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To achieve practical applications of thermoelectric materials in large scale, materials with high thermal
conversion efficiency, low cost, and operating at a proper temperature range are required. Owing to the
inversely relationship between electrical conductivity (¢) and Seebeck coefficient (S), it is a great chal-
lenge to improve high power factor (PF = 65%) of a thermoelectric material. Here, we show that by adding
a small amount of silicate aerogel to existing promising materials, including BigsSbisTes; (p-type),
Cup01BixTez 7Sep 3 (n-type), and p-type MgAgSb, significantly improves the figure of merit (zT) of the
materials. For the BiTe-based materials, the primary gain in zT comes from a significant reduced thermal
conductivity, while preserving high PF for the aerogel mixed composites. On the other hand, the
enhancement of zT in aerogel-added p-type MgAgog7Sbogg material is not due to the reduction in
thermal conductivity but rather an enhancement in PF, which is important for practical applications.
Furthermore, the materials we present in this work are bulk polycrystalline samples, which are relatively
easy to produce without complicated synthesis processes.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
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Thermoelectric materials offer a great potential for directly
converting waste heat into electricity and are considered essential
for renewable energy application. The challenge for practical ap-
plications of thermoelectric materials in large scale requires ma-
terials with high thermal conversion efficiency, low cost, and
operating at a proper temperature range. The thermoelectric per-
formance of material is assessed by the dimensionless figure of
merit, zT = S?¢T/k, where T, S, o, and « are absolute temperature,
Seebeck coefficient, electrical, and thermal conductivity, respec-
tively [1]. Simultaneously attaining good electrical properties and
minimizing thermal conductivity will lead to a high zT value.
However, it has been a great challenge to improve the power factor
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(PF = oS [2]) of a thermoelectric material due to the inversely
relationship between ¢ and S. Most of the remarkable enhance-
ments of zT reported have largely relied on the reduction of thermal
conductivity via increasing phonon scattering in material struc-
tures, such as dislocations, grain boundaries, interfaces, and pre-
cipitates [2—4].

Bi;Tes-based materials are currently the best thermoelectric
materials near room temperature; however, their wide applications
are limited by the low thermoelectric conversion efficiency [5,6].
On the other hand, a record high thermoelectric conversion effi-
ciency of 8.5% based on the p-type MgAgSb-based compound
operating between 20 and 245 °C has been experimentally
demonstrated [7]. Similar efficiencies have only been demonstrated
at twice the temperature difference with hot side temperatures
beyond 500 °C. The demonstration of this record high conversion
efficiency at a relatively low temperature difference of 225 °C is an
important step toward large-scale applications of thermoelectric
devices.

2542-5293/© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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At present, most research efforts are mainly devoted to enhance
the materials’ zT values through banggap [8—12] or phonon engi-
neering [13]. For example, an attractive idea to significantly reduce
lattice thermal conductivity is to create dense dislocation arrays on
the grain boundaries using a liquid-phase sintering technique [14].
However, the dense dislocation-generation approach requires ef-
forts to ensure the reliability and reproducibility in the scale-up
synthesis process. It is known that to improve the critical current
density of a superconductor for practical applications, the best
approach is to introduce controllable defects to improve the flux
pinning without affecting the characteristics of the super-
conducting matrix [15].

Following the same idea, we describe in this article the synthesis
and characterizations of silicate aerogel-incorporated p-type
Big5Sb1sTes (BST), n-type Cugg1BizTey7Seps (BTS), and p-type
MgAgo 97Sbg.g9 (P-MAS) composites. We choose this particular MAS
composition as it has been shown to exhibit much better thermo-
electric performance than that of the stoichiometric material [16].
By mixing aerogel with a thermoelectric material, we expect the
aerogel to serve as the key medium to reduce thermal conductivity,
while preserving the PF so that overall enhancement in zT value can
be achieved. We find that the silicate aerogel not only effectively
suppresses the phonon propagation but also selectively scatters
carriers within samples. Consequently, the zT enhancement by
~30% in both p-type BST and n-type BTS aerogel composites and a
maximum of ~40% zT improvement in p-MAS are achieved. In
addition, the polycrystalline nature of the composites makes the
preparation of the final products relatively easy without compli-
cated processes. Thus, the aerogel incorporation presented in this
work could be an effective way to boost the practical application of
thermoelectric materials.

