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Gibbs Adsorption and Zener Pinning Enable Mechanically
Robust High-Performance Bi,Te;-Based Thermoelectric

Devices

Chaohua Zhang, Qiangwen Lai, Wu Wang, Xuyang Zhou, Kailiang Lan, Lipeng Hu,
Bowen Cai, Matthias Wuttig, Jiaqing He,* Fusheng Liu,* and Yuan Yu*

Bi, Te,-based alloys have great market demand in miniaturized thermoelectric
(TE) devices for solid-state refrigeration and power generation. However, their
poor mechanical properties increase the fabrication cost and decrease the
service durability. Here, this work reports on strengthened mechanical
robustness in Bi,Te;-based alloys due to thermodynamic Gibbs adsorption
and kinetic Zener pinning at grain boundaries enabled by MgB,
decomposition. These effects result in much-refined grain size and twofold
enhancement of the compressive strength and Vickers hardness in

(Big.5Sb; 5Tes).07(MgB;).03 compared with that of traditional
powder-metallurgy-derived Bi, s Sb, ;Te;. High mechanical properties enable
excellent cutting machinability in the MgB,-added samples, showing no
missing corners or cracks. Moreover, adding MgB, facilitates the
simultaneous optimization of electron and phonon transport for enhancing
the TE figure of merit (ZT). By further optimizing the Bi/Sb ratio, the sample
(Big.4Sb; ¢Te3)0.07(MgB;) .03 Shows a maximum ZT of ~1.3 at 350 K and an
average ZT of 1.1 within 300-473 K. As a consequence, robust TE devices with
an energy conversion efficiency of 4.2% at a temperature difference of 215 K
are fabricated. This work paves a new way for enhancing the machinability and
durability of TE materials, which is especially promising for miniature devices.

1. Introduction

Thermoelectric (TE) materials enable di-
rect transformation between heat and elec-
tricity, showing great promise for solid-
state cooling and power generation.['™* The
performance of a TE material is usually
gauged by a dimensionless figure of merit
(ZT), defined as ZT = S’6T/x, where S
is the Seebeck coefficient, ¢ is the elec-
trical conductivity, T is the absolute tem-
perature, and x is the total thermal con-
ductivity contributed by the lattice vibration
Ky, and the carrier transport «..’! Boost-
ing ZT is still the leading goal for TE re-
search, which can be realized by various
strategies such as band engineering,®®
microstructural engineering,>*3] chemi-
cal bonding engineering,'*" and grain
boundary (GB) engineering.['*®/ Owing
to the solid-state working principle, TE
technologies can be utilized for cooling
DNA synthesizers, semiconductor lasers,
microprocessors, and low-wattage power
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generators.I!l These applications require miniature TE devices
with micron-scale or even smaller sizes. In this regard, ro-
bust mechanical properties are as important as high ZT. Bi, Te;-
based alloys, the most-famous TE materials for applications
in both solid-state cooling and power generation near room
temperature,1%11192] ygually suffer from cracking and failure
during device fabrication and service processes. These poor me-
chanical properties are common features for many chalcogenide
thermoelectrics due to the weak and soft metavalent bonds uti-
lized by these compounds.?%!l Metavalent bonding only has a
bond order of 0.5 due to the electron deficiency of the bond-
forming p-states, which can be described as a “two center-one
electron” bond.3? Thus, the bond strength is very weak, which is
good for low thermal conductivity but not for superior mechani-
cal properties.33-*] The durable application of these compounds
requires developing mechanical strengthening strategies to ob-
tain robust TE devices.

The application-relevant mechanical properties of TE materi-
als mainly consist of hardness, strength and ductility, etc. Gener-
ally, introducing different microstructures offers effective routes
to enhance mechanical properties. Typical microstructures for
strengthening mechanisms include GBs, solid solutions, disloca-
tions, precipitates, and dispersoids.3>-3*] GB strengthening is the
most frequently proposed mechanism, which can be described by
the Hall-Petch relationship!3> 37 ]

o, =0, +kD/? (1)

where o is the yield strength, o, is the friction stress, k, is the
constant of the Hall-Petch slope, and D is the average grain size.
Therefore, grain refinement offers a general pathway to enhance
mechanical strength.*>%] Yet, the reduction in grain size is of-
ten accompanied by an increase in the total Gibbs free energy of
the system due to the increased GB fraction and energy.*®! Thus,
there is a driving force for grain growth to lower the excess in-
terfacial energy. Particularly for TE applications, nanostructured
TE materials are often prepared by sintering powder precursors
at high temperatures.®!23%! This will accelerate the coarsening
of grains. As a consequence, the high mechanical properties en-
abled by the small grains can no longer be maintained, which
could cause device failure. In addition, grain growth can also en-
hance the «},, and thus lower ZT.***1l Therefore, inhibiting grain
growth during the sintering process for nanostructured TE ma-
terials could provide much-needed thrust in the wide-scale appli-
cation of TE technology.

