should pos-
sess high pristine n since the narrow gap allows the carriers to
move more easily. For the Yb-filled CoSb;, the band structure
of YbCo,Sb,, possesses a direct bandgap instead of an indirect
bandgap, and the Fermi level has crossed the conduction band,

Adv. Funct. Mater. 2023, 2305269 2305269 (6 0f12)

indicating that electrons are easier to realize charge carrier tran-
sition. Such a phenomenon is derived from the filled Yb atoms
in the interstitial sites of CoSb, that can release free electrons as
carriers, therefore rational filling Yb can further benefit the n-
type electrical transport. In terms of the secondary phases found
in the matrix including CoSb, CoSb,, Sb, and YbSDb,, as can be
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Figure 4. First-principles calculations: Calculated band structures of a) CoSb; (Co4Sb;,), b) Yb-filled CoSb; (YbCo4Sb;,), c) CoSb, d) CoSb,, €) Sb, and
f) YbSb,. Here the calculations for CoSb and CoSb, consider the spin-down state to be majority spin state.

seen from their band structures, they all exhibit metallic trans-
port behaviors, therefore should benefit the n-type transportation
theoretically. However, considering that most of these secondary
phases possess much higher x than that of CoSb; due to their
metallic features,[*8°% and additional metallic phases may also

Adv. Funct. Mater. 2023, 2305269 2305269 (7 of 12)

reduce the overall S due to the boosting of n, rationally control-
ling the concentrations of these secondary phases is required.
Besides, considering that CoSb and CoSb, are materials with
certain magnetic features, the calculations for CoSb and CoSb,
(Figures 4c,d) consider the spin-down state to be majority spin
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Figure 5. Thermoelectric properties of Yb,Co,Sb;, for x = 0.00, 0.05, 0.10,

n(cm?)

T (K)

0.20, 0.30, and 0.40: Measured temperature-dependent a) electrical con-

ductivity ¢, b) Seebeck coefficient S, and c) power factor S26. d) Measured carrier concentration n and mobility . e) Calculated effective mass m” and
deformation potential Ey¢ by a single parabolic band (SPB) model. Temperature-dependent f) thermal conductivity «, g) lattice thermal conductivity x|,
and h) ZT. i) Comparison of experimental and calculated ZT as a function of n. The inset in g shows a schematic diagram of phonon scattering sources

found in Yb,Co4Sb;, fabricated by our one-step fabrication route.

state, and the DFT calculations that consider the spin-up state
being the minority spin state are shown in Figures S26 and 27
(Supporting Information) for a reference. Nevertheless, both sit-
uations indicate typical metallic features of CoSb and CoSb,.
We further investigated the thermoelectric properties of the
as-fabricated Yb,Co,Sb;, (x = 0, 0.05, 0.1, 0.2, 0.3, and 0.4),
and the results are plotted in Figure 5. Figure 5a presents
the temperature-dependent ¢ and displays a negative slope to-
ward higher temperatures, indicating typical behaviors of heav-
ily doped semiconductors. With increasing the Yb concentration,
the ¢ is gradually increased over the entire temperature range.
This is because the filled Yb provides free electrons as carriers for
promoting the o. Figure 5b presents the temperature-dependent

Adv. Funct. Mater. 2023, 2305269 2305269 (8 of 12)

S, and the S is negative for the as-fabricated Yb,Co,Sb,,
(¢ > 0.00), showing n-type semiconductor behaviors, and peaks
at =705 K due to the bipolar diffusion. For the CoSb, sample
without Yb doping, a small amount of Sb phase remained in the
product after the solidification process, which is confirmed by
Figure S19 (Supporting Information). As shown in Figure S28
(Supporting Information), elemental Sb demonstrates p-type
conduction, while the conduction type and ability vary with dif-
ferent amounts of Sb in CoSb, as depicted in Figure S29 (Sup-
porting Information).®* Thus, the presence of some Sb phase in
CoSD; is the reason for its p-type conductivity. Besides, with fur-
ther increasing x from 0.2 to 0.4, the maximum absolute S values
decrease from 212 to 182 uV K~! resulting from the increase of n.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5c shows the determined S?¢, from which the highest S?c
were achieved in the Yb,,Co, Sb;, sample within the temperature
range of 300-900 K. To further understand the as-achieved high
S%c, Figure 5d compares the measured n and mobility u. As can
be seen, pristine CoSb; possesses the highest hole carrier con-
centration n,, (here hole carriers are the major carriers in the sys-
tem). With increasing the x from 0.05 to 0.2, the electron carrier
concentration n, decreases (here electron carriers are the major
carriers in the systems) while the u increases, which should be
resulted from the syngeneic effect of CoSb and CoSb, secondary
phases and Yb-filling. The lowest n, is observed when x = 0.2, ex-
plaining the highest S in Figure 5b. With further increasing the
x from 0.2 to 0.4, the n, slightly increases while the u first de-
creases and then increases. Such a phenomenon is derived from
the fact that when x > 0.2, the proportions of CoSb and CoSb, sec-
ondary phases significantly reduce, and Yb-filling starts to play
a dominant role in determining the electrical transport behavior.
Note that the formation of YbSb, also contributes to the improve-
ment of n,. Figure 5e compares the calculated effective mass
m” and deformation potential E,.; by a single parabolic band
(SPB) model. Pristine CoSb, possesses the lowest m”, which fur-
ther explains the lowest S value in Figure 5b. Oppositely, pris-
tine CoSb, possesses the highest E; ¢, which explains the low
u. With Yb-filling, the m" was increased while the E,; was de-
creased. The increased m” indicates that higher S can be achieved
due to the potential energy filtering effect between different
phases due to their distinct band structures (Figure 4), while
the decreased E,. explains the overall structural evolution that
increased the p.

Figure 5f shows the temperature-dependent x of the as-
fabricated Yb, Co,Sb,, materials for x = 0, 0.05, 0.1, 0.2, 0.3, and
0.4, respectively. Generally, with increasing temperature, the k of
all samples decreases, indicating typical semiconducting thermal
transport behaviors. As well, with increasing the Yb concentra-
tion, the x reduces from 8.5 W m™ K in CoSb, to 2.9 m™ K-!
in Yb, ,Co, Sb;, at 320 K, which can be attributed to the removal
of metal phases CoSb, and CoSb, with much higher &.[*3>]
Figure 5g shows the as-determined «, by «; = k¥ — k, where the
k. can be calculated via the Wiedemann—Franz equation by «, =
Lo Tand Lis the Lorenz number calculated by the SPB model.[%8!
The temperature-dependent k, and L are provided in Figure S30
(Supporting Information) for reference. As shown in Figure 5g,
with increasing the x, the « is significantly suppressed, which is
the result of effective phonon scattering at the introduced crystal
and lattice imperfects as observed in Figure 3. The main phonon
scattering sources were also summarized in Figure S31 (Support-
ing Information) for reference. Figure Sh compares the deter-
mined ZT. High ZTs of >1 at >600 K, as well as a competitively
high peak ZT of 1.12 at 765 K, can be achieved in Yb, ,Co,Sb,.
Figure 5i also compares the experimental and calculated ZT as a
function of n, from which the calculated ZT was from the SPB
modeling. It can be seen that by further suppressing the » to
~5%10Y cm™3, a peak ZT of >1.4 can be further realized, which
can be realized by further finely tuning the Yb concentration.
Nevertheless, our study is non-ZT-orientated and mainly focuses
on the design of efficient fabrication of CoSb;-based polycrys-
tals with simultaneously suitable ZTs and mechanical robust fea-
tures. Also, high repeatability was achieved in our thermoelectric
properties (Figure S32, Supporting Information).
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Since the thermoelectric materials in the devices need to with-
stand high external pressure during use, high mechanical prop-
erties are simultaneously required. Figure 6a shows a scanning
electron microscopy (SEM) backscattered electron (BSE) image
of the finely polished Yb,,Co,Sb;, and shows different phase
regions for mechanical property measurements. Figure 6b il-
lustrates typical load-displacement nano-indentation curves of
CoSb, CoSb,, and CoSb; phases, indicating a representative brit-
tle fracture feature. Figure 6¢c compares the H and Er between
different phases, which are directly obtained from the curves in
Figure 6b. The H and Er values of the CoSb, phase are signif-
icantly lower than those of other phases, and this is why the
elimination of the CoSb, phase is beneficial to improve the over-
all mechanical properties. Figure 6d shows a microscopic mor-
phology of the nanoindentation directly obtained by the nano-
indenter, from which no obvious crack can be found around
the nanoindentation, indicating that the as-obtained material is
not sensitive to cracking caused by external forces. Such a fea-
ture is mainly derived from the isotropic structures of skutteru-
dites. The 3D morphology of the nanoindentation can be referred
to Figure S33 (Supporting Information). Figure 6e presents the
room-temperature load-displacement nanoindentation curves of
the CoSb, phases of Co,Sb;,, Yb,,Co,Sb;,, and Yb,,Co,Sb,,,
while the corresponding H and Er values are plotted in Figure 6f.
As can be seen, Yb,,Co,Sb;, has higher H (8.8 GPa) and E,
(171.4 GPa) at room temperature, which should be attributed
to the synergistic effect of the elimination of the mechanically
poor impurity phase and the grain size refinement of the matrix
phase. Compared with other CoSb,-based works!®*%¢] as well as
many other thermoelectric materials such as Bi, Te;,[*”] SnSe, %]
Cu,Se,[®! GeTe,[”®l and Cu,SbSe,,”!! our H and E, are much
higher, indicating our method is beneficial for fabricating robust
thermoelectric devices that target mid- and high-temperature
power generation scenarios. To further understand the mechan-
ical properties of the as-fabricated Yb,,Co,Sb,,, a cyclic loading
test was performed with variable loads. The maximum load var-
ied from 1 to 10 mN, each load was held for 1 s, the unload-
ing amount was 50% of the maximum load, and the cycle load
was 100 times, as shown in Figure 6g and Figure S34 (Support-
ing Information) (magnified curves). Figure 6h shows the load—
displacement curve over 100 cycles of loading. With increasing
the loading, the depth of the indentation was deepened, reach-
ing 250 nm at its deepest point. Variations of H and Er with loop
loading are shown in Figure 6i. It can be seen that with increas-
ing the number of cyclic loading, both H and Er were decreased.
After 100 cycles of variable loading, H was decreased from 8.7
to 7.3 GPa, and Er was decreased from 143 to 119 GPa, lead-
ing to a defect structure in the system due to the cyclic defor-
mation. However, the as-achieved sample still has much higher
mechanical properties than most inorganic thermoelectric ma-
terials. The cyclic loading test at a constant loading also shows
excellent mechanical properties of the sample (Figure S35, Sup-
porting Information). For thermoelectric devices, thermoelectric
materials as one of the key components play a crucial role in
providing stable power output or cooling performance. There-
fore, their mechanical performance needs to meet certain re-
quirements to withstand structural damage caused by external
forces, such as micro-cracks and poor contact between the ma-
terial and electrodes. Therefore, considering the comprehensive
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Figure 6. Mechanical properties: a) SEM backscattered electron (BSE) image of a finely polished Yb, ,Co,Sby, sample to show different phase regions
for mechanical property measurements. b) Load-depth curves taken from different phases are shown in (a). ¢) Comparison of as-achieved hardness
H and modulus of elasticity Er between different phases. d) The microscopic morphology of the nanoindentation obtained by the nano-indenter. e)
Load-depth curves taken from the CoSb; phases for Yb,Co,Sby, samples (x =0, 0.2, and 0.4). f) Comparison of as-achieved H and Er taken the CoSbs
phases for Yb,Co,Sb;, samples (x=0, 0.2, and 0.4). g) Load function for the cyclic-loading procedure under variable loading. h) Cyclic load-depth curves
taken from the Yby ,CoSb; sample for 100 times. i) The change of H and Er with the cyclic loading process.

improvement from aspects of high material fabrication efficiency
(Figure S36, Supporting Information), high thermoelectric per-
formance, and high mechanical properties, the discovery of one-
step Yb-promoted peritectic solidification holds significant value
for material applications and device design optimization.

3. Conclusion

In this work, we report stable ZTs of >1 at >600 K in the Yb-filled
CoSb;, by a fast heating-sustaining-cooling process, from which
the entire fabrication route is much more efficient (within 5 h).
We originally found that introducing Yb during the heating pro-

Adv. Funct. Mater. 2023, 2305269 2305269 (10 of 12)

cess can accelerate the Co—Sb peritectic reaction, leading to nearly
single-phase Yb,Co, Sb,, thermoelectric materials. The metallic
intermediate phases such as CoSb and CoSb, are eliminated,
and the radial-like CoSb, grains are formed. The co-effect of Yb-
doping and grain refinement results in low k; and high S?c, re-
sulting in such high ZTs in a much easier and more efficient way.
Meanwhile, the effective removal of the CoSb, phase and grain
refinement by the one-step fabrication significantly improves the
mechanical properties of CoSb,, showing significantly high prac-
tical application values for fabricating thermoelectric devices that
target mid- and high-temperature power generation scenarios.
This work exhibits a new way based on novel phase design to
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fabricate high-performance thermoelectric materials more effi-
ciently.

4. Experimental Section

The experimental details are provided in the Supporting Information.

Supporting Information

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