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Highlights

A highly reliable Mg2Cu contact

layer is developed for Mg3(Bi,Sb)2

Full-scale cooling modules based

on high-performance Mg3(Bi,Sb)2
have been realized

A maximum DT of 76 K with the

hot-side temperature of 350 K was

achieved

The striking benefit lies in its high-

performance cost ratio over

Bi2Te3 modules
Full-scale thermoelectric cooling modules (7, 31, and 71 pairs) based on n-type

Mg3.2Bi1.4975Sb0.5Te0.0025 and p-type (Sb0.75Bi0.25)2(Te0.97Se0.03)3 have been

successfully fabricated in our work. Enhanced stability of Mg3(Bi,Sb)2 material was

realized by introducing a hot deformation process, and meanwhile highly reliable

Mg2Cu contact layer to Mg3(Bi,Sb)2 material was developed. The superior

thermoelectric cooling performance and service durability were achieved in our

module, a striking benefit of 23% higher performance-cost ratio over commercial

Bi2Te3 enables it the promising candidate for next-generation thermoelectric

cooling.
Yang et al., Joule 6, 1–12

January 19, 2022 ª 2021 Elsevier Inc.

https://doi.org/10.1016/j.joule.2021.11.008

mailto:htzhu@iphy.ac.cn
mailto:hzhao@iphy.ac.cn
https://doi.org/10.1016/j.joule.2021.11.008


ll

Please cite this article in press as: Yang et al., Next-generation thermoelectric cooling modules based on high-performance Mg3(Bi,Sb)2 material,
Joule (2021), https://doi.org/10.1016/j.joule.2021.11.008
Article
Next-generation thermoelectric cooling modules
based on high-performance Mg3(Bi,Sb)2 material

Jiawei Yang,1,2 Guodong Li,1 Hangtian Zhu,1,* Nan Chen,1,2 Tianbo Lu,1 Junling Gao,1 Liwei Guo,1

Junsen Xiang,1 Peijie Sun,1 Yuan Yao,1 Ronggui Yang,3 and Huaizhou Zhao1,4,*
Context & scale

For half a century, the Bi2Te3-

based modules, at the cost of

large consumption of Te sources,

have been the only commercial

device for near room temperature

thermoelectric cooling. Herein,

we have fabricated the full-scale

cooling modules based on n-type

Mg3.2Bi1.4975Sb0.5Te0.0025 and p-

type (Sb0.75Bi0.25)2(Te0.97Se0.03)3.

A maximum cooling temperature

(DTmax of 76 K), maximum

efficiency of performance (COP of

8), and a long-serving time lasting

more than 6 months were realized

for the modules. Attractively, the
SUMMARY

As the core component of any real thermoelectric cooling system, the
Bi2Te3-based modules have been used for decades. Recently, n-type
Mg3(Bi,Sb)2 material was proposed as a promising substitute for
Bi2Te3. However, the fabrication of commercially viable modules with
such new materials is challenging. Herein, full-scale cooling modules
based on the optimized n-type Mg3.2Bi1.4975Sb0.5Te0.0025 and p-type
(Sb0.75Bi0.25)2(Te0.97Se0.03)3 were successfully fabricated. A maximum
DT of 76 K with the hot-side temperature of 350 K, a COP of 8 with a
temperature difference of 5 K, and a serving time >6 months were
achieved. These were attributed to the enhanced stability and well-
secured n-type transport of theMg3.2Bi1.4975Sb0.5Te0.0025, a highly reli-
able Mg2Cu barrier layer, and other key techniques involved in the
module assembling. The most striking benefit of our modules lies in
its 23% higher performance-cost ratio over commercial Bi2Te3 system,
whichpaves itsway for next-generation thermoelectric cooling applica-
tions.
cooling performance and

durability of the modules are

comparable with those of the

commercial Bi2Te3-based

modules with a �23%

enhancement on the

performance-cost ratio. The keys

are attributed to the highly reliable

barrier layer of Mg2Cu, the

enhanced stability and durability

of the n-type transport behavior in

Mg3.2Bi1.4975Sb0.5Te0.0025, as well

as other key techniques involved in

the module assembling

procedure.
INTRODUCTION

Thermoelectric modules, capable of energy conversion between heat and electricity,

have long been used for effective all-solid cooling and waste heat recovery. The effi-

ciency of these modules is usually estimated by a dimensionless zT value of thermoelec-