The propensity of grain growth depends on the GB velocity (v),
as described by!*?!

2
= MgyP = Myewr <8

(2)

where M, is the GB mobility determined by the activation en-
ergy for GB migration (Q), and P is the driving force for grain
growth determined by the GB energy () and the principal ra-
dius of curvature (r). Equation (2) demonstrates that the GB ve-
locity and thus the grain growth can be inhibited by reducing the
GB energy thermodynamically and suppressing the GB migra-
tion kinetically. For example, stable nanocrystalline W alloys can
be designed by alloying with Ti to create heterogeneous solute
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distributions.[**] The segregation of solutes or dopants to inter-
faces is driven by the decreased Gibbs free energy as described by
Gibbs adsorption isotherm.[**] The corresponding phenomenon
is thus termed Gibbs adsorption, which can lower the GB energy
and thus inhibit grain growth. Bulk ultrafine-grain Fe-22Mn-—
0.6C steels with high strength and ductility can also be achieved
by introducing coherent disordered Cu-rich precipitates to apply
a Zener pinning force to slow down GB migration.[*] In thermo-
electrics, the grain refinement effect has been frequently reported
in several compounds doped with MgB, such as p-type GeTel*¢!
and n-type Bi, Te,-based alloys, *’] as well as p-type Bi, ,Sb, (Te;*®!
and Iny;Sb, ,Te;.*! However, the strengthening mechanisms
upon MgB, addition are still elusive and require further inves-
tigation.

In this work, as exemplified by MgB,-doped Bi,Sb, ;Te, al-
loys, we demonstrate a grain refinement effect that stems from
both the thermodynamic and kinetic factors due to the decompo-
sition of MgB,, leading to strengthened mechanical properties.
The segregation of Mg atoms to GBs can lower the GB free energy
and thus decrease the driving force for grain growth. On the other
hand, the B dispersoids and the Mg-rich clusters inhibit the GB
migration through the Zener pinning effect. As a result, nano-
sized grains can be achieved in the MgB,-added samples even af-
ter the high-temperature sintering process, leading to a twofold
improvement in the compressive strength and Vickers hard-
ness in (Bi,sSb; sTe;))47(MgB,)g3- Moreover, the cutting pro-
cessibility is also greatly enhanced, which is especially promis-
ing for miniature TE devices. Those multi-scale microstructures
induced by MgB, decomposition can also reduce the x),, while
maintaining the weighted carrier mobility (uy,), leading to an en-
hancement of ZT. Further optimizing the Bi/Sb ratio, a higher ZT
of 1.3 at 350 K and an average ZT of 1.1 within 300-473 K can be
obtained in the sample (Bi,,Sb; ;Te;),07(MgB,)g.0;- A robust TE
device with an energy conversion efficiency (1) of 4.2% at a tem-
perature difference of 215 K using (Bi, ,Sb; ¢ Te;)y.97(MgB;) .03 as
p-legs and (Bi,Te,;Se;3)0.005(MgB;)o.00s as n-legs is thus fabri-
cated. Our work unveils the mechanisms underpinning grain re-
finement by MgB, addition and provides insights into the design
of stable nanostructured TE materials and devices by controlling
the thermodynamic and kinetic properties of grain boundaries.

2. Results and Discussion

2.1. Enhancement of Mechanical Properties and Micron-Scale
Cutting Processibility by Adding MgB,

Commercial Bi,Te,-based alloys are usually prepared by zone-
melting (ZM) methods.[?25% However, owing to the layered struc-
ture with weak van der Waals-like bonding®'-? and the highly
preferred orientation, Bi,Te;-based ZM ingots tend to cleave
along (001) planes, which leads to poor mechanical strength and
machinability and, therefore, increasing the cost and failure of TE
products.[222+53] Powder-metallurgy methods have been widely
proven to be effective in enhancing the mechanical performance
of Bi,Te;-based alloys, mostly owing to the grain refinement-
induced hardening effect.[?>>* Typical powder-metallurgy meth-
ods include ball milling (BM),"!] solution synthesis[>*] and melt
spinning!??) combined with hot pressing or spark plasma sinter-
ing (SPS). Our (Bi,sSb, sTe;),_,.(MgB,), samples were prepared
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Figure 1. Enhanced mechanical properties and cutting processibility by adding MgB,. a) Compressive strength and b) Vickers hardness of
(Big.sSby sTe;)1_,(MgB,), with different addition of MgB,. The literature data of zone-melting (ZM) ingots are also listed for comparison.[??] c) Pho-
tograph of the x = 3% sample supported on an adhesive tape after micron-scale cutting, laying on a finger. Optical microscopy images of the d) x =
0% and e) x = 3% samples after cutting. f) Scanning electron microscopy (SEM) image of the x = 3% samples after cutting, and the section view of a

micronized bar is also displayed in the inset.

using the traditional powder-metallurgy method that includes
melting, ball-milling, and SPS processes.

As shown in Figure 1lab, compared with traditional ZM
ingots,!??] the compressive strength and Vickers hardness of our
MgB,-free powder-metallurgy-processed Bi, s Sb; s Te; can be en-
hanced from ~37 to ~88 MPa, and from ~0.26 GPa to ~0.40 GPa,
respectively. The mechanical properties of our MgB,-free sample
(x = 0%) are at the same level as the melt-spun-sintering pro-
cessed Bi,sSb, ;Te,.1?2] By introducing MgB,, the compressive
strength and Vickers hardness of our (Bi,sSb; sTe;);_,(MgB,),
samples can be further enhanced. The highest average compres-
sive strength can reach 182 MPa for the x = 3% sample, which is
more than twice that of the x = 0% sample. The highest hardness
can reach ~1.2 GPa for the x = 4% sample, which is around three
times that of the x = 0% sample.

From the view of commercial applications, machinability test-
ing provides a direct way to check the mechanical strength of
Bi, Te,-based alloys. Our bulk samples were firstly cut into thin
chips with a thickness of #200 um, and then these thin chips
were attached on an adhesive tape for further cutting into small
bars with a cross-section of ~#300 X 300 um or 2150 X 150 um, as
illustrated in Figure 1c. We found that the mechanical strength-
ening by powder-metallurgy treatment is good enough to real-
ize perfect small bars with the size of ~300 x 300 x 200 pm for
the MgB,-free sample (x = 0%), showing no cracks or missing
corners with a yield of £#100% (Figure S1, Supporting Informa-
tion). However, when the x = 0% sample was cut into smaller
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bars with the size of 150 x 150 X 200 um, many obvious miss-
ing corners and cracks (Figure 1d; Figure S2, Supporting Infor-
mation) can be observed, and the yield can only reach ~92%
(Figure S2, Supporting Information). Therefore, the mechani-
cal strengthening by the traditional powder-metallurgy method
is not good enough for fabricating miniature devices with much
smaller TE legs. Note that the zone-melting prepared ingots can-
not be cut into such a small shape. In stark contrast, after cutting
into smaller bars with the size of %150 x 150 X 200 um, the MgB,-
added sample with x = 3% can still maintain the perfect bar
shape without missing corners or cracks with a yield of ~#100%
(Figure 1e,f; Figure S3, Supporting Information). Such excellent
mechanical properties and micron-scale cutting processibility are
especially attractive for developing miniature TE devices at low
cost.

2.2. Grain Refinement by Adding MgB,

To reveal the mechanisms of the great enhancement of me-
chanical properties and cutting processibility by adding MgB,
in Bi,Te,, we carried out multi-scale microstructure character-
izations. Figure 2a shows the X-ray diffraction (XRD) patterns
of (Bi, 5Sb, s Te;),_,(MgB,), samples after SPS, which can be in-
dexed to the standard PDF card of Bi,;Sb, ;Te; (PDF#49-1713,
R-3m space group). As shown in Figure 2b, the lattice parame-
ters a, b and ¢ are calculated by the Rietveld refinement of the
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Figure 2. Effects of MgB, on lattice parameters and grain boundaries. a) X-ray diffraction (XRD) patterns and b) corresponding lattice parameters of
the (Big 5Sby 5Te3) _,(MgB,),. Electron backscatter diffraction (EBSD) images of the (Biy 5Sby sTes) _,(MgB,), samples with c) x = 0% and d) x = 3%,
and the corresponding grain-size distributions for the samples with ) x = 0% and f) x = 3%. Error bars of 0.1% in b) are set.

XRD patterns in Figure 2a. The lattice parameter a (b = a) and
c are nearly independent of MgB, content in the error range of
0.1%, though a slight decrease tendency in a and increase in c can
be identified when increasing MgB, content from x = 0% to 2%.
The nearly unchanged a (b = a) and ¢ by adding MgB, indicate
that Mg and B elements may have quite limited solid solubility
in Bi; s Sb; s Te;, suggesting that the addition of MgB, mainly im-
pacts the GB environment.

As shown in Figure 1c—f, adding MgB, can result in an ob-
vious grain refinement effect in (Bi,sSb, sTe;);_,(MgB,),. as
demonstrated by the electron backscatter diffraction (EBSD)
characterizations. The MgB,-free sample with x = 0% shows
a broad grain-size distribution up to 8.5 pm, having an aver-
age grain size of ~2.7 ym. In stark contrast, the MgB,-added
sample with x = 3% displays grain sizes mostly below 1 pm,
though sporadic grain size distribution from 1 to 3.4 ym can
also be displayed. Corresponding average grain size can be as
low as ~0.81 um for (Bi, 5 Sb; sTe;),0;(MgB,), o3, more than three
times smaller than the MgB,-free sample. The grain refine-
ment can also be demonstrated by observing the fracture mor-
phology of the (Bi,sSb, sTe;);_,(MgB,), alloys (Figure S4, Sup-
porting Information). According to the Hall-Petch relationship
shown in Equation (1), grain refinement should be an impor-
tant factor for the enhanced mechanical properties in MgB,-
added samples. The reasons for the strikingly refined grains in
the MgB,-added samples are crucial for the materials design and
will be studied by comprehensive structural characterizations
below.

Ady. Sci. 2023, 10, 2302688

2.3. Microstructure Characterizations by SEM, AES, STEM, and
APT

Figure 3a shows many sporadically dispersed micro-level parti-
cles with dark contrast as indicated by arrows. We performed the
Auger electron spectroscopy (AES) characterizations on some re-
gions with obviously bigger particles, as shown in the inset of
Figure 3b. As the AES is much more sensitive to light elements,
the B element shows much stronger signals than the heavy ele-
ments such as Bi, Sb and Te. However, the Mg signal is not de-
tected by AES owing to its very low concentration. The detected
C and O signals in Figure 3b should be ascribed to the frequently
observed organic contaminant on the surface. As shown in the in-
set of Figure 3b, the AES elemental mapping of Bls demonstrates
that those micro-level particles observed in SEM (Figure 3a) are
segregated B dispersoids.

Scanning transmission electron microscopy (STEM) with
high-angle annular dark-field (HAADF) imaging was applied to
analyze the nano and microstructures of Bi,Te,-based alloys in-
duced by adding MgB,, where the contrast of HAADF-STEM im-
age is roughly proportional to the square of atomic number in the
specimen. As displayed in the overview HAADF-STEM images,
abundant nanocluster-like features with dark contrasts to the ma-
trix can be observed in the (Bi, s Sb; s Te;);_.(MgB,), samples with
x = 3% (Figure 3c,e) and x = 5% (Figures S5 and S6, Support-
ing Information). These nanoclusters with a size of around 5-
20 nm distribute at both GBs and within grains, where the dark
contrast of nanoclusters in the HAADF image could indicate the
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Figure 3. Microstructure characterizations of the sample (BiysSby sTes) _,(MgB,), with x = 3% by SEM, AES and STEM. a) Low-magnification SEM
image showing various dark particles, as indicated by arrows. b) Auger electron spectroscopy (AES) collected in a red-dot-square region shown in the
inset. The corresponding AES elemental mapping image of B1s is also displayed in the inset. c) Overview of HAADF-STEM image, showing abundant
nanoclusters both within grains and along grain boundaries. d) The EDS-STEM elemental mappings of Mg, Sb, Bi, and Te for the marked region in (c)
that includes a nanocluster along the grain boundary. e) Typical HAADF-STEM image in a region with different grain orientations. f) High-resolution

STEM image of nanoclusters near a grain boundary marked in (e).

existence of light-element compared to the matrix. Energy-
dispersive X-ray spectroscopy (EDS) in STEM was further applied
to investigate the composition of these nanoclusters (Figure 3d;
Figure S6, Supporting Information), showing Mg-rich character-
istics. Therefore, the observation of separated Mg by STEM and
B by AES indicates the decomposition of MgB, during the prepa-
ration process. We also take a high-resolution STEM image of the
nanoclusters near a grain boundary (Figure 3f), showing nearly
the same lattice patterns as other regions without nanoclusters.
This indicates that the lattice of nanoclusters is coherent with the
matrix. It is also energetically favorable to form coherent struc-
tures with the matrix for an extremely small second phase to min-
imize interfacial elastic energy.

To better resolve the spatial distribution of Mg and possibly
B, atom probe tomography (APT) characterizations were carried
out.’®) We analyzed the APT data by the method developed by
Zhou et al.,l’”] which can reveal the in-plane chemical features
and the Gibbsian interfacial excess that could not be identified by
standard compositional analyses. Figure 4a shows the GB mesh
created by recognizing GB traces using a convolutional neural
network. This meshing enables a more accurate calculation of

Adv. Sci. 2023, 10, 2302688

the GB compositions independent of the local curvature of GBs.
Figure 4b displays the local composition of Mg within the GB
planes. Dispersed Mg-rich clusters can be discerned with a maxi-
mum concentration of about 5 at. % Mg located on the GB, which
is consistent with the nanoclusters observed in STEM. We also
calculated the Gibbsian interfacial excess value of Mg within the
GBs, as demonstrated in Figure 4c. This value is independent
of the GB thickness and can circumvent the artifacts induced by
the local magnification effect at GBs in APT measurements.>8
The positive or negative interfacial excess is also indicative of
the Gibbs adsorption or desorption of impurities, which impacts
the GB free energy and thus the driving force for grain growth.
This will be further discussed in the next section. Figure 4d,e
illustrates the area fraction of Mg composition and interfacial
excess within the GB planes, respectively. The majority of the
GBs are covered by Mg atoms with a very low Mg content and
a small excess. These Mg atoms cover the GB plane by Gibbs
adsorption impacting the interfacial free energy thermodynam-
ically. Yet, we also observed some dispersed areas with a high
content of Mg and a large interfacial excess. These parts should
be assigned to Mg-rich clusters, which will slow the GB mobility

2302688 (5 0f12) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. Microstructure characterizations of (BigsSby sTes)o97(MgB;)0.03 by atom probe tomography (APT). a) The atom map shows Mg embedded
with the meshed GB plane. The mesh of the GB plane was created by recognizing GB traces using a convolutional neural network.[>’] b) The composition
map and c) the interfacial excess map illustrate the distribution of solute Mg along the GB plane shown in (a). The solute Mg atoms are distributed
along the GB planes of the (Big 5Sby 5Te3)( 97 (MgB,) 03 alloy, represented by the area fraction of a given Mg content as a function of d) Mg composition

and e) Mg interfacial excess.

kinetically. APT also confirms the negligible solubility of Mg and
B in the matrix, which is consistent with the XRD results. This
is critical for the segregation of Mg and B to GBs and the for-
mation of Mg-rich clusters and B dispersoids. The limited sol-
ubility of dopants is in line with the design rules for forming
GB complexions and clusters as discussed by An et al.*! Be-
sides the factors of atomic size and electronegativity differences,

Ady. Sci. 2023, 10, 2302688

the chemical bonding mechanisms also influence the solubility
of dopants.[®® For metavalently bonded compounds such as bis-
muth telluride, the dopants should utilize other bonding mech-
anisms such as found for MgB, and SiC to promote segrega-
tion and clustering. More suitable combinations for matrix and
dopants can be found in a treasure map provided in our previous
work.[15:60]

2302688 (6 of 12) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Hall-Petch rule.

2.4. Mechanisms of Gibbs Adsorption and Zener Pinning on
Reducing the Grain Size

Based on the above microstructural characterization, the forma-
tion of Mg-rich GB complexions from Gibbs adsorption and nan-
oclusters as well as B dispersoids in Bi—Sb-Te alloys can be de-
rived from the decomposition of MgB, during the sample prepa-
ration process (i.e., melting, ball milling and SPS processes), as
described in the following reaction equation

(Sb, Bi, Te) +xMgB, — (xMg, Sb, Bi, Te) , . - Jcomplexion T 2XBdispersoid (3)

As shown in Figure 5a, for the MgB,-free Bi-Sb-Te alloys,
grain growth can be initiated easily driven by the high tem-
perature and high pressure during the SPS process. However,
for the MgB,-added samples, the decomposition-derived Mg-rich
GB complexions and nanoclusters as well as B dispersoids in Bi—
Sb-Te alloys can thermodynamically and kinetically impede the
grain growth during the SPS process, leading to the grain refine-
ment phenomenon (Figure 2).

Usually, the hindrance of grain growth by second-phase
particles or dispersoids is understood by the Zener pinning
effect,!%-%%] as illustrated in Figure 5b being exampled by our Mg-
rich clusters. Besides the Mg-rich clusters, the B dispersoids ob-
served in this work can also serve as “particles” for Zener pinning.

Adv. Sci. 2023, 10, 2302688

The GB-particle interaction has two main states: attraction and
pinning (Figure 5b). As soon as the migrating GB approaches
particles and gets touched, the surface tension begins to pull the
GB and particle toward each other to reduce the Gibbs energy.
This explains why most of these Mg-rich clusters are attracted to
GBs. However, when the GB—particle system reaches the mini-
mum energy state, extra energy is needed to restore the GB by
further moving off these clusters from GB. That is to say, unpin-
ning the particles from GBs requires a stronger driving force to
overcome the pinning force. Generally, the Zener pinning pres-
sure P, (pinning force exerted on a unit area of GB) for impeding
grain growth can be approximated as!®1-6%]

P, x fvren

)

where rand f; are the radius and volume fraction of the dispersed
particles, respectively. Therefore, smaller particles in high frac-
tions are more favorable for grain refinement. Moreover, based
on our STEM and APT observations, we can infer that those Mg-
rich nanoclusters should be the main contributor to the pinning
force, though larger-size B dispersoids can also contribute to part
of the pinning effects.

Besides the Zener pinning from GB clusters, APT results
also show Gibbs adsorption of Mg to the GBs, forming Mg-rich
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Figure 6. Thermoelectric properties. Temperature-dependent a) lattice thermal conductivity xk—k., b) Seebeck coefficient S c) electrical conduc-
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GB complexions, which leads to a positive interfacial excess as
demonstrated in Figure 4e. According to the Gibbs adsorption
isotherm and McLean’s GB segregation model, the GB energy
7cp can be expressed asl>]

Yes =7 =T (RTInX + AH™®) (5)

where y, is the pure GB energy, R is the gas constant, T is the
annealing temperature, X is the dopant content in the matrix,
and AH™*8 is the segregation enthalpy. I' is the Gibbssian in-
terfacial excess, which can be obtained in Figure 4e. The posi-
tive " value indicates that the GB energy can be lowered due to
the Mg-rich GB complexions. This will reduce the driving force
for grain growth as described in Equation (2). A similar effect
has also been observed to retard the Ostwald ripening process of
nanoprecipitates.>®! Therefore, the much-refined grains in our
work upon adding MgB, should be attributed to the synergetic ef-
fects of thermodynamic Gibbs adsorption and kinetic Zener pin-
ning.

According to the Hall-Petch relationship (Equation (1)), we
plot the D™'/? dependent hardness (Figure 5c) and compres-
sive strength (Figure 5d) of Bi,Te;-based alloys based on this
work and other reported hardness(?>54%+%] and compressive
strength.[22546971] Although the compositions and preparation
methods of these Bi,Te;-based samples are quite different, their
mechanical strength mostly follows the Hall-Petch rule when
ignoring some measurement errors. Therefore, GB strengthen-

Ady. Sci. 2023, 10, 2302688

ing by grain refinement is the leading mechanism for enhanc-
ing the mechanical performance of Bi,Te;-based alloys. Besides,
Mg-rich nanoclusters and B dispersoids may also impede the
motion of dislocations, therefore bringing in extra strengthen-
ing mechanisms, i.e., precipitate and dispersoid strengthening.
Our work suggests that introducing Zener pinning effects for
grain refinement can be a general method to enhance mechani-
cal properties, which should also be applied in other B or MgB,-
doped GeTel**72] and Bi, Te,.[*~*>>4] Moreover, the enhanced me-
chanical strength of Bi,Te,-based alloys by introducing SiC,!?37]
MoS,,1%1 and TiC[®®! nanodispersions should also be ascribed to
the Zener pinning effects.

2.5. Enhancement of Thermoelectric Properties by Adding MgB,
and Tuning the Bi/Sb Ratio

Besides the mechanical properties, TE properties were also eval-
uated to reveal the effects of adding MgB,, as shown in Figure 6.
The refined grain sizes and the GB clusters and dispersoids en-
hance the phonon scattering, leading to a reduced «x,, as illus-
trated in Figure 6a. The increase of ky,, at higher MgB, con-
tent (x > 3%) should be ascribed to the intrinsic high « from
segregated B dispersoids, which have also been observed in B-
added GeTe and Bi,Te;.>*7?] By increasing the MgB, content,
the S displays a minor irregular variation in the error range of
~5% (Figure 6D). This phenomenon agrees well with the nearly
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and calculated values in (c).

ignorable solid solubility of Mg and B in the Bi,Te,-based ma-
trix (Figure 2b), which leads to a quite limited influence on car-
rier density and effective mass (Figure S7, Supporting Informa-
tion). In stark contrast, the 6 shows much obvious dependence
on MgB,, which increases firstly and then decreases with increas-
ing MgB, content (Figure 6¢), reaching the highest values for the
x = 3% sample. The simultaneous decrease in «},, and the in-
crease in o is striking. This should be attributed to the coherent
nature of GB clusters with the matrix and the formation of Mg-
rich GB complexions. Further increasing the content of MgB,
(x > 3%) could induce the formation of GB precipitates, which
will lower the total ¢, as observed in Ga-doped GeTe.l'’] The in-
creased ¢ and maintained S lead to enhanced weighted mobility
(uy),*! demonstrating the improved electronic transport propet-
ties of Bi,Te; by adding MgB, (Figure 6d). Therefore, enhanced
ZT values can be obtained in the MgB,-added samples, where the
maximum reaches in sample x = 3% (Figure 6e).

Based on the beneficial effect of MgB, on decoupling the
electron and phonon transport, we further tune the Bi/Sb ra-
tio of p-type (Bi,Sb),Te;-based alloys (Figure S8, Supporting In-
formation) for optimizing their carrier density, band structures,
and bipolar transport, which have been widely used in previ-
ous reports.[2426] Usually, the strong bipolar transport in Bi, Te,
can lead to a significant increase of x},, at higher temperatures
(Figure 6a), which can be suppressed by optimizing the Bi/Sb
ratio (Figure S8, Supporting Information). Therefore, owing to

Adv. Sci. 2023, 10, 2302688

the optimization of carrier density and suppressed bipolar trans-
port, the optimal (Bi, ,Sb, (Te;) 47 (MgB,), 03 sample exhibits the
highest ZT of 1.3 at 350 K and an average ZT of 1.1 within
300-473 K (Figure 6f), which are higher than the correspond-
ing commercial ZM ingots and comparable to other reports.[2273]
The enhancement of ZT at higher temperatures (>350 K) for the
(Biy.. S ¢ Tes)g.07(MgB,), 03 Sample makes it attractive for power
generation. We also measured the Vickers hardness of the sin-
tered (Biy,Sb; ¢Tes)q07(MgB,)o0; pellet taken from different lo-
cations, demonstrating robust mechanical properties with good
uniformity (Figure S9, Supporting Information).

2.6. Robust Thermoelectric Devices Based on MgB,-Modified
Bi, Te,-Based Alloys

As demonstrated in our previous report, MgB, can also simul-
taneously enhance the mechanical and TE performance of n-
type Bi,Te;-based alloys.[*’] As shown in Figure 7a, to further
demonstrate the MgB,-doped Bi, Te; samples for practical appli-
cations, the MgB,-modified n-type (Bi, Te, ¢55€(35)0.995 (M8B;)0.005
(TE properties listed in Figure S10 in the Supporting Informa-
tion) and p-type (Bi,,Sb; sTes)q.07(MgB,),; are used to fabricate
the eight-pair TE devices. The device performance is measured
by a commercial testing system (PEM-2), wherein the cold-site
temperature is fixed at 283 K and the hot-side temperature is
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varied to obtain various temperature differences (AT). As refer-
ences, two commercial TE modules were bought from different
companies and were also tested by our equipment. As shown in
Figure 7b, the strong mechanical strength of our MgB,-modified
Bi, Te;-based alloys can enable good cutting processibility without
the annoying cracking problem, which then enables easy assem-
bling of TE devices.

Besides the thermoelectric properties of TE legs, the size of TE
legs can also influence the conversion efficiency (1) (Figure 7c)
and the output power P (Figure S11 Supporting Information).
Theoretically, at the fixed section area ratio of p-type versus n-type
leg (A,/A,), increasing the ratio of leg height versus total section
area (H/A,,) can increase the n (Figure 7c) but decrease the P
(Figure S11, Supporting Information). Therefore, as highlighted
in Figure 7c, compromised H/A,, (~0.34 mm™") and optimized
A,/A, (~0.82) are adopted in our actual TE devices to simulta-
neously obtain good # and P. As shown in Figure 7d, the open-
circuit voltage (V) increases from 0.28 to 0.53 V with the AT
increasing from 90 to 215 K, and the output voltage V declines
linearly with the increase of current I. Therefore, 5 (Figure 7e) at
specific AT both gradually increase to peak values and then de-
cline with the increase of I. The optimal current for peak 7 at spe-
cific AT is obtained when the external electrical load is identical
to internal resistance R,,. As a result, a maximum 5 0of 4.2% at AT
=215 Kand I = 1.37 A can be achieved. Considering the radiant
heat loss during the measurement,|”?] the 7 of our TE devices is
somehow underestimated (Figure S12, Supporting Information).
This problem has also been discussed in other literaturel’>-7¢]
and our previous report.l”2l Moreover, determining the heat flow
by different homemade setups can also raise the uncertainty of
n. In the absence of a heat loss problem, our theoretical model-
ing predicts a 7 of 6.2% at AT = 215 K (Figure 7f; Figure S12,
Supporting Information), which is in line with many advanced
Bi, Te;-based TE devices.[?>””] To enable a direct comparison with
commercial products, we purchased two commercial TE devices
from different companies and measured their # using our PEM-2
instrument (Figure S13, Supporting Information). As shown in
Figure 71, the n of our TE devices is higher (>175 K) and com-
parable with commercial TE devices, showing a great advantage
of our MgB,-modified Bi,Te;-based alloys with much-improved
stability for commercial use.

3. Conclusion

In summary, we reported on a mechanical strengthening strat-
egy enabled by MgB, decomposition in Bi, Te,-based alloys. The
decomposed Mg and B elements show negligible solubility in the
lattice of Bi, Te,. They segregate to grain boundaries to partly dec-
orate the GB-forming complexions and partly aggregate as Mg-
rich GB clusters and B dispersoids. These microstructures in-
hibit grain growth due to the reduced GB energy thermodynami-
cally and the increased Zener pinning dragging forces kinetically.
Therefore, the compressive strength and Vickers hardness of
(BiysSb, sTes);_(MgB,), with x = 3% can be enhanced by more
than two times, compared with the MgB,-free Bi, s Sb, ;Te; pre-
pared by traditional BM-SPS method. The MgB,-added sample
also shows excellent micron-scale cutting processibility, which
can be cut into smaller bars with the size of ~150 x 150 x
200 pm without any missing corners or cracks. Moreover, the

Ady. Sci. 2023, 10, 2302688
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introduced microstructures by adding MgB, can also decouple
the electron and phonon transport, simultaneously realizing in-
creased py, and decreased k, for enhancing the ZT. The ZT
can be further enhanced by optimizing the Bi/Sb ratio. The op-
timal (Biy,Sb, ¢Te;)o47(MgB,)o 3 sample shows the highest ZT
of 1.3 at 350 K and an average ZT of 1.1 within 300-473 K. A
robust TE device using (Biy,Sb, (Te;)y47(MgB,), 03 as p-leg and
(Bi,Te, 7S€03)0.905(M8B5)g 005 as n-leg is fabricated, obtaining an
energy conversion efficiency of 4.2% at a temperature difference
of 215 K. This strategy of adding MgB, paves a new way for en-
hancing the mechanical properties and cutting processibility of
TE materials, which is especially attractive for miniature devices
in practical applications.

4. Experimental Section

Materials ~ Synthesis: To prepare (BigsSbysTes);_,(MgB,), and
(Bi,Sb,_,Te3)o.97 (MgB;)0.03 samples, the precursors of Bi (99.99%), Te
(99.99%), Sb (99.99%), and MgB, (99.999%) were weighed and sealed
in the evacuated quartz tube (31073 Pa). The raw materials were heated
at 950 °C for 16 h and then slowly cooled down to 600 °C in 10 h. After
holding at 600 °C for 10 h, the obtained ingots were ground into powders
by ball milling, and then the powders were sintered into bulk pellets with
a diameter of ~20 mm and thickness of ~#4 mm using spark plasma
sintering (SPS) process (500 °C, 5 min; 60 MPa).

Materials Characterizations: XRD characterizations were performed
using a Bruker D8 advance SS/18 kW diffractometer with Cu Ka radia-
tion (4 = 0.15 404 nm; 40 kV, 200 mA). SEM (Hitachi SU-70) equipped
with EDS and AES (PHI 710) were used to analyze the morphology and
elemental distribution. For the EBSD analysis (EDAX-TSL, USA), the sam-
ples were further polished by a vibration polisher (Vibromet2, Buehler),
and then were characterized at a given tilt angle of 70° with an accelerat-
ing voltage of 20 kV and a step size 0.5 um. Scanning transmission elec-
tron microscopy (STEM) measurements of the samples were performed
on a double Cs-corrected TEM (FEI Titan Themis G2) with a Super-X EDS
detector, operated at 300 kV. Needle-shaped APT specimens were pre-
pared by a dual-beam scanning electron microscopy/focused ion beam
(SEM/FIB) (Helios NanoLab 650, FEI, USA) following the standard “lift-
out” method. APT measurements were conducted on a local electrode
atom probe (LEAP 4000X Si, Cameca, USA). The laser pulses were adapted
with a wavelength of 355 nm, a pulse duration of 10 ps, and pulse energy
of 20 pJ. A pulse repetition rate of 200 kHz with a detection rate of 1% on
average, an ion flight path of 160 mm, and a specimen base temperature
of 40 K were utilized. The APT data were processed using the commercial
software package IVAS 3.8.0 from Cameca Instruments.

Thermoelectric Properties:  The sintered samples were cut into 4.0 mm
X 4.0 mm x 13.0 mm for the measurement of electrical properties (S, o),
using a ZEM-3 apparatus (Ulvac-Riko) under a helium atmosphere. The
sintered samples were cut into 10 mm X 10 mm X 2.1 mm for measuring
the thermal diffusivity (1) parallel to the press direction, using the laser
flash equipment (LFA-467, NETZSCH). To measure the 4 along the same
direction with S and o, we adopted a “cutting—rotating—pasting” method,
which was proven to be reliable with a negligible influence of the glue on
the measured 4.13°] Besides 4, the density d and specific heat capacity (on
were also needed to obtain the final thermal conductivity k' (=4dC,), where
d was measured by the Archimedes method and the C, was calculated by
the Dulong—Petit law. The k|, is calculated by subtracting k. from x, k5
= kK — k.= k — Lo T, where Lis the Lorenz number. The L is estimated by
an empirical formula,l’8 L = 1.5 + exp(— |S|/116), where S is in the unit
of uV K= and Lin 1078 W Q K~2. The Vickers hardness measurement was
conducted by applying a force of 0.49 N and maintained for 5 s on a hard-
ness tester (HX-1000TMC, Shanghai Taiming, China). The compressive
strength was measured based on a universal testing machine (CMT5105).

Thermoelectric Device Fabrication and Characterization: Using the tra-
ditional electroplating method, Ni as an interfacial barrier layer was coated
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on the SPS-derived samples for fabricating (Big 4Sby¢Tes)0.97(MgB2)0.03/
Niand (Bi,Te, 55€0.35)0.995 (M8B2)0.005/Ni TE legs. The p-type and n-type
TE legs were cut into the geometric dimensions of 2.7 mm x 2.3 mm X
4.6 mm and 2.7 mm X 2.8 mm X 4.6 mm, respectively. The Sng,Bi3sAg;
solder paste was used to connect the TE legs with the copper plates. The
purchased commercial devices of CET-1and CET-2 were 127-pair thermo-
electric modules with dimensions of 40 mm x 40 mm x 3.8 mm. The out-
put performance of TE devices was measured by a commercial TE-module
testing system (Advance Riko, PEM-2) in a helium atmosphere. The cold
site temperature T, was maintained at 283 K by a recycled cooling setup,
and then the hot site temperature T}, was increased to corresponding tem-
peratures for the device test. As the platform size of the commercial PEM-2
(40 mm x 40 mm) was much larger than the size of the eight-couple TE
module, the energy conversion efficiency of the eight-couple TE module
was greatly underestimated due to the existence of radiant heat. The use
of a silica-aerogel blanker as a heat insulator can substantially reduce the
radiant heat, which alleviates the measurement errors of conversion effi-
ciency.

Supporting Information

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