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Thermoelectric harvesting of waste heat offers great opportunities for energy
production. Here, we demonstrated that a minor Cu addition in the n-type
Mg3Sb1 sBig 5 realized the remarkable enhancement of low-temperature
thermoelectric performance. Coupled with p-type a-MgAgSb, we fabricated a
high-performance thermoelectric module, which showed a record-high conversion
efficiency of 7.3% at the hot-side temperature of 593 K. Our module rivals the long-
time champion Bi,Tej in this applicably important temperature range, providing
great promise for harvesting abundant low-grade waste heat.
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Demonstration of ultrahigh thermoelectric
efficiency of ~7.3% in Mg3Sb,/MgAgSb module

for low-temperature energy harvesting

Zihang Liu,"” Naoki Sato,"” Weihong Gao,'” Kunio Yubuta,” Naoyuki Kawamoto,' Masanori Mitome,’
Keiji Kurashima,® Yuka Owada,® Kazuo Nagase,” Chul-Ho Lee,* Jangho Yi,> Koichi Tsuchiya,>¢

and Takao Mori'.6.8.*

SUMMARY

Thermoelectric harvesting of low-temperature waste heat offers
great opportunities for sustainable energy production. However,
the investigations of related thermoelectric materials and modules
remain sluggish. Here, we reported a great advance in the n-type
MgsSb sBig s system by minor Cu additions. Some Cu atoms prefer-
entially occupy interstitial sites within the MgsSb, lattice and signif-
icantly modified phonon modes via filling in the phonon gap and
increased anharmonic phonon scattering, thereby leading to the
anomalously low thermal conductivity. Simultaneously, the detri-
mental behavior of thermally activated electrical conductivity was
completely eliminated through grain-boundary complexion engi-
neering. These two critical roles contributed to the remarkable
improvement of zT. Based on this developed high-performance ma-
terial coupled with p-type a-MgAgSb-based material, a fabricated
thermoelectric module rivaling long-time champion Bi,Te3, demon-
strated a record-high conversion efficiency ~7.3% at the hot-side
temperature of 593 K. These results pave the way for low-tempera-
ture thermoelectric harvesting.

INTRODUCTION

In the context of increased energy consumption and global environmental degrada-
tion, developing clean and sustainable energy-conversion technologies has
received significant attention from both academic and industrial communities.’
Thermal energy harvesting, which captures waste heat or natural heat and convert-
ing it to mechanical or electrical energy, provides the opportunity to utilize the ubig-
uitous heat sources for energy produc‘cion.2 Based on a reference temperature of
25°C, approximately 90% of waste heat is below 316°C.” For this low-grade heat
source it is, however, uneconomic for waste-heat recovery using the traditional
Rankine cycle, pushing researchers looking for other alternative technologies,’
including thermoelectric, pyroelectric, thermomagnetic, and thermoelastic effect.
Among them, thermoelectric technology is believed to be the most promising
approach for power generation,* as it can directly convert the temperature
gradient to electricity. The efficiency of thermoelectric power generation (TEG) is
dominated by the dimensionless thermoelectric figure of merit (zT) is defined as
2T = [S20/(K1at + Keio)] T, Where S, @, Kjar, Keojer and T are Seebeck coefficient, electrical
conductivity, lattice thermal conductivity, electronic thermal conductivity, and abso-
lute temperature, respectively. Over the past two decades, we have witnessed
tremendous advances in the of synthesis high-performance thermoelectric materials

Context & scale

Based on a reference temperature
of 25°C, approximately 90% of
waste heat is below 316°C.
However, it is uneconomic for
waste-heat recovery using the
traditional Rankine cycle.
Thermoelectric technology
provides a promising approach
for harvesting this low-grade heat.
Herein, we report a great advance
in the n-type Mg3Sb+ sBig 5 system
by a minor Cu addition, ranging
from material design to module
development. Thermal
conductivity was suppressed due
to the increased phonon-phonon
scattering, while the thermally
activated electrical conductivity
was eliminated through grain-
boundary complexion
engineering. Coupled with p-type
a-MgAgSb, a fabricated 8-pair
thermoelectric module
demonstrated a record-high
conversion efficiency of ~7.3% at
the hot-side temperature of 320°C
(593 K). Our module enables a
non-Bi;Tes-type material module
to achieve such thermoelectric
conversion performance to rival
the long-time champion in this
applicably important temperature
range.
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with zT close to or above 2, owing to efficient design concepts and/or advanced syn-
thesis methods.®® However, most high-zT candidates, e.g., lead chalcogenides,”""
filled CoSbs,"”"® SnSe crystal,'*"® and half-Heusler alloys,"*"® work in the medium-
and high-temperature ranges. In this scenario, Bi,Tes-related materials that were
discovered a half century ago still dominate the market for the low-temperature

range applications,'” usually limiting the maximum temperature below 200°C.

Recently, the discovery of high-performance n-type Mg;Sb,-based materials pro-
vides new hope for the replacement of traditional Bi,Tes.”%?® MgsBi, alloying not
only reduces the band gap and band effective mass but also strengthens phonon
scattering,”” ¢ leading to a peak zT around 1.5-1.7 at over 700 K. Currently, most
of the research activities focused on the nominal composition of Mgs ,Sb1 5Big 5
for medium-temperature power generation, e.g., doping with chalcogens and/or

27739 as well as tuning the sintering temperature.®’*? One inter-

transition metals,
esting but detrimental behavior in Mg3 ,Sb1 sBig s systems is the thermally activated
electrical conductivity in the low-temperature range, but the related origin remains
ambiguous.”>?’7?? 2 Therefore, the low-temperature properties are still inferior in
comparison with n-type BizTes. In addition, no studies about the fabrication of
Mg3Sb, thermoelectric module have been reported to date, only the single leg
for power generation and a unicouple consisting of n-type Mg3Sb, and p-type

Bi,Tes for cooling applications.®*

Current strategies to enhance thermoelectric performance mainly include carrier-
concentration optimization, point-defect scattering, as well as band structure and
microstructure modification.® Beyond these conventional ideas, herein we discover
two key enhancement components manifested by minor Cu addition in
Mgs 2Sb1 sBig s, i.e., interstitial doping and grain-boundary complexions engineer-
ing, which are highlighted in Figure TA. First, part of the doped Cu atoms preferen-
tially occupied interstitial sites within the Mg3Sb;, lattice, which leads to filling in of
the phonon gap, strengthening the anharmonic scattering, and thereby suppressing
the thermal conductivity. Second, the Mg-Cu binary eutectic reaction induced the
abnormal grain coarsening, the suppression of Mg evaporation during the sintering
process, and the in situ formation of metallic phases located at the triple junction.
This modification of grain-boundary complexions helps to eliminate the thermally
activated electrical conductivity and contribute to the ultrahigh carrier mobility com-
parable with a single crystal.?® Benefiting from these two aspects, zT has been signif-
icantly increased from 0.2 to 0.6 at room temperature while the peak zT at 773 K
increased from 1.5to 1.9 (Figure 1B), outperforming most of current n-type medium-
and high-temperature materials.'%'?*"-** Around room temperature range, our
optimized material is even comparable to these Bi-rich n-type Mgs(Sb, Bi),, namely,
Mgs.2Sbo sBiq s and Mgs »2Sbo 4Biy 4.>°? More importantly, we successfully fabri-
cated, for the first time, the 8-pair thermoelectric module consisting of n-type
Mg3 2Sb1.5Big.49Te0.01Cup.01 and p-type Mgp.99Cug 01Ago.975b0 99 for low-tempera-
ture power generation (Figure 1C, inset). The measured conversion efficiency rea-
ches 7.3% at the hot-side temperature of 593 K (Figure 1C), as a record-high value
in comparison to other advanced single-stage thermoelectric modules.'®*%*> In
addition, the output power density, determined by the output power divided by
the cross-sectional area of the module substrate, is comparable with these advanced
Bi»Tes modules from laboratory and company (Figure 1D).*°*** The module perfor-
mance was tested for five times and showed the similar value with no deterioration
(Figure S1). The demonstration of high efficiency coupled with high output power
density in the Mg3Sb,/MgAgSb thermoelectric module provides great promise for
harvesting abundant low-grade waste heat.
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Figure 1. High-performance Mgs >Sb4 5Bio.49T€0.01Cuo.01 thermoelectric materials and modules

(A) The schematic diagram of two related mechanisms of minor Cu addition in Mg3,Sb1 sBig s.

(B) Temperature-dependent zTs of both Mg3,Sb+ 5Big.49Teo.01 and Mg3 2Sb+ 5Bio.49Te0.01Cug o1 in comparison with the state-of-the-art n-type
thermoelectric materials, including PbTe,'® CoSbs nanocomposite,'? (Zr, Hf)NiSn,*” and SiGe.*®

(C and D) The measured conversion efficiency and output power density of 8-pair thermoelectric modules as a function of hot-side temperature,
respectively, in comparison with modules of zone-melting Bi,Tes,"” Zn-doped Bi,Tes,"® Cu-doped Bi,Tes,”' commercial Bi,Tes from Marlow and
KELK,**** filled CoSbs (SKD),** PbTe,** and half-Heusler alloys (HH)."®

RESULTS AND DISCUSSION

MgsX, (X = Sb and Bi), crystallizing in the inverse a-La,O3 structure, consists of two
unique Mg Wyckoff positions.”* In addition to which there are also some favorable
interstitial sites for excess Mg or foreign dopant with small atomic radii. Based on
the previous defect-formation energy calculations about interstitial insertion under
Mg-rich conditions, it was revealed that interstitial Cu exhibited the lowest forma-
tion energy as the Fermi level Ef approached the conduction band minima
(CBM).%¢ Experimentally, based on the powder X-ray diffraction (XRD) refinement
analysis (Figure S2), it was revealed that the minor addition of Cu in
Mgs 2Sb1 sBio.49Teg 01Cux does not significantly affect the lattice parameters a
and c (Figure S3). Subsequently, using density functional theory (DFT) calculations,
the most energetically stable interstitial site was determined (Figure 2A, visualized
with VESTA 3). We find here that interstitial Cu in Mg3Sb, enables the favorable
modification of phonon structure for impeding heat transport through increasing
the 3-phonon scattering. The phonon dispersion and phonon density of states
(DOS) of pristine MgsSb, reveals that both transverse acoustic phonon modes
and optical modes are anomalously soft (Figure S4* and responsible for the
intrinsically low k. of Mg3Sb,. Besides, a gap-like structure around 5 THz is clearly
observed for the phonon DOS of Mg3Sb, (Figure S4). According to the previous
stimulation of k4 as a function of phonon frequency, high-frequency optical pho-
nons from 5 THz to 9 THz show the nonnegligible contribution to thermal trans-
port,”" which is attributed to the absence of optical phonon-phonon scattering
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Figure 2. Thermal properties of Mg3_,Sb4.5Big.49T€0.01Cux

(A) The most energetically stable interstitial site within the Mg3Sb;, lattice.

(B-D) Comparison of the calculated phonon DOS, 3-phonon scattering-phase space, phonon-group velocity of Mg3Sb, and MgsSb, with interstitial Cu,
respectively.

(E and F) Measured total thermal conductivity k.o and lattice thermal conductivity &.: of Mg3 2Sb1 sBig 49 Tep.01Cu, (x = 0, 0.005, 0.01, 0.025, and 0.05).

The dashed line represents the theoretical minimum «j,; value and the inset compares the room-temperature k. in Mgs 2Sby sBig.s system.”’ %"
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channels in the gap region and large optical phonon-group velocity. On the other
hand, interstitial Cu can insert some additional states within the gap region (Fig-
ure 2B), which results in a significant increase of a possible scattering channel.
The calculated 3-phonon scattering-phase space (Figure 2C), which is a measure
of the number of scattering channels satisfying energy and momentum conserva-
tion, suggests that interstitial Cu can not only increase the channel for the overall
frequency region but can also insert the additional channel into the gap region ex-
isting in pristine Mg3Sb,. Simultaneously, interstitial Cu decreases the high-fre-
quency optical phonon-group velocity (Figure 2D). These features significantly
reduce the previously reported contribution of optical phonons to thermal trans-
port. Experimentally, the minor addition of Cu induces the reduction of the total
thermal conductivity k. (Figure 2E). After calculating the Lorenz number L and ex-
tracting the electronic thermal conductivity kee from kio, the obtained ki, is
remarkably suppressed after minor Cu addition (Figure 2F), even approaching
the minimum k5 value at the high-temperature range. For instance, the kj, of
Mg3.2Sb1 5Bin.49Ten.01Cup.01 shows a reduction of 20%-30% over the entire tem-
perature range in comparison to the pristine sample; that is, room-temperature
Kjar reduces from 1.04 W m™" K=" t0 0.75 W m~" K~". In addition, &/, of the minor
Cu addition (1 at%) sample is apparently lower than other heavily doped samples
with transition metals (Figure 2F, ins_et).27’29 Therefore, this anomalous reduction
of k¢ after Cu addition is beyond the conventional expectation. It should be noted
that the increased kj,; of Mgs.2Sb1 5Bio.49Te0.01Cug 05 is related to the abnormal
grain growth that leads to the reduced grain-boundary scattering. Based on the
aforementioned DFT calculations, this striking behavior is due to the modification
of phonon structure, i.e., filling in the gap of phonon DOS, thereby reducing the
phonon-group velocity and increasing the 3-phonon scattering rate. It should be
noted that interstitial doping in thermoelectric has hitherto been usually utilized
to increase the point-defect scattering®® or to realize the optimum temperature-

dependent carrier concentration.*?

Experimentally, we employed Raman spectroscopy to get an insight into the vibra-
tional properties. The Raman spectrum of Cu-free sample was consistent with a pre-
vious report,”® while Cu addition lowers the signal intensity and, more importantly,
the emergence of a broad peak (Figure S5). This remarkable change is related to the
stronger lattice disorder and also the increased phonon DOS after Cu addition. In
addition, sound-velocity measurement and low-temperature heat capacity measure-
ments are also performed for Mgz ,Sby sBigagTegor and Mgz 2Sby sBig as-
Te0.01Cug.01. The room-temperature sound velocity measured by using a sing-
around ultrasonic velocity method, as well as these calculated parameters (the
Debye temperature ®p and the Grlneisen parameter y) determined from sound-ve-
locity data, are displayed in Table S1. Both sound velocity and Debye temperature,
as indicators of chemical bonding strength, show a reduction after Cu addition,
which are consistent with our previous phonon calculations. The low-temperature
heat capacity C,, from 3 to 20 K was measured, shown as C,/T" as a function of T (Fig-
ure S6). A typical hump, meaning the excess contribution to the conventional Debye
density of states (DOS), was observed for both samples, which is known as the “bo-
son peak.”®" In terms of crystalline solids, this phenomenon is associated with these
low-lying optical modes.”" Since the experimental C,/T* data show a strong devia-
tion from the Debye model, the Debye-Einstein model with a different number of os-
cillators was further utilized for fitting, shown in Equation 1:

CE

Co/T =06+8T+ > A(Og)2: (r3) 7" (Equation 1)

(e%/T — 1)
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where the first term is the electron contribution, in which 6 is the Sommerfeld con-
stant, the second term is the Debye lattice contribution, and the final term is related
to the Einstein oscillator at the specific Einstein temperature @g;. Herein, upon intro-
ducing three Einstein oscillators, the data show the perfect fitting. The fitting param-
eters for these models were displayed in Table S2. The existence of the Einstein
oscillator indicates the strong coupling between acoustic phonons and low-fre-
quency optical phonons. By the comparison of model-fitting parameters of these
two samples, the larger 8 value of Mgs ;Sb1 5Big.49Te0.01Cug o1 accounts for the
higher Debye temperature than Mg3 ,Sb+ sBig.49Teg 01, in good agreement with pre-
vious sound-velocity measurements. In addition, these slightly lower @¢; values of
Mgs3 2Sb1 5Big.49Te0.01Cug.01 mean the lower frequency of quasi-localized optical
phonon modes.

A previous report only focused on the carrier-concentration variation and concluded
that Cu interstitial may be not an effective n-type dopant for Mg3Sb,.*® In our work,
the slightly increased carrier concentration ny by 10% means that Cu atoms act as
weak electron donors (Figure S7), which is another good indicator of Cu atoms
locating at interstitial sites. This can be further proved by electron-localization-func-
tion (ELF) images that helps in understanding the electron localization in this system
(Figure S8). The ELF around interstitial Cu shows low value and isotropic ionic fea-
tures, suggesting that Cu interstitial acts as a donor. In contrast, ny of the x = 0.05
sample decreases to half value of the pristine sample. It indicates that beyond the
solid solubility at the interstitial sites, some of the remaining Cu atoms become
the substitutional solutes on the Mg site and thereby lead to the reduced ng,.

For Mgs.2Sb 5Big.49Teo.01, there is a characteristic behavior of the thermally acti-
vated electrical conductivity in the low-temperature range (Figure 3A), which is a
common phenomenon in n-type Mg3Sb, systems; however, its physical origin is still
an ongoing and obscure discussion. Initially, this is ascribed to the ionized impurity
scattering because utilizing some heavily doped transition metals, e.g., Nb,*® Co,?’
and Mn?? weakened the corresponding scattering behavior and indicated that these
foreign dopants may fill in the existing Mg vacancies in the lattice. However, no
detailed microstructure investigations were performed after extrinsic doping in pre-
vious reports. Some following studies claimed that this behavior was due to the
grain-boundary scattering effect since samples with the larger grain size (~30 um)
and Te-doped MgsSb, single crystal show the absence of the signature of ionized
impurity scattering.”>? It should be noted that sintering at high temperature or uti-
lization of Mg vapor-saturation annealing process may substantially alter the con-
centration of Mg vacancies at the equilibrium state concurrently.