tric materials, zT = S2sT/(kl + ke), where S is the Seebeck coefficient, s is the electrical

conductivity, T is the temperature, and kl and ke are the lattice and electron thermal con-

ductivities, respectively. Therefore, to enable the broad use of these modules in com-

mercial and other critical fields, enormous efforts have been devoted to improving

the zT value of materials, mainly by enhancing power factor (S2s) through the engineer-

ing of electronic structures1–5 and charge carrier scattering6–8 and reducing lattice ther-

mal conductivity (kl) by designing soft materials with complex crystal structures9–13 or

enhanced phonon scattering.10,14–19 However, the actual performance of thermoelectric

modules cannot be predicted simply from the zT values of materials because it is gov-

ernedby a variety of properties, including average thermoelectric properties,20mechan-

ical properties,21 thermal and chemical stabilities,22,23 interfacial contact, and thermal re-

sistances related to the barrier layers.24,25

The most important commercial application of thermoelectricity is near room tempera-

ture cooling,26 and Bi2Te3-based modules are currently the only industrial choice for

such purpose with maximum cooling temperature difference of 60–70 K. Although

many new materials with superior thermoelectric properties at near room temperature

have been identified in recent years27,28 and various new mechanisms for zT enhance-

ment have been recognized,29 their impact on the near room temperature cooling
Joule 6, 1–12, January 19, 2022 ª 2021 Elsevier Inc. 1
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application remains unclear. Themain reason for this gap is the lack of performance veri-

fication through full-scale modules that are based on these new materials. A full-scale

thermoelectric module consists of n- and p-type material legs that are connected elec-

trically in series and thermally in parallel. Such a module can provide sufficient cooling

density and output power for practical applications. Therefore, thermoelectric proper-

ties and the service durability of new materials need to be further confirmed via fabrica-

tion and performance evaluation of full-scale module.22,30,31

As a newmaterial system, n-typeMg3(Bi,Sb)2 has become one of the focuses of thermo-

electric research and undergone rapid improvement in terms of its zT values, especially

at room temperature.32–36 Fundamentally, thermoelectric performance of this material

can be optimized by tuning the band structure and carrier concentration for the purpose

of applications at different temperatures.37–39Manipulation of the scatteringmechanism

has been identified as an effective approach to increase the carrier mobility in

Mg3(Bi,Sb)2 systems.6,8,37 In the particular instance, the electrical transport properties

at near room temperature can be significantly improved through the reduction of grain

boundary scattering of electrons in Mg3(Bi,Sb)2.
8,40–42 The power factor of single crystal

sample with composition of Mg3Bi1.25Sb0.75 reaches 41 mW cm�1 K�2 at room temper-

ature,40 and the room temperature zT of up to 0.8 has been both achieved in annealed

bulk Mg3.01Sb1.49Bi0.5Te0.01 and above single crystal samples,40,42 which are very close

to those of the industrially available n-typeBi2Te3 (zT=0.85, S2s=40mWcm�1 K�2) (Fig-

ure S1), indicating the potential of this material system in refrigeration applications.

Regardless of the rapidly improving performance of n-type Mg3(Bi,Sb)2 and its

promising prospect, its stability as a Zintl phase material and performance in full-

scale modules remain unsettled.22,24 Though the cooling performance of

Mg3(Bi,Sb)2/Bi2Te3 unicouple prototype has been demonstrated by Mao et al.,33

an applicable full-scale module with the cooling performance that is consistent

with the thermoelectric properties of materials is yet to be achieved.43 A prototype

unicouple device is too limited to provide the cooling capacity, durability, and other

key parameters that a commercially viable full-scale cooling module could offer.

However, there are two main challenges in the fabrication of the full-scale cooling

module based on Mg3(Bi,Sb)2 materials. First, instead of the high zT values, the ther-

mal stability and durability of the thermoelectric performance of Mg3(Bi,Sb)2 is of

paramount interest, as it could severely hinder its application in cooling modules.

Second, the interfacial materials: why the Ni/Fe electrode is not appropriate for

the fabrication of full-scale cooling modules of Mg3(Bi,Sb)2? How could we prevent

the deterioration of thermoelectric performance of the Mg3(Bi,Sb)2 material during

the hot pressing of the electrode at high temperatures? In this work, the detrimental

transition from n-type to p-type electrical transport behavior can be prominently

restrained in Mg3.2Bi1.4975Sb0.5Te0.0025 material owing to the suppression of Mg-

deficient grain boundary phases through the post hot deformation process. Based

on this material, full-scale cooling modules (with 7, 31, and 71 pairs), comprising a

hybrid n-type Mg3.2Bi1.4975Sb0.5Te0.0025 and a p-type (Sb0.75Bi0.25)2(Te0.97Se0.03)3
(MBST/SBTS), were fabricated using the highly reliable Mg2Cu as the barrier layer.

For the 7-pair cooling module, we achieved a maximum cooling temperature of

76 K with a hot-side temperature of 350 K and amaximum coefficient of performance

(COP) of 8 with a temperature difference of 5 K. The high cooling performance could

also be realized in the 31-pair module, and the measured result is well reproduced

by a third party (Figure S2). The resistance of the test module only increased by 5%

after working under the optimized current of 3 A for 3,000 min, and after that the

cooling performance remained stable for at least 6 months, thereby demonstrating

the module’s high reliability. Overall, the functionalities of the Mg3(Bi,Sb)2-based
2 Joule 6, 1–12, January 19, 2022
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Figure 1. Performance of full-scale MBST/SBTS cooling modules

(A and B) (A) The measuring equipment for DT and (B) the as-fabricated full-scale MBST/SBTS

cooling modules.

(C) Measured DT as a function of the input electric current for a 7-pair cooling module with a leg

height of 3 mm. The dotted-dashed lines represent the theoretical predictions based on an

analytical model. A comparison of the maximum DT between our module and the commercial

Bi2Te3-based module is shown in the inset figure.

(D) Normalized cost for the two types of materials and corresponding modules, and the

performance-cost ratio of cooling power for two kinds of modules.

ll

Please cite this article in press as: Yang et al., Next-generation thermoelectric cooling modules based on high-performance Mg3(Bi,Sb)2 material,
Joule (2021), https://doi.org/10.1016/j.joule.2021.11.008

Article
cooling module are comparable to that of the modules made of commercial Bi2Te3
(Figures S1 and S3). The most striking advantage, from the perspective of low mate-

rial cost and high cooling power of the MBST/SBTS module, lies in its 23% higher

performance-cost ratio over commercial Bi2Te3-based module.

RESULTS AND DISCUSSION

Themost efficient way to evaluate the cooling performance of a thermoelectric mod-

ule is to measure the maximum cooling temperature (DTmax) between its two sides

that could be produced under zero cooling loads. Figure 1 summarizes our measure-

ment setup and the performance of our full-scale MBST/SBTS cooling modules (Fig-

ure 1B). As the current passes through, a temperature difference (DT) between the

cold (Tc) and hot sides (Th) of the module is created because of the Peltier effect.

As the current increases with zero heat load, the Peltier effect (related to S) ap-

proaches a balance with Joule heat inside the materials (related to s) and heat con-

duction due to the temperature gradient (associated with k); then, DT can reach the

maximum value DTmax = 1/2 zd T2
c , where zd represents the z value of the device.29

Compared with the recently reported recorded high room temperature zT value of

�0.8 for Mg3(Bi,Sb)2 materials,40,42,44 the zT value in this work reached 0.7 (Fig-

ure S1). The MBST/SBTS modules prepared herein generated a series of DTmax close

to that of the commercial Bi2Te3-based module (Figure 1C). The measured DTmax of

7-pair module increased from 59 K (hot-side temperature = 300 K) to 76 K (hot-side

temperature = 350 K), thereby showing consistency with the theoretical simulations
Joule 6, 1–12, January 19, 2022 3
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under an analytical model (see supplemental information for more details). An iden-

tical DTmax of 57 K can also be produced by the 31-pair module (at hot-side temper-

ature of 300 K), which confirms the reliable design and fabrication technique devel-

oped in this work (Figure 1C). It is worth mentioning that the cooling performance of

31-pair module has been verified by a third party with the same DTmax value of 57 K

obtained (Figure S2). Notably, the maximum DT of our module is only slightly lower

(12%) than that of commercial Bi2Te3-based modules, as indicated by the inset of

Figure 1C. The contact resistance of the n- and p-type legs and the geometry and

thermal conductivity of Al2O3 plates were considered in the calculation to enable

the physical description of a real module. However, the small deviation between

the measurement and simulation results could be attributed to the reasonable

ignoring of the thermal resistance of the interfaces.

Most importantly, from the application point of view, except for the special cares paid to

the preparation and manufacturing of Mg3.2Bi1.4975Sb0.5Te0.0025 material and thermo-

electric legs, most other fabrication methods are traditional and common, and highly

compatiblewith themanufacturingof commercial Bi2Te3modules. Thiswould beagreat

benefit for the production ofMg3(Bi,Sb)2 basedmodules, as the industry would prefer to

adopt this new material without many changes to their techniques. Based on these

merits, we can rationally estimate the cost of our modules. Considering that the rawma-

terials are the relatively stable investment in the whole manufacturing process, while the

cost of manufacturing would depend on the continuing advances of the involved tech-

nologies, we use the prevailing investment in manufacturing from two industrial sources

to calculate the total cost of ourmodulewith 31 pairs. Because of the avoided use of rare

element Te (Table S1), the Mg3.2Bi1.4975Sb0.5Te0.0025 presents a significant reduction of

cost onbasis ofmaterials (88% lower), and in turn the 32% lower cost of the coolingmod-

ule over Bi2Te3-based commercial module (Figure 1D in the left). The performance-cost

ratio of the cooling module is evaluated by dividing the maximum heating flow at DT =

0 by the cost of the module. Considering the high cooling power inMBST/SBTS cooling

modules, a 23% higher performance-cost ratio (Figure 1D in the right) over commercial

Bi2Te3-based module is achieved. Thus, the slightly higher cooling performance of the

commercial Bi2Te3-based module (Figure 1C) over our modules would concede to the

significant performance-cost ratio increase of 23% in MBST/SBTS modules in the case

of real applications. In the future study, some low-cost high-performancep-type thermo-

electric materials, such as SnSe45 and skutterudite,46 can be used as the possible substi-

tute for p-type Bi2Te3 to realize non-Bi2Te3-based thermoelectric cooling modules thus

would completely avoid the use of Te and further reduce the cost of thermoelectric

cooling.

Despite of the n-type Mg3.2Bi1.4975Sb0.5Te0.0025 material we used in the MBST/SBTS

modules, other compositions of Mg3.2BixSb2�x might be also suitable for room cool-

ing application. The Bi-rich Mg3.2BixSb2�x alloy is believed to possess favorable near

room temperature thermoelectric performance owing to the smaller effective mass

and reduced lattice thermal conductivity.38 However, due to the narrow band gap

and the strong bipolar effect of Mg3.2Bi2, the optimal compositions for thermoelec-

tric cooling applications are roughly located in the range of 1.2 R x R 1.75 for Bi,

which is confirmed by the theoretical predictions based on SPB model and literature

reports in Figure 2A (see supplemental information for more details) and Fig-

ure S4.33,37,47 The corresponding room temperature DTmax of the modules based

on the n-type Mg3.2BixSb2�x materials in Figure S4 and p-type commercial

(Sb0.75Bi0.25)2(Te0.97Se0.03)3 can be estimated as shown in Figure 2B, where the

same contact resistivity as being measured in this work was used in these calcula-

tions. The peak values of DTmax (55–60 K) were observed to locate at the same
4 Joule 6, 1–12, January 19, 2022



Figure 2. Preparation and characterization of theMg3.2Bi1.4975Sb0.5Te0.0025material with optimal

thermoelectric performance and durability

(A) The carrier concentration and composition dependent zT values at 300 K for Mg3.2BixSb2�x

materials from theoretical predictions and literature reports.

(B) The predicted DTmax of the MBST/SBTS modules based on these materials in (Figure 2A), where

the commercial (Sb0.75Bi0.25)2(Te0.97Se0.03)3 was used as p-type counterpart leg in these modules.

(C) zT value of Mg3.2Bi1.4975Sb0.5Te0.0025 sample prepared using the hot deformation process.

Schematic of the hot deformation process is shown in the inset of Figure 2C.

(D) Aging time dependence of electrical transport properties for samples with and without the hot

deformation process.

(E) TEM images of the hot-deformed samples with a rich variety of defects. Scale bars for low and

high (inset) magnification TEM images represent 500 nm and 10 nm, respectively.

(F) Distribution of Seebeck coefficient across the 20-mm diameter disk samples.
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optimal range of 1.2R xR 1.75 for Mg3.2BixSb2�x. Therefore, we use the represen-

tative Mg3.2Bi1.4975Sb0.5Te0.0025 composition (carrier concentration 2 3 1019 cm�3;

Figure S5) in this work to evaluate and enhance its thermal stability and durability

for the fabrication of full-scale high-performance thermoelectric cooling modules.

Toobtainadeeperunderