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HIGHLIGHTS

e A high-throughput screening strategy identified a barrier layer for CdSb.
® A Jmax Of 6.5 % for Cdg.99Ag0.01Sb/Ti/Ni single-leg was achieved at AT ~265 K.
e Cdo.99Ag0.01Sb/Ti/Ni single-leg has excellent thermal stability.

ARTICLE INFO ABSTRACT

Keywords: Semiconducting CdSb has been extensively demonstrated to be a highly promising p-type thermoelectric material

Cdsb for low-grade waste heat recovery application. However, achieving chemical stability between this compound

Thermoelectric and electrodes at elevated temperatures remains a significant challenge, as it is a crucial factor that determines

B_a rrier layer . the long-term durability of the generators. The implementation of diffusion barrier layers serves as a viable

Single-leg device . s . s . . . . .
solution, necessitating that these barriers exhibit exceptional chemical inertness. In this work, the high-
throughput screening of twelve metals validates the Ti as a proficient barrier material between the
Cdo.99A80.01Sb thermoelectric and Ni electrodes, attributed to its low diffusion coefficient and good interfacial
contact facilitated by the hot-press sintering. A conversion efficiency of ~6.5 % is achieved for the
Cdo.99A80.01Sb/Ti/Ni single-leg device at a temperature difference of ~265 K, a value that retains relatively
constant during the cyclic measurements with a hot-side temperature of 548 K, which strongly promotes the its
practical application as a low-cost p-type thermoelectric component in the devices.

1. Introduction

Thermoelectric technique, which facilitates the direct conversion of
heat into electricity, has been widely considered as a sustainable solu-
tion for addressing energy issues, particularly through the recovery of
low-grade waste heat [1-3]. The efficiency of thermoelectric generators
is considerably contingent upon the thermoelectric performance of the
constituent materials, as well as the quality of the interfacial contact
between the materials and the electrodes [4,5]. In recent decades, sig-
nificant breakthroughs with 2T exceeding 2.0 have been frequently
realized in a variety of thermoelectric materials, including PbTe [6],
GeTe [7], SnSe [8], AgSbTe, [9] and CuySe [10]. Such advancements
can be achieved by the band [11-13] and defect [14-16] engineering.
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These findings stimulate significant endeavors towards the development
of highly efficient thermoelectric devices.

Besides the exceptional thermoelectric performance, the interfacial
interaction between thermoelectric materials and electrodes assumes a
pivotal role in the realization of high-performance devices [17]. It is
imperative that these interfaces exhibit thermal stability, robust
bonding strength, and minimal electrical and thermal resistivity [18].
Given the relatively elevated temperatures experienced by the hot side
of the device, ensuring chemical stability becomes a primary concern.
Poor stability can lead to an undesirable increase in specific contact
resistivity and possibly compromise the integrity of the interfacial
bonding [19].

Note that typical weldable electrode materials, such as Cu [20,21],
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Ag [22] and Ni [23,24], have been shown to serve as effective dopants in
most thermoelectric materials. The direction contacts between these
electrodes and thermoelectric materials often result in significant
degradation of device efficiency due to their reactivity [19]. Therefore,
the introduction of a barrier layer, which exhibits inertness to both
thermoelectric materials and electrodes, has been proposed and proven
to be an available pathway for mitigating the degradation of the devices
[25,26]. In further detail, the Cr [27], Co®®, Ti [28], NiGe [29] and
MgCuSb [30] are identified as suitable barrier materials for
half-Heusler, PbTe, Bi;Tes, GeTe and MgAgSb, respectively, in order to
impede diffusion and reactions.

Due to its intrinsically low lattice thermal conductivity, semi-
conducting CdSb has emerged as a promising p-type thermoelectric
material, demonstrating impressive 2T of ~0.4 and ~1.2 at 300 K and
550 K, respectively [31]. These elucidate its significant potential for the
utilization of low-grade waste heat recovery applications. An efficiency
exceeding 8 % has been achieved in the CdSb/Mg3SbBi modules at a
temperature difference of 270 K [32]. Antimony (Sb) is employed as the
barrier layer, however, thermal cycling measurements reveal a notice-
able increase in the interfacial contact resistivity. Therefore, it is
essential to explore alternative barrier materials that exhibit inertness
toward the CdSb thermoelectric material.

In this work, a high-throughput screening strategy is applied to
identify an optimal barrier material from a selection of twelve metals.
Titanium (Ti) emerges as a highly effective barrier material between
CdSb thermoelectric material and Ni electrode due to its low diffusion
coefficient and excellent interfacial contact properties. The interfacial
contact resistivity is measured to be as low as ~55 pQ cm?. Conse-
quently, the CdSb/Ti/Ni single-leg device achieves a conversion effi-
ciency of ~6.5 % at a temperature difference of ~265 K. This efficiency
remains stable even after thermal cycling tests at a hot-end temperature
of 548 K.

2. Materials and methods

Polycrystalline Cdg.99Ag.01Sb samples were synthesized by melting
stoichiometric high-purity (>99.99 %) elements Cd, Ag and Sb in a
vacuum-protected quartz tube at 873 K for 5 h with a heating rate of
150 °C/min, followed by quenching in cold water and annealing at 673
K for two days, after which the samples were again quenched in cold
water. The resulting ingots were manually ground into fine powders for
phase composition analysis using X-ray diffraction (XRD) and for pellet
preparation through hot-pressing. The Cdjg9Agp.01Sb powders, both
with and without a mixture of twelve candidate barrier metals (Fe, Co,
Ni, Ag, Ti, V, Cr, Zr, Nb, Mo, Ta, W) (>99.9 %), were then sintered into
dense pellets (>98.5 % theoretical density) via hot pressing at 658 K for
90 min under a uniaxial pressure of ~65 MPa. The obtained pellets were
~12 mm in diameter and ~1.5 mm in thickness.

The mixed pellets underwent additional aging at 573 K for 36, 324
and 400 h under vacuum to examine the interfacial microstructures and
determine the diffusion coefficients for various metals. The micro-
structures and compositions were analyzed using a scanning electron
microscope (SEM) equipped with an energy dispersive spectrometer
(EDS). The diffusion coefficient for the metals were calculated based on
the concentration distribution of metals versus diffusion distance at
different aging times, following the Fick’s second law [33]. Details on
estimating the diffusion coefficient of the metals and measuring trans-
port properties such as Hall coefficient (Ry), resistivity (p), Seebeck
coefficient (S) and thermal diffusivity (D) for Cdg.99Ago.01Sb pellets can
be found in our previous work [31,32]. Thermal conductivity (x) was
determined via x = dC,D, where d and C,, represent density estimated by
mass/volume and specific heat determined by the Dulong-Petit limit,
assuming temperature independence. The thermal diffusivity was tested
by the Flash Method in accordance with ASTM 1461.

Ni/Ti/Cdg.99Ag0.01Sb/Ti/Ni cylinders with a dimension of ~12 mm
in diameter and ~5.5 mm in thickness were fabricated by a one-step hot
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pressing using powders of Cdg.99Ag0.01Sb, Ti and Ni (Ti layer: ~0.1 mm,
Ni layer: ~0.65 mm, with a particle size of 300 mesh). The fabrication
was conducted at a temperature of 658 K, under a pressure of ~65 MPa
for 90 min (schematically shown in Fig. S1a). The resulting bulks were
then cut into thermoelectric legs with sizes of 1.7 mm x 1.7 mm x 5.5
mm for the measurement of interfacial contact resistance (R.) and effi-
ciency (7). Moreover, the legs were annealed at 573 K for 72, 168 and
216 h under vacuum to examine the chemical diffusion/reaction and the
interfacial bonding. The R, was measured using a four-probe technique.
The 5 of the single-leg devices was measured by a home-made efficiency
system (schematically shown in Fig. S1b), where the legs were loaded
between the heater and the heat-flow meter using liquid metals. Two K-
type thermocouples, labeled as T; and Ts, were embedded at two sides of
the leg to measure both the temperature difference and output voltage.
The copper bar (cross-sectional area of 3 x 3 mm?) was used as a heat-
flow meter and two K-type thermocouples (T3 and T4) with a small
diameter of 0.06 mm were embedded to determine the temperature
difference. The copper heater and copper bar functioned as the elec-
trodes to measure the current.

3. Results and discussions

Room temperature powder XRD result for Cdp 99Ag0.01Sb, shown in
Fig. S2a, signifies the formation of a single phase, which is further
identified by the SEM image showing no additional precipitates and the
EDS mapping demonstrating a uniform elemental distribution
(Fig. S2b). The transport properties of Cdy.g99Ago.01Sb are illustrated in
Fig. S3 and Fig. 1a-b. The obtained samples exhibit a Hall carrier con-
centration of 9.5 x 10'® ¢cm ™3 (Fig. S3a), which is consistent with the
literature [31]. The reductions in resistivity and Seebeck coefficient
above 450 K are attributed to the bipolar effect (Figs. S3b—c). A power
factor exceeding 13 pW/cm-K? is attained at 300 K, which increases to
~18 pW/cm-K? with increasing temperature (Fig. S3d).

The determination of «j, involves subtracting the electronic contri-
bution (xg), as dictated by the Wiedemann-Franz law (kg = LT/p), from
the overall thermal conductivity (x). Here, the Lorentz factor (L) is
determined using the single parabolic band (SPB) model, taking into
account acoustic phonon scattering. With the «;, consistently below 1.0
across the entire temperature range (Fig. S3e), a peak 2T as high as 1.2
and an average 2T,y Of ~0.93 within 300~600 K are realized for
Cd.99Ag0.01Sb, as shown in Fig. 1a-b and Fig. S3f. Although such a
thermoelectric performance is still significantly lower than that of GeTe-
based and AgSbTey-based thermoelectric materials, it is comparable to
that of BisTes-based thermoelectric materials, indicating that this
compound holds great promise as a viable candidate for the application
of low-grade waste heat recovery.

It is known that establishing a dependable interfacial connection
between the thermoelectric material and the electrode is crucial for
ensuring the longevity of the devices. Twelve metal powders (Fe, Co, Ni,
Cu, Ti, V, Cr, Zr, Ni, Mo, Ta, and W) are sintered into a Cdg.99Ago.01Sb
matrix to identify thermally stable barrier materials. The interfaces of
these materials are characterized and illustrated in Fig. 2, as well as in
Figs. S4 and S5. The diffusions of Fe, Co, Ni and Cu in the matrix are
notably observed in Fig. S4, which enable the formation of interphases
as FeSby [41], CoSbs [42], NiSb [43] and AgsCdg [44], respectively. The
interphases that are formed could potentially cause expansion or
shrinkage of the volume, ultimately resulting in cracking of the legs
[24]. This suggests that the aforementioned four metals are not advis-
able as barrier materials for Cdy.g9Ago.01Sb, as the interfaces may
deteriorate or even fail under extended periods of high-temperature
operation and thermal cycling.

Cdo.99Ag0.01Sb is suitable for being designed to operate within the
temperature range of 300-550 K for power generation [32]. The
remaining metals are further aged at 573 K for 36, 324 and 400 h under
vacuum to elucidate the thermal stability. The stability is qualitatively
analyzed through SEM observations and quantitatively assessed based
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Fig. 2. EDS mapping images showing the interfaces between eight barrier
candidates and matrix after hot pressing and aging at 573 K for up to 400 h (Ti,
V, Cr, Zr, Nb, Mo, Ta, W) (a) and their diffusion coefficient in Cdg 99Ag0.01Sb
and melting point [45] (b).

on the diffusion coefficient (D). The SEM images and corresponding EDS
analyses for the interfaces between the barrier candidates and the matrix
are presented in Fig. 2a and Figs. S5-S6. The distinct interfaces between
the metals and the thermoelectric material indicate their chemical
inertness.