1. Materials and methods

We used the conventional processes to prepare p-type
Bi0.5Sb1.5Te3 (p-BST) and n-type Cugo1BizTe,7Seq 3 (n-BTS) mate-
rials using high purity Bi, Sb, Te, Se, and Cu elements. Ternary p-
type MgAgo.97Sbg 99 (p-MAS) samples were prepared by solid-state
synthesis with ball milling and hot pressing. The obtained ingots
were ground into fine powders and further mixed with the hy-
drophilic silicate aerogel (Figs. S1 and 2). There are two types of
aerogel, one is low-density (LD) aerogel, with a mass density of ~1
mg/cm3, and the other is high-density (HD) aerogel, with a mass
density of ~10 mg/cm3. The differences between them are the
number and size of porosity.[17] We found that both HD and LD
aerogels have similar effects on the thermoelectric properties of
both p-type (BST) and n-type (BTS) materials. And we have also
tested with different aerogel concentrations. The data show
consistently that the best results are with 0.67 wt% aerogel added to
both p-BST and n-BTS materials, whereas for (o-MAS) material
0.3 wt% added aerogel gives the best result.

The mixed powders were pressed using the spark plasma sin-
tering (SPS, SPS-515S, SYNTEX INC) at 673 K and 50 MPa under
vacuum for 5 min to form a dense pellet. The structural phase,
chemical compositions, and microstructures of samples were
examined by powder x-ray diffraction (XRD, PANalytical X'Pert
Pro) and scanning electron microscopy (SEM JXA-8200, JEOL). The
measurements of electrical resistivity and Seebeck coefficient were
carried out by the commercial system (ZEM-3, ULVAC-RIKO). The
values of thermal conductivity were determined using the equation
k = ADC,, where A, D, and C, are the thermal diffusivity, mass
density, and specific heat, respectively. The thermal diffusivity was
measured by the laser flash method (LFA-457, NETZSCH), and the
specific heat was measured using a differential scanning calorim-
eter (DSC-Q100, TA). The mass density was calculated using the

Archimedes method. The Hall measurements were performed in a
physical property measurement system (Quantum Design). X-ray
absorption near-edge spectrum was performed at the Synchrotron
Radiation Research Center in Taiwan. The monochromator Si (111)
crystals were used in beamline 17C and 01C with a resolving power
E/AE of better than 7000. A piece of metal foil was used for energy
calibration.

1.1. Results on p-type and n-type BiTe-based materials

The XRD patterns of p-type, n-type materials, and the aerogel-
added BiTe-based specimens are presented in Fig. 1(a) and (b). All
the samples show the characteristic diffraction peaks from the
Bi0.5Sb1.5Te3 and Cugg1BiyTe; 7Seq.3 rhombohedral phase, without
noticeable impurity peaks. There is no obvious change in diffraction
peak with adding silicate aerogels, thus the incorporation of aerogel
to the matrix does not change the crystal structures of p-BST and n-
BTS. The detailed XRD analysis on p-BST with different aerogel
concentrations and the distribution of chemical composition in
aerogel-added sample are presented in Figs. S3—5.

Fig. 2 shows the temperature dependence of thermoelectric
properties for p-BST and n-BTS samples. All samples show that the
electrical resistivity increases monotonically with temperature,
indicating a typical degenerate semiconductor behavior. Compared
with the pristine p-BST, there are ~15% decrease in resistivity at
400 K by adding 0.67 wt % silicate aerogel [Fig. 2(a)]. On the other
hand, however, addition of 0.67 wt % aerogel increases ~20% re-
sistivity for n-type BTS materials in comparison with the pristine
sample. [Fig. 2(a)].

The temperature dependence of Seebeck coefficients for both p-
type and n-type specimens are shown in Fig. 2(b). For 0.67 wt %
aerogel p-type BST, the Seebeck coefficient decreases with aerogel
addition, showing a similar trend of aerogel content—dependent
electrical resistivity, that is, lower resistivity and lower Seebeck
coefficient indicate hole carrier concentration increase after aerogel
adding. However, the calculated PF of 0.67 wt % aerogel p-type BST
at 300 K is ~4000 pW/m-K2 and is almost the same as the value of
pristine BST. It is noted that the PF for aerogel-added sample re-
mains about the same as the pristine material over the entire
measured temperature range (Fig. S6).

The temperature dependence of the total thermal conductivity
Ktot is shown in Fig. 2(c). A remarkable reduction ~21% at 360 K of
total thermal conductivity was observed in the 0.67 wt % aerogel-
added p-BST. It is known that the total thermal conductivity Kot
is the sum of the electronic contribution ks and the lattice
contribution ki [17,18]. The k. can be calculated from ko by sub-
tracting Kearr, and thus the ke and ki versus temperature for all
samples are obtained (Fig. S7). It is noticed the aerogel addition to
the pristine BST can significantly reduce the thermal conductivity of
lattice phonons about 30% over the whole temperature range. The
total thermal conductivity exhibits a minimum ~0.8 W/m-K at
~350 K for the aerogel-added specimens. This thermal conductivity
minimum seems to limit lower bound with increasing aerogel
content.

It has been experimentally observed that the low-energy grain
boundaries in p-BST are likely formed when atomic displacements
are primarily in the Te—Te van der Waals layer. Displacements in
this layer are likely to be least disruptive to the charge carriers and
maintain high mobility. Most likely the added aerogel particles are
randomly connected to these low-energy grain boundaries.
Therefore, the grain boundaries with silicate-aerogel do maintain
high charge-carrier mobility but provide sufficient atomic strain to
scatter heat-carrying phonons. In addition, the microstructure of
the aerogel-added sample was investigated by high-resolution
transmission electron microscopy (HRTEM). From the HRTEM
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Fig. 1. (a) XRD patterns of pristine BST and BST mixed with 0.67% silicate aerogel samples, (b) XRD patterns of pristine BTS and BTS mixed with 0.67% HD and LD silicate aerogel
samples. XRD, x-ray diffraction; BTS, Bi,Te; ;Seq3; BST BigsSbysTes; HD, high-density; LD, low-density.
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Fig. 2. Temperature dependence of electrical resistivity (a), Seebeck coefficients (b), thermal conductivity (c) and zT (d) for p-type BST and n-type BTS samples with different silicate

aerogel contents. BTS, Bi,Te, 7Seq 3; BST, BigsSbysTes. 2T, figure of merit.

images, we can understand that the significant thermal conduc-
tivity reduction was attributed to the collective strong phonon
scattering by interfaces in the nanostructures, containing aerogel-
introduced strained boundaries, amorphous/crystalline interfaces,
strains, planar defects, and mesoscale boundaries (Fig. 3).

The temperature dependence of zT for 0.67 wt% aerogel added
p-BST is shown in Fig. 2(d). The incorporation of aerogel in the BST
matrix distinctly boosts zT to a peak value of ~1.45 at 350 K. Because
the Seebeck coefficient of aerogel addition specimens does not
show an obvious increase, the significant zT enhancement is
attributed to the increased electrical/thermal conductivity ratio (o/
k). A high of/k ratio usually indicates excellent decoupling of
phonon and carrier transport within the material.[ 19] When adding
aerogel to the BST matrix, the o/k ratio is shown to increase sub-
stantially, with the largest increases more than 40% at 300—350 K
(Fig. S8).

On the other hand, for n-type BTS materials, with 0.67 wt %
aerogel-added sample, the increase in both Seebeck coefficient

(~8%) and resistivity (~20%) shows the carrier concentration
decrease [Fig. 2(b)]. The resistivity and Seebeck coefficient trend
change in the n- and p-type aerogel samples suggest that the hole
carriers increase in both types by the addition of silicate aerogel,
indicating Si might get in the lattice or change the dangling bonds
at grains boundary. Overall, a comparable high PF of ~2550 pW/m-
K2 at 350 K is obtained for 0.67 wt% aerogel-added n-BTS (Figs. S12
and 13). Similar to the p-type BST, the thermal conductivities of
aerogel-added n-BTS dramatically decreased ~30% over the whole
temperature range [Fig. 2(c)]. Consequently, the aerogel-added n-
BTS exhibits a zT value ~1 at 350 K and even reaches a peak value of
2T = 1.12 at 425 K [Fig. 2(d)].

To better understand the underlying mechanism for the
observed sample, which preferentially scatters n-type carriers in
aerogel-added samples, we used X-ray absorption near-edge
spectroscopy to study the local electronic structure and chemi-
cal information [20]. Fig. 4(a) and (b) display the normalized Se
K-edge (1s—4sp) and Te K-edge (1s—5sp) of X-ray absorption
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Fig. 3. (a) Bright field transmission electron microscopy (TEM) images of BTS/aerogel composite: the white blocks are corresponding to aerogels. (b) HRTEM image of aerogel
embedded within the grains. (c) Formation of aerogel-introduced strain boundary. (d) High magnification image showing the interface between aerogel and BTS crystal grains. BTS,
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samples. BTS, Bi,Te; 7Seq 3; BST, BigsSbysTes.

near edge structure (XANES) spectra of aerogel incorporated n-
type BTS specimens at 300 K. They are mostly related to the
partial density of states above the Fermi level of Se 4p and Te 5p
unoccupied states. It is clear that the increased Se 4p peak in-
tensity and slightly change of spectral line shape is when the
aerogel is added, suggesting the occurrence of more Se 4p un-
occupied state (hole carriers) with a distorted structural sym-
metry in Se ions environment, that is, a part of Se ions are

replacing Te ions. Fig. 4(b) shows that the Te 5p peak intensity
apparently decreased in aerogel addition specimen that is totally
opposite to the spectra change of observation in Se K-edge
[Fig. 4(a)]. These results imply that the Se 4p orbital loses charges
and Te 5p orbital gains charges as aerogel is added. The slightly
distorted lattice symmetry and electron charge transfer from Se
4p to Te 5p states become significant for the aerogel incorporated
n-type BTS sample.
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Fig. 4(c) presents the normalized Sb K-edge (1s— 5sp) XANES
spectra of the pristine and 0.67 wt % aerogel-added p-type BTS
measured at 300 K. A peak broadening feature and a chemical shift
are observed in the high energy region around 30500 eV for the
aerogel incorporated p-type BST sample. The local structural sym-
metry with distorted Sb—Te bond is appraised. These results are
consistent with the enhancing lattice phonon scattering of aerogel
addition for aerogel-added n-type and p-type specimens. Fig. 4(d)
shows XANES Bi L3-edge spectra of pristine and aerogel-added p-
type and n-type specimens. These spectra show no detectable

change in almost identical line shapes. The lattice structure
distortion would highly correlate to the change of lattice phonons
by replacing the cation (p-type) and anion (n-type).

1.2. Results on p-MAS

The preparation method of aerogel-added p-MAS is in accor-
dance with the preparation method of the aforementioned BST/BTS
composites. The detailed steps are summarized in Figs. S14—16. The
XRD patterns of pristine and aerogel-added p-MAS are shown in
Fig. 5. These diffraction patterns can all be well refined by the a-
phase (tetragonal structure) with space group I4c2. The a-axis
lattice constant of MAS increases from 9.167 A to 9.1731 A after
0.6 wt% aerogel doping. Meanwhile, the c-axis lattice constant also
expands from 12.7190 A to 12.7254 A. The XRD results also confirm
that the added-aerogel sample does intermix with the matrix MAS.

Fig. 6 shows the results of the thermal transport measurements
on the studied p-MAS system. The temperature dependent re-
sistivity of the pristine MAS sample follows the reported behavior
[16], which shows a resistive maximum of ~37.8 uQ-m at 360 K. The
aerogel-added samples show substantial decrease in resistivity, at
temperatures above 350 K, with the maximum reduction ~10% in
0.3 wt% aerogel-added sample. Nevertheless, with aerogel content
up to 0.6 wt¥%, the resistivity values over the temperature range of
interest are still close to 2% smaller than that of the pristine material.

Consistent with the results reported by Zhao et al. [16], we also
observed all investigated samples exhibiting semiconductor-like
behavior at temperature between 360 K and 560 K. We estimated
the bandgap increasing from 0.129 eV for pristine sample to
0.294 eV for 0.3 wt% and 0.341 eV for 0.6 wt¥% aerogel-added
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Fig. 7. Bright-field TEM images of MAS doped with 0.6% aerogel: (a) the distribution of aerogel particles (white blocks) in the MAS matrix, (b) HRTEM image reveals the existence of

the MAS/aerogel boundary layer. MAS, MgAgo.97Sbo 99.

samples, even though the aerogel-added samples have lower
overall resistivities (Fig. S17). This observation suggests that the
added aerogel might not affect much the Seebeck coefficient at the
temperature range of interest. Indeed, the temperature depen-
dence Seebeck coefficient, as shown in Fig. 6(c), demonstrates these
samples are p-type, and the values for all three samples are
comparable and even become higher for aerogel-added samples at
high temperature.

It was known [21] that the thermal expansion of the room
temperature ¢ phase becomes non-linear above 300 °C, which
causes the sudden increase in conductivity and decrease in Seebeck
coefficient. It was argued that these changes were due to the
increasing tetragonal distortion as the phase approaches the
transformation to the more anisotropic  phase, which remains to
be tetragonal, that appears at ~330 °C. Thus, in the pristine sample,
we did observe a slight drop in both resistivity and Seebeck coef-
ficient. It is interesting to note that in the aerogel-added samples,
the resistivity indeed decreases with even larger percentage.
However, the Seebeck coefficient in fact increases slightly instead of
decreasing. The combined effect will be to enhance the PF of MAS
by adding aerogel. These observations suggest that the added aer-
ogel may provide a mechanism to pin the tetragonal distortion of
the matrix.

Fig. 6(b) plots the PF of the studied MAS materials. It clearly
shows the improvement in PF above 320 K in both the aerogel-
added samples with the 0.3 wt% added showing the highest PF,

1.8
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S
1.2F
09F
0'6 L L L L L
320 384 448 512 576
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Fig. 8. Temperature-dependent zT for MAS and intercalated with aerogel-added
samples. MAS, MgAgo 97Sbo.o9; 2T, figure of merit.

reaching 28.45 uyW/cm-K [2] at 560 K, which has ~ 54% enhance-
ment comparing with the pristine material at the same tempera-
ture. On the other hand, it is to our surprise that we do not observe
distinguishable change in thermal conductivity, as shown in
Fig. 6(d), by adding aerogel. Although the addition of aerogel to the
MAS material will result in an increase in electrical conductivity
and an increase in carrier thermal conductivity, the total thermal
conductivity of the MAS material has not increased significantly as
aresult. After analyzing the carrier and lattice thermal conductivity,
it can be found that the lattice thermal conductivity will be obvi-
ously reduced due to the addition of the aerogel (Fig. S18). The
HRTEM observation reveals that the main reason may be that
aerogels can create a lot of special amorphous/crystalline interface
microstructures in the material, which will lead to a strong phonon
scattering (Fig. 7).

Fig. 8 displays the calculated figure of zT for pure MAS and
aerogel-added MAS samples. Comparing with the maximum zT
value of 1.22 of pure MAS at 500 K, both aerogel doped samples
demonstrate higher zT at the same temperature. A more signifi-
cantly enhancement was observed at ~550 K with zT value of 1.69
for 0.3 wt%. and 147 for 0.6 wt% doped MAS, respectively.
Comparing with the pristine sample at the same temperature of
550 K, the enhancement in zT value is close to 54% for 0.3 wt% and
36% for 0.62wt% samples. Clearly, the enhancement in zT originates
from the enhancement of PF by adding limited amount of aerogel.
Adding more aerogel, in fact, does not further improve the ther-
moelectric performance of p-MAS. Our observations strongly sug-
gest adding small amount of silicate aerogel to p-MAS may further
improve its value for practical applications. It will be an interesting
follow-up work using the aerogel-added p-MAS to check whether
its energy conversion efficiency would be further enhanced.

2. Conclusion

In summary, we have demonstrated using aerogel addition to
enhance the zT of the two most commonly used n- and p-type
thermoelectric materials to record high levels. A record high zT
~1.45 at 350 K for p-type Bi0.5Sb1.5Te3 and zT ~1.12 at 425 K for n-
type Cugo1BizTe,7Seps were achieved. The primary gain in zT
comes from a significant reduced thermal conductivity, while
preserving high power factor for the aerogel mixed composites. We
have also demonstrated the enhancement of the zT in aerogel-
added p-type MgAgog7Sbogg material with zT value of 1.69 for
0.3 wt% aerogel content at ~550 K. The mechanism in the case of
MAS is not due to the reduction of thermal conductivity but rather
the large enhancement in power factor, which is more important
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for practical applications. Furthermore, the materials we present in
this work are bulk polycrystalline samples, which make them more
valuable due to the less complicated synthesis processes.
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