Herein, we found that the minor addition of Cu (1 at %) completely eliminates the
extra scattering mechanism, resulting in the observed ideal acoustic phonon scat-
tering. Samples with Cu addition (x <0.05) show slightly higher carrier concentration
but much larger carrier mobility (more than double) simultaneously in comparison
with the pristine sample. Therefore, it can be concluded that the record-high carrier
mobilities achieved in samples with Cu addition is not dominated by the carrier con-
centration variation, but benefits from the removal of extra scattering events. In
addition, the effect of carrier-carrier scattering at room temperature can be gener-
ally neglected in semiconductors. uy, values in the range of 117-173 cm? V™' s™"
in our materials are considerably higher than those of the polycrystalline samples
doped with transition metals and even surpass the single-crystal measured value
(Figure 3B).** The obvious drop of electrical conductivity o of the x = 0.05 sample
is attributed to the compensating effect of Cu substitution on the Mg site.
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Figure 3. Electrical transport properties of Mg 2Sb1 5Big.49Teo.01Cu, (x = 0, 0.005, 0.01, 0.025,
and 0.05)

(A) Temperature-dependent o of Mg3 ,Sbq 5Big.49Teo.01Cuy in comparison with Mn- and Te-co-
doped sample and sample with grain size of 7.8 pm. The red dashed line represents the theoretical
value with the acoustic phonon scattering.

(B) The relationship between carrier concentration ny and uy in Mg3Sby sBig s systems, including Te

27-29

doping,”® co-doping with Te and transition metals, coarse-grain samples by higher sintering

3132 .
temperature,”’*? single crystal,36 and our Mg3 ,Sb1 sBig.49Teq.01Cuy samples.

(C and D) Temperature-dependent Seebeck coefficient S and power factor PF, respectively.

After Cu addition, the Seebeck coefficients Sshow negligible change due to the com-
parable carrier concentration except for the x = 0.05 sample (Figure 3C). In order to
clarify the subtle variation of the Seebeck coefficient, the Pisarenko plot under the
assumption of the single-parabolic-band (SPB) model with acoustic phonon scat-
tering was calculated. All the experimental data lie around the line of total effective
mass equal to 1.05 mq (Figure S9), where mq is the free-electron mass. This observa-
tion is consistent with our electronic band-structure calculations, in which interstitial
Cu does notsignificantly affect the conduction-band structure around the Fermi level
(Figure S10). Owing to the successful manipulation of the carrier-scattering mecha-
nism after Cu addition, we can observe a significant enhance of the low-temperature
power factor PF = o (Figure 3D), which critically determines the potential of thermo-
electric-module output power. For instance, the room-temperature PF has been
increased from 7.2 to 21.1 pW cm ™" K~2, an enhancement of approximately 3-fold.

To investigate the effect of grain-boundary scattering in our case, grain sizes were
measured by electron backscatter diffraction (EBSD). After using the clean-up proced-
ure, specifically, the average grain size of pristine and x = 0.01 samples was around 3.2
and 4.6 pm, respectively (Figures 4A and 4B). Furthermore, these scanning electron mi-
croscopy (SEM) images of fresh fracture surfaces also reveal the abnormal grain growth
after Cu addition (Figure S11). This is related to the liquid-phase sintering due to the
presence of Mg—Cu wetting liquid.>® Excess Mg reacts with extrinsic Cu during the sin-
tering process at 973 K since there is a Mg—Cu binary eutectic reaction at 758 K in the
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Figure 4. Microstructural evolution after minor Cu addition in Mgs 2Sb+ sBio.49T€0.01

(A and B) Comparison of EBSD images of Mg3 »2Sb1.5Big.49Teo.01 and Mg3 2Sb1.5Big.49Te.01Cug.01 samples, respectively.

(C) HADDF-STEM image showing the triple-junction regions with different contrast; inset is the corresponding TEM image.

(D) The corresponding HADDF-EDS mapping of the local area.

(E) HRTEM image around the grain boundary.

(F) Atomic-resolution HAADF-EDS mapping taken with the incident beam parallel to the [110] direction, together with the crystal structure model.

phase diagram (Figure S12). Both the low-magnification transmission electron micro-
scopy (TEM) image and the scanning TEM (STEM) high-angle annular dark-field
(HAADF) image show the grain size around several micrometers (Figure 4C), in agree-
ment with previous EBSD results. A striking feature is the different contrast of the triple
junction, indicating the occurrence of elemental segregation in this region. The corre-
sponding energy dispersive X-ray spectroscopy (EDS) mapping reveals the character of
both Mg- and Cu-rich in the area of the triple junction (Figure 4D), especially pro-
nounced for the Cu element. Inside the grains, the low concentration of both Cu and
Te results in the observed background noise. The triple junction shows the drag effect
on the grain-boundary migration, whereas wetting-phase transformation contributes to
the liquid-phase sintering and also abnormal grain growth.>**> On the basis of the
composition analysis (Figure S13), this may prove the formation of the Mg,Cu phase
during the sintering process. In contrast, the HADDF-EDS mapping around the grain
boundary reveals no segregation of Cu, but is observed with Bi segregation (Fig-
ure S14), consistent with a previous report.”” This is a common character of n-type
Mgs(Sb/Bi), systems, which has normally no or little correlation with the remarkable
enhancement of thermoelectric performance after Cu addition. In terms of grain-
boundary wetting-phase transitions, the liquid metal first occurs in the triple junctions
and further penetrates into these adjacent grain boundaries. These wetting phases con-
necting to solid grains act as conductive channels of charge carriers, contributing to
higher uy. Moreover, owing to the in situ formation mechanism, the resultant interfaces
enable weaker carrier scattering in comparison to disordered grain boundaries. High
density of nanoprecipitates can be observed in the high-resolution transmission elec-
tron microscopy (HRTEM) image around the grain boundary (Figure 4E) and inside
the grain (Figure S15), which help to suppress phonon propagation to a certain extent.
Atomic-resolution HAADF-EDS mapping yields the chemical homogeneity inside the
grain. Unfortunately, due to the low concentration of Cu atoms and Te atoms below
the detection limitation, the direct observation of these two atoms in STEM-HAADF im-
age is currently impossible.

Moreover, the severe Mg evaporation in samples is beneficially suppressed thanks
to this reaction of Mg and Cu occurring beforehand. First, the big difference of
photos of graphite dies after sintering is the direct evidence (Figure S16). Second,
the Mg stoichiometry is found to increase about 3% by analyzing the chemical
composition of compacted disks by SEM + EDS (Table S3). As reported, approxi-
mately 5 at % of Mg deficiency is observed near grain boundaries using atom-probe
tomography.®® This may lead to the high resistance of grain boundaries due to a
depletion of free electrons and potential barriers to conduction. In contrast, Cu addi-
tion helps to maximize the Mg stoichiometry along the grain boundaries, which
should be effective to reduce grain-boundary resistance. To summarize, Cu addition
was found to enable the control of the structure and chemistry of grain-boundary
complexions, defined as the interfacial material in thermodynamic equilibrium
with the abutting phases.>® Benefiting from these triple modifications, the extra car-
rier-scattering mechanism is eliminated and record-high values of uy are obtained.

We should mention that the nearly isotropic three-dimensional bonding network in
MgsSb, excludes the chemical bonding as the physical origin of the increased
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wi-2"°7 In terms of Mg vacancy concentration variation after Cu addition, this should
be negligible, as the formation energy of Mg vacancies are positive at the Mg-rich
condition when the Fermi level is near CBM.”® The dielectric constant of the
Mg3Sb, system seems not to be sensitive to doping or alloying.”’ Besides, the calcu-
lated acoustic-deformation potential values, characterizing the coupling of electrons
with acoustic phonons, are 10.334 and 10.656 eV, respectively, for pristine MgsSb,
and for interstitial Cu based on the DFT calculations. The small difference means that
comparable electron-phonon coupling strength after the introduction of interstitial
Cu. In a word, we can conclude that this extra scattering mechanism in n-type
MgsSb, is caused predominately by the grain-boundary scattering and, therefore,
control of grain-boundary complexions offers the route for maximizing electrical
transport properties.

To further prove the compositional and structural stability after Cu addition, we did the
cycling test of electrical transport properties for the best composition—
Mg3.2Sb1 5Big 49Tep.01Cug 01. Considering our research aim for the low-temperature
waste-heat harvesting, the maximum temperature here is limited to 573 K. Itis apparent
that the material shows an excellent stability at this temperature range (Figure S17). As a
consequence of increased PFand concurrently reduced k4., Cu addition further largely
enhances zT, especially for the low-temperature range. The highest average zT calcu-
lated by the integral method from 300 to 773 K is significantly boosted to 1.3, which
is a record-high value in the Mgs ;Sb1 5Big 5 system (Figure S18). Considering the ther-
mal stability issue of n-type MgsSb,.,Biy system,”® the maximum measured tempera-
ture for the corresponding thermoelectric module was limited to 600 K, which covers
the targeted temperature range of abundant waste heat. Pairing with a suitable p-
type leg and fabricating the high-performance module are, however, challenging since
so many critical factors—e.g., contact-layer design, as well as the assembly with elec-
trodes and substrates—affect the real working performance in service. After searching
for the currently available p-type thermoelectric materials, we judge that a-MgAgSb is
the most promising p-type counterpart candidate for low-temperature power genera-
tion below 600 K.*7~%% This is due to the comparable coefficient of thermal expansion
(CTE)(23.78 x 10~°K for Mgs »Sb1 5Big.s versus 20 x 10~° K for a-MgAgSb), mechanical
(Young's modulus: 42-45 GPa for Mgs »Sb1 sBig 5 versus 55 GPa for a-MgAgSb) and
thermoelectric properties.”®?>?** Using the similar synthesis method,””*" p-type
Mgo.99CuU0.01AJ0.97Sb0. 99 pPOSsesses a broad-temperature plateau of zT above 1 in
which Cu doping enables the optimization of thermoelectric properties by tuning the
carrier concentration (Figure S19). The critical phase-transition temperature from
a-MgAgSb to B-MgAgSb is determined around 613 K by differential scanning calorim-
etry (DSC) analysis (Figure S20), below the module maximum measurement tempera-
ture. The sandwich-structure thermoelectric legs, including the thermoelectric
elements and contact layer, were fabricated by the one-step sintering method, in which
Fe and Ag powder were used as the contact layer for n-type and p-type material,
respectively. The EDS mapping demonstrated no observable diffusion across the inter-
facial layer (Figures S21 and S22). The power generation characteristics of the fabricated
module consisting of 8-couple p- and n-type legs were measured by the home-made
system while the corresponding theoretical performance was evaluated by the home-
made program (TEPS1D300). The details of module fabrication, testing, and stimula-
tion can be found in the supporting information. The terminal voltage V, the electrical
power output P, the heat dissipation from the cold side of the module Q.+, and the con-
version efficiency n were displayed as functions of electric current I (Figure S23). We
were able to obtain a striking module performance, attaining a record-high conversion
efficiency ~7.3%, together with a high output power density of ~0.51 W cm ™2 with the
hot-side temperature of 593 K. However, the measured maximum P (P, and
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maximum 1 (a0 are 60%—70% of the stimulated counterpart (Figure S24). The
measured open circuit voltage V,cand maximum heat flow Q,,,«are in good agreement
with the stimulation results, while the measured internal resistance R of thermoelectric
module are 1.3-1.4 times higher (Figure S24). On the other hand, the overestimation of
the calculation by ignoring the radiation heat exchange in the module must be less than
10%. The large R mainly arises from the relatively large interfacial resistance of both n-
type and p-type legs (Figure S25). Future work needs to be done about interfacial layer
design to solve this problem in order to achieve higher module performance.

Conclusions

In summary, we demonstrated the effectiveness of utilizing a minor Cu addition in
substantially enhancing thermoelectric performance of n-type Mgs »Sb 5Big 5. This
is mainly attributed to the importance of both interstitial Cu in the lattice and
grain-boundary complexions, which maximizes electrical transport properties and
suppresses thermal conductivity synergistically. The resultant room-temperature
and peak zTs were boosted to 0.6 and 1.9, respectively. When coupled with p-
type a-MgAgSb-based material, a high-performance thermoelectric module was
fabricated and exhibited for the first time a record-high conversion efficiency
~7.3% with the hot-side temperature of 593 K, which hold great promise for low-
temperature thermal energy harvesting.
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Materials and Methods

Materials Synthesis

High-purity raw materials from Sigma-Aldrich company were directly weighed
according to the nominal composition Mg32Sbi.sBio.49Teo.01Cux (x = 0, 0.005, 0.01,
0.025, and 0.05), as well as MgixCuxAgo97Sbog (x = 0 and 0.01), loaded into the
stainless-steel ball milling jaw in the glovebox, and finally subjected to high-energy
milling process. For Mg3 2Sbi.5Bio.49Teo.01Cux, the ball-milling time is 5 hours and the
obtained nanopowders were loaded into the graphite die and immediately sintered by
spark plasma sintering (SPS, SPS-1080 System, SPS SYNTEX INC) at 973 K with the
pressure of ~ 60 MPa for 5 min. In terms of synthesizing Mgi.xCuxAgo.97Sbo.99, we used
the two-step ball milling method"? and then did SPS at 573 K to get the high-density
disks.

Phase and microstructure characterizations

The phase structure were characterized by powder X-ray diffraction (XRD,
SmartLab3, Rigaku) with Cu Kq radiation and further analyzed by Rietveld refinement
method. The micro-Raman/PL was performed using a laser confocal microscope (inVia,
Renishaw) with the 532-nm excitation laser and an electron multiplying CCD detector
(Andor). Differential scanning calorimeter (DSC) measurement (Netzsch STA 449F1
Jupiter) in an N2 atmosphere at a heating rate of 15 K/min was used to determine the
phase transition temperature. The microstructure and composition analysis were
characterized using a field emission scanning electron microscope (FESEM, Hitachi S-
4800) equipped with an energy dispersive spectrometer (EDS, Horiba EMAXEvolution
X-Max). Electron backscattered diffraction (EBSD) measurements were performed on
a FE-SEM (JSM-7001F, JEOL Inc.) operated at 15 kV with the step size of 0.2 pm.
These samples for EBSD observation are prepared by mechanical polishing to 3 um
with diamond paste and then ion milling (3 kV for 1-1.5 hours). Small pieces of cross
sectional TEM (X-TEM) sample were prepared by focused ion beam (FIB) (Hitachi
FB-2000S) method for TEM observation using a beam of focused high-energy (30 kV)



gallium ions. Scanning Transmission electron microscopy (STEM) characterization as
well as EDS analysis were performed using a double-corrected JEM-ARM300F
operated at 300 keV. The atomic resolution STEM image were taken on a JEOL JEM-
ARM200F microscope with spherical aberration (Cs) corrector for the electron probe,
using an accelerating voltage of 200 kV. Thin TEM specimens were prepared by Ar ion

milling and focused ion beam (FIB) methods.

Material property characterizations

Bar samples were cut from the pressed disks and used for simultaneous
measurement of electrical resistivity (p) and Seebeck coefficient (S) on a commercial
system (ULVAC ZEM-2). The thermal conductivity &t was calculated using it =
DC,d, where D, Cp, and d are the thermal diffusivity, specific heat capacity, and density,
respectively. The thermal diffusivity coefficient (D) and the specific heat capacity (Cp)
were concurrently measured for the disk sample on a laser flash system (Netzsch LFA
467, Germany) with a pyroceram disk as a reference sample. The sample density (d)
was determined by the Archimedes method. The room-temperature Hall coefficient Ry
was measured using the PPMS (Physical Properties Measurement System, Quantum
Design) with the AC transport option. The data were obtained with a magnetic field
sweeping from -5 T to +5 T. The Hall carrier concentration (nx) was obtained by ny=
1/eRy and the Hall carrier mobility (un) was calculated by o = eunny, where e is the
electronic charge and o the electrical conductivity. The low-temperature heat capacity
was measured using PPMS (Physical Properties Measurement System, Quantum
Design). The room-temperature sound velocity measurement was performed by using
a sing-around ultrasonic velocity measuring instrument Model UVM-2, Ultrasonic

Engineering Co., Ltd.

Module fabrication and characterization

Thermoelectric legs of n-type Mg32SbisBio49oTeoo01Cuoor and p-type
Mgo.99Cu0.01Ag0.97Sbo.o9 legs with contact layer were fabricated by the one-step SPS
using the same condition with previously mentioned. Fe powder and Ag powder for n-

type and p-type contact layer were used as the starting material, respectively. These



obtained sandwich disks were grinding, polishing, and dicing. The cross section of legs
is 2.0 mm x 2.0 mm with a total length 3 mm. The lengths of the thermoelectric
elements and contact layer are 2 mm and 0.5 mm, respectively.

The module testing and stimulation procedures are similar to previous reports.>*
The eight-couple p- and n-type legs were alternately positioned onto the Cu substrate
with dimensions of 18 mm % 15 mm % 1 mm, where 0.21 mm thick Cu patterns were
printed onto the 0.08 mm thick heat conducting polymer film (TSS Co., Ltd.). The legs
were interconnected by the Cu electrodes of 5 mm x 2 mm X 1 mm. Liquid In-Ga
eutectic alloy was smeared between legs and Cu interconnecting electrodes to reduce
the electrical and thermal contact resistances. Two thick Cu leading wires and two thin
Cu wires were soldered to the Cu pattern to supply the electrical current and measure
the terminal voltage, respectively.

The electrical power output and conversion efficiency of fabricated modules were
measured using a hot-side temperature of 373 K, 423 K, 473 K, 523 K, 573 K, and 593
K in a vacuum (102-1073 Pa) on a home-built testing system. The cold-side temperature
was maintained at 278 K. The modules were mounted between AIN ceramic plates. The
heater, AIN ceramic plates, module, and Cu blocks were pressed by a pneumatic
cylinder under a uniaxial pressure of 1 MPa to reduce the electrical and thermal contact
resistances. Peltier cooling devices were placed at the bottom of Cu base to maintain
the cold-side temperature at 278 K. A graphite sheet (110 mm thick, Grafoil) and
thermal grease (KS-613, Shin-Etsu Silicone) were used at hot side and at cold side,
respectively, to reduce further the thermal contact resistances between the Cu blocks
and AIN ceramic plates and between the AIN ceramic plates and themodule. The hot-
and cold-side temperatures of the module, 7, and 7., were measured by using
thermocouples embedded in the AIN ceramic plates.

An oxygen-free Cu block with known thermal conductivity (xc,) having a size of
I5 mm x 15 mm % 60 mm was used as a heat flow meter. Six thin Pt resistance
thermometers (Pt100, 1.05 mm diameter) were embedded in the Cu block at a vertical
distance (LPt100) of 40 mm to each other in order to measure the temperature drop AT
along the heat flow direction. The 7 and 7. of the Cu block were measured by their
respective three Pt resistance thermometers. The heat dissipated from the cold side of

the module (Q.u) was calculated in accordance with one-dimensional Fourier's law:



Quut =Ky AT (A, / Lpyyge) Where Acy is cross-sectional area of Cu block.

A direct current electronic load (PLZ164WA, Kikusui Electronics) was connected
to the module for supplying the electrical current to measure the electrical power output.
The conversion efficiency was calculated using the following Equation:

P
P+Q

n

out

The uncertainty of heat flow is estimated to be within +3%,; therefore, the
uncertainty for efficiency measurement is estimated to be the same (within £3%).

The Ppax and #ma of our fabricated modules were investigated by the home-made
program (TEPS1D300). A geometrical model was built in the software interface to
represent module with an identical dimension. The model was composed of n-type
Mg32Sbi sBio.49Teo.01Cuo01 with Fe contact layer, p-type Mgo.09Cu0.01Ag0.97Sbo.99 with
Ag contact layer, and Cu interconnecting electrodes. It should be noted that electrical
and thermal contact resistances between these interfaces, resistances of Cu electrodes,
and radiation effects are not considered in the simulation model. The measured
electrical and thermal transport properties (S, p, and &ww) of n-type
Mg32SbisBioaoTeoo1Cuoor  and p-type MgoooCuoo1Agoo7Sbogy were used for
simulation, while those for the Ag and Fe contact layers were assumed to be constant.

The terminal voltage V, electrical power output P, heat dissipation from the cold
side of the module Q,u;, and conversion efficiency r were displayed as functions of
electric current / (Figure S23). The slope of the V-1 curve approximately represents the
internal resistance of the fabricated module (Figure S23a). The open-circuit voltage
(Voe), as the y intercept on the V-I curve, ideally corresponds to the Seebeck voltage (=
SAT) of 8-pairs n-type and p-type legs. The valve of P (P = VI) reaches a maximum
under the condition of the matched impedance (Figure S23b). The maximum power
output (Ppax) increases from 0.1 W for 7j at 373 K to 1.15 W for 7} at 593 K. Qow
increases with the current (Figure S23c), as a result of the Peltier heating and Joule
heating. The open-circuit heat flow (Qoc), the y-intercept on the Q..~-I curve, refers to
heat conduction through the legs along with possible heat leakage by radiation, resulting
in the underestimated conversion efficiency. The maximum conversion efficiency 7max
increases with increasing temperature (Figure S23d), e.g., from 2.1% for 7, at 373 K

to 7.3% for Ty, at 593 K.



Computational methods

The total energy calculations based on the density functional theory (DFT) were
performed using Vienna ab initio package (VASP)>*® with projector augmented wave
(PAW)® pseudopotentials. The generalized gradient approximation functional with
Perdew-Burke-Ernzerhof parametrization (GGA-PBE)!° was chosen for the exchange
and correlation potentials.

To search for likely interstitial sites in MgzSba, we adopted Voronoi tessellation
implemented in Pylada package.!! We created three types of 3 x 3 x 2 supercell with a
Cu-interstitial atom placed on the suggested interstitial sites. The modeled structures
were fully relaxed without considering symmetry until the residual forces became less
than 107 eV/A, and then the most energetically stable structure was chosen for the
following calculations. The cutoff energy was chosen as 350 eV, and 8 x 8 x 4 (primitive
cell) and 3 x 3 x 2 (supercell with interstitial atom) k-point grids were used for the
calculations of structure relaxation and electron localization function (ELF). The
deformation potential for electrons, which is defined based on the energy change of the
conduction band minimum (CBM) as ESBM = 9E®BM /(da/a,) (E®M and ao are the
band energy of CBM and the equilibrium lattice constant, respectively), was calculated
by varying the lattice constant (0.990a0, 0.995a0, ao, 1.005a0, and 1.010a¢). Here, we
used the energy level of the deep core state as the reference to determine the change of
band energy.

The harmonic interatomic force constants, phonon density of states, group velocity,
and three-phonon scattering phase space (SPS) were calculated using ALAMODE.!?
The SPS is given as

n//
q NZ{n/+nu-|—1}6(wq (1)’+(1)H) (1)

where W," and W, are the SPS corresponding to absorption and emission processes
of phonon mode ¢, respectively. Here, the variable ¢ is defined by q = (q,j) and
—q = (—q,j) where q and j are the wave vector and the branch index of phonon

modes. ng is the Bose-FEinstein distribution function.
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Figure S2. The XRD refinement results of Mgs 2Sb1.5Bio.49Teo.01Cux (x =0, 0.005,
0.01, 0.025, and 0.05) samples. No second phases, e.g., MgO or Mg>Cu, are observed
within the XRD detection limit.
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Figure S11. (a)-(e) Scanning electron microscopy (SEM) image of the fresh fracture
surface of Mgz 2Sbi 5Bio.49Teo.01Cux (x =0, 0.005, 0.01, 0.025, and 0.05), respectively.
(F) The polish surface and the corresponding energy dispersive X-ray spectroscopy
(EDS) mapping result of Mg32Sbi 5Bio.49Teo.01Cuo.01. Due to the low concentration of

both Te and Cu elements, they are beyond the facility analysis detection.
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Figure S13. The STEM-EDS spectrum around the triple junction area of
Mgz 2Sbi 5Bio.49Teo.01Cuo.01 sample, in which the obtained atomic percentage of Mg, Cu,
Sb, Bi, Te are 53.2, 30.65, 9.97, 5.38, and 0.79, respectively. It should be noted that the

measured signal of Sb and Bi arise from the contribution of the matrix since we chose

a large square area to receive a high-intensity signal.
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Figure S14. The HADDF-EDS mapping around a grain boundary in
Mg3 2Sbi.5Big.49Teo.01Cuo.01 sample

Figure S15. The HRTEM image showing the presence of nanoprecipates inside the

grain of Mg32Sbi 5Bio.49Teo.01Cuo.01 sample
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Figure S16. (a) and (b) Photos of graphite dies after sintering for Mgz 2Sb1 5sBio.49Teo.01;
(c) and (d) Photos of graphite dies after sintering for Mg3 2Sbi.5Bio.49Teo.01Cuo.05
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Figure S17. The S5-times cycling result of electrical transport properties of
Mg32SbisBig49Teo01Cuoor. (a), (b), and (c¢) Temperature dependent electrical
conductivity o, Seebeck coefficient S, and power factor PF, respectively.

2.0 T T T T T T 1.5
(a) 2 (b) 1.3 1.26
o3 3 12| 1.18
1.5F ; $ . t 1.06
R 0.9
e ' Noot 0 =
Niol gt gV ) S B B
* % * g o S o = 0
o » m x=0 S 0.6 n (=] " (=]
ofex ® x=0005 | < x I x n o
05F 4o m® ® x=001 x x 1
c . ® x=0025 0.3 x
- * x=005
0-0 1 L i A X A 0.0
300 400 500 600 700 800

Temperature (K)

Figure S18. (a) Temperature dependent Z7" of Mgz 2Sbi.5Big.49Teo.01Cux (x = 0, 0.005,
0.01, 0.025, and 0.05). (b) The corresponding average ZT from 300 K to 773 K
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Figure S19. Thermoelectric properties of MgixCuxAgo.97Sbo.go (x = 0 and 0.01).
(a), (b), (c) and (d) Temperature dependent electrical conductivity o, Seebeck

coefficient S, , total thermal conductivity x::, and ZT, respectively. (Submitted)
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Figure S20. DSC measurement result of Mgo.990Cuo.01Ag0.97Sbo.99
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Figure S21. The polished surface morphology and the corresponding EDS mapping
of n-type Mg3 2Sbi sBio.49Teo.01Cuo.01 leg
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Figure S22. The polished surface morphology and the corresponding EDS mapping
of p-type Mgo.99Cu0.01Ag0.97Sbo.o9 leg
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Figure S23. Power-generating properties of Mg3SbisBio.s/MgAgSb module. (a)-(d)
Measured terminal voltage (V), electrical power output (P), heat dissipation from the
cold side of the module (Qou), and conversion efficiency (7) as functions of electrical
current /, respectively. The hot-side temperature (7) was set as 373 K, 423 K, 473 K,
523 K, 573 K, 593 K, respectively, while the cold-side temperature 7. was maintained
at 278 K.
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Mg3Sbi sBio.s/MgAgSb module. (a)-(e) Conversion efficiency (77), maximum output

power (Pmax), open circuit voltage V., internal resistance R, and heat flow QOnax as a

function of hot-side temperature, respectively.
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Figure S25. Room-temperature material resistance of p-type MgAgSb/Ag and n-type

Mgs2Sbi sBios/Fe interface, indicating the obvious “jump” over the interface



SUPPLEMENTAL TABLES

Table S1. The longitudinal sound velocity w, transverse sound velocity 14, average
sound velocityva, Debye temperature b, and Griineisen parametery Of
Mg32Sbi 5Bio.49Teo.01 and Mg3 2Sbi sBio.49Teo.01Cuo.01

Composition " " Va b 4
(m/s) (m/s) (m/s) (K)
Mg3 2Sbi sBio.49Teo.01 3811 1836 2064 207 2.12

Mgz 2Sbi 5Bio.49Teo.01Cuo.01 3587 1719 1932 194 2.14

Table S2. Fitting parameters in the Debye-Einstein model for
Mg3.2Sbi 5Big49Teo.01Cux (x = 0 and 0.01)

Sample o ) Al Gk1 A2 Gk A3 Gk3
mJ mol”' K2 mJ mol! K+ K K K

x=0 3.59 0.55 0.36 21.66 549 4741 16.18 8234

x=0.01 3.74 0.65 0.26 21.40 455 46.50 14.08 79.10

Table S3. The measured atomic percentage of synthesized Mgz 2Sbi 5Big.49Teo.01Cux

by SEM + EDS
Nomimal composition Mg Sb Bi
Mg32Sbi.5Big.49Teo.01 57.77 32.29 9.94
Mgs32Sbi 5Bi0.49Teo.01Cuo.005 58.72 31.42 9.86
Mg3.2Sbi1.5Bio.49Teo.01Cuo.o1 59.24 30.73 10.03
Mg3 2Sbi.5Big.49Teo.01Cuo.025 59.16 31.18 9.66

Mg32Sbi 5Bio.49Teo.01Cuo.05 59.49 30.50 10.01
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