As shown in Fig. S7, the ratio of diffusion distance (x) to the square
root of aging time t (x/ \/ t with a unit of pm/h'/?), as determined by the
EDS compositional line scans, effectively characterizes the spatial con-
centration distribution of the diffusers across significantly varied aging
times. The D of various metals in Cdp.g9Ago 01Sb are quantitatively
estimated using Fick’s second law [33] from diffusion curves after aging,
as shown in Fig. 2b. The D of the metals are estimated to be smaller than
2.0 x 1073 pm?/h, whereas Ta and Cr exhibit significantly higher values
compared to Ti, Nb, Zr, V, W, Mo. The low diffusion coefficient between
these metals and Cdg 99Ago.01Sb suggest a long-term thermal stability for
CdSb-based devices.

Considering the sinterability for both thermoelectric material and
electrode, the Ti, which shows the lowest melting point among them

(Fig. 2b), is selected as the barrier material for assembling
Cd.99Ag0.01Sb single-leg devices. In addition to their chemical inert-
ness, the establishment of strong bonds that facilitate excellent electrical
and thermal conductivity is imperative for an optimal electrode mate-
rial, which promotes the Ti, showing the lowest melting point among the
materials (Fig. 2b), as the barrier material in CdSb. Consequently, the
Cd.99Ag0.01Sb/Ti/Ni joint is fabricated by a one-step hot pressing pro-
cess, and the specific interfaces of Ni/Ti and Cdg 99Ago.01Sb/Ti are
characterized by the SEM observation, as shown in Fig. 3. The SEM
image and EDS mapping reliably demonstrate well-established bonding
at both interfaces, with negligible diffusion or reaction (Fig. 3a), this
finding is further substantiated by the EDS line scanning (Fig. 3b), which
reveals distinct boundaries. The further aging at 573 K for 72, 168 and
216 h suggests the thermal stability of the interfaces (Fig. S8). The
electrical contact resistance (R.) for the Cdg.99Ag0.01Sb/Ti/Ni joint with
a size of 1.7 mm x 1.7 mm x 5.5 mm is measured by a four-probe
technique (as schematically shown in the inset of Fig. 3c). The R, is
measured to be 1.83 mQ and 1.98 mQ at both ends of the leg, which
correspond to the electrical contact resistivity (pc) of 52.9 @ cm? and
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Fig. 3. SEM image with corresponding EDS mapping (a) and line scan (b) and
line scan resistance across the joint (c) of Ni/Ti/Cdg.99Ag0.01Sb.
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57.2 Q cm?, respectively, as shown in Fig. 3c.

The single-leg devices with a size of 1.7 mm x 1.7 mm x 5.5 mm are
cut for measuring the power output (P) and efficiency (1), as shown in
Fig. 4. Based on the resistivity of the thermoelectric material and the
interfacial contact resistivity, the predicted total contact resistance at
both sides is approximately 10 % of the internal resistance (Rj,) of the
device. This suggests a favorable P and 5 under applied temperature
gradients (AT). For the efficiency measurement, the cold side tempera-
ture is maintained at 300 K. Fig. 4a shows the output voltage (V) versus
current (I) for Cdg.99Ag0.01Sb single-leg devices with barrier layers under
varying AT. The linear nature of the V-I curves allows for the determi-
nation of the open circuit voltage (V,.) and the Rj, through linear fitting,
with the intercept and slope corresponding to these parameters,
respectively. The increase in V,. with rising AT is attributed to the
enhanced Seebeck coefficient at elevated temperatures.

The P and 5 under different temperature gradients (AT) for
Cd.99Ag0.01Sb single-leg devices with barrier layers and electrodes are
shown in Fig. 4b and c, respectively. The measurement schematic is
illustrated in the inset of Fig. 4c. A maximum Py, of ~20 mW is ob-
tained at a AT of ~265 K (Fig. 4b). As a result, a maximum efficiency
Nmax Of ~6.5 % is realized at AT = 265 K. The stability of the perfor-
mance is further validated through the consistent performance of
another single-leg device (Figs. S9a-S9c). To illustrate the potential of
the Cdo.99Ag0.01Sb device, the legs devoid of barrier layers and elec-
trodes is loaded between the heater and the heat-flow meter using liquid
alloy as the conductive paste, where the metal heater block and the Cu
heat-flow meter serve as the electrodes for measuring the output cur-
rent. This approach effectively mitigates the impact of interfacial
resistance on both P and 5. The corresponding results are shown in
Fig. 4d-f and Figs. S9d—f. The maximum Pp,x and #max of ~22.5 mW
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Fig. 4. Output voltage (a, d), output power (b, e) and efficiency (c, f) versus
current for Cdg.99Ag0.01Sb devices with (a, b, ¢) and without (d, e, ) barrier
layers and electrodes.
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(Fig. 4e) and ~7.5 % (Fig. 4f) are achieved at a AT of ~282 K, respec-
tively, enabling ~10 % enhancements in the overall power output and
efficiency due to the exclusion of interfacial contact.

The long-term measurements, illustrated in Fig. 5a, reveal no
observable degradations in #max, Pmax, Voc and Ry, for Ni/Ti/
Cdo.99Ag0.01Sb/Ti/Ni single-leg device, while the Rj, of the Ni/
Cdo.99Ag0.01Sb/Ni single-leg device without Ti barrier layer increased
significant (Fig. S10). Moreover, the V. for the device without Ti barrier
layer is found to be nearly constant, which implies the thermal stability
of the thermoelectric material at 548 K. Therefore, the increase in its R,
can be reasonably attributed to the increase in the interfacial contact
resistance (R.). These results provide further evidence of the thermal
stability of the Cdg 99Ag0.01Sb/Ti joint and the thermoelectric material.
Additionally, the obtained maximum #x for the Cdg 99Ago.01Sb device
in this work ranks among the highest reported p-type thermoelectric
single-leg devices at temperature below 550 K3%:40:46,47,48:49,50] g
observation underscores the potential of this material as a promising p-
type component for the thermoelectric generators aimed at harnessing
low-grade heat.

4. Summary

In summary, a high-throughput way is employed to reveal the
diffusion behavior at the interfaces between Cdg 99Ago.01Sb and twelve
metals considered as barrier materials. The low diffusion coefficients
unveil the chemical inertness of Ti, V, Cr, Zr, Ni, Mo, Ta, and W toward
Cd.99Ag0.01Sb, thereby identifying them as potential barrier materials.
Considering the sinterability in relation to the melting point, Ti is chosen
to fabricate Cdgg9Ago.01Sb single-leg devices for evaluating the effi-
ciency and its thermal stability. A maximal efficiency of 6.5 % is ach-
ieved in Ni/Ti/Cdg.99Ag0.01Sb/Ti/Ni single-leg devices at a temperature
difference of ~265 K, and its thermal stability is validated by the
absence of performance degradation during long-term measurements.
These results firmly demonstrate Ni/Ti/Cdg.99Ag0.01Sb/Ti/Ni single-leg
as a promising and cost-effective p-type component in thermoelectric
generators for recovering low-grade heat.
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Efficiency measurements

The output power can be calculated using the formula P=IV, where I represents the current and V" stands for the output
voltage. The maximum output power can be obtained by varying the load resistance and measuring the corresponding values of
I and V. According to the heat-flow meter, the heat flow is determined by the temperature difference, dimensions, and thermal
conductivity of copper using the following equation.

g="Sada 7. (1)
Cu
where O, Acu, Lcu, ATc=T53-T4 and kcu are the heat flow, the cross-section area of the heat-flow meter, the distance between the
thermocouples, the temperature difference and the thermal conductivity of copper, respectively. The average xcu of ~386 W/m-
K is used for determining the heat flow’.
The conversion efficiency (7) is given by the following equation:

P
n=—-: (@)
P+Q
The maximum conversion efficiency (#max) can be obtained by varying the load resistance and measuring the corresponding
output power and heat flow. To minimize the system error, each parameter (including temperature, voltage and current) was

measured 30 times for averaging.

Prediction of device properties according to the measured properties of the material:
The internal resistance (Rin) of the single-leg device at different temperature (7) is estimated by:
7
| pmar 3)
in Z AT
where / is the height and 4 is the cross-sectional area of the single leg, o(7) is the resistivity of the single leg.
The open-circuit voltage (Voc) of the single-leg device is estimated by:

V= jTT S(T)MT @)

where S(7) is the Seebeck coefficient of the single leg.

The theoretical conversion efficiency (77) of the single-leg device is estimated by:

_T,-T. N1+2T -1 (5)
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where 7 _ -[TC Z(rdr , ZT is the figure of merit of the leg.
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Fig. S1. Schematics of single-leg fabrication (a) and conversion efficiency measurement for Cdo.o9Ago.01Sb/Ti/Ni device.
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Fig. S2. Room temperature powder X-ray diffraction (XRD) pattern (a) and scanning electron microscope (SEM) image with
corresponding energy dispersive spectrometer (EDS) mappings for Cdo.99Ago.01Sb.

(a)? ggg (b) 55 T CdyosATpiSb-1-Test 1 (c) 320
> g Cdy g9Agy 01Sb-1-Test 2| L

“E 160 S 5.0¢ A Cdy goAgy giSb-2-Test 1 300

5 120 Sg [ Cdy gsAg, oSb-2-Test 2| 280} £ 4\
*F | \

& 260 \

Za40! & )

i N 5F N ® ? \
p 220}

2r p i \ N

I
o

(10" cm™®)
w -
p (mQ=cm)
w »

3.0
v o 200}
1| s-e-cooae®” 2.5f
T Bl
300 350 400 450 500 550 600 650 300 350 400 450 500 550 600 650 300 350 400 450 500 550 600 650
T T (K) T(K)
(@) () 16 i () 18
19} I b 1al
18+ 4 b A 2« e
& 121 24 1.2} /_.\u\
¥ 17 _ / vy
£ 3 10}
516 £ 100
§15 E o8}
314 i 88 06
o.sf 04
13} al
12t 0.4+ 0.2l
1"

L L L L L L L 0.2 1 1 1 1 1 1 1 0.0 L L L L L L L
300 350 400 450 500 550 600 650 300 350 400 450 500 550 600 650 300 350 400 450 500 550 600 650
T(K) T(K) T(K)

Fig. S3. Temperature dependent Hall carrier concentration (ny) and Hall mobility (z4) (a), resistivity (o, b), Seebeck coefficient (S, c),
power factor (PF, d), total (x) and lattice (xi) thermal conductivity (e) and figure of merit (z7, f) for Cdo.99Ago.01Sb.
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Fig. S4. SEM images and EDS analyses of the interfaces between Cdo.99Ago.01Sb and four kinds of metals (Fe, Co, Ni and Cu) without
aging.
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Fig. S5. SEM images and corresponding EDS mappings of the interfaces between Cdo 99Ago.01Sb and eight kinds of metals (Ti, V, Cr, Zr,
Nb, Mo, Ta and W) with aging at 573 K for 400 h.
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Fig. S6. EDS compositional line scans of the interfaces between Cdo.99Ago.01Sb and eight kinds of metals (Ti, V, Cr, Zr, Nb, Mo, Ta and
W) with aging at 573 K for 400 h.
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Fig. S7. Metal concentration versus normalized diffusion distance (x/ V #) for Ti, V, Cr, Zr, Nb,
comparisons to the predictions (solid curves) according to the second Fick’ s law of diffusion.
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Fig. S8. SEM images with corresponding EDS mapping and line scan of Ni/Ti/Cdo.99Ago.01Sb joint with aging at 573 K for 72, 168 and

216 hours.
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Fig. S9. Output voltage (a, d), output power (b, e) and efficiency (c, f) versus current for Cdo 99Ago.01Sb devices with (a, b, ¢) and without
(d, e, f) barrier layers and electrodes.
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Fig. S10. Stability measurement of Ni/Cdo.99Ago.01Sb/Ni sigle-leg device.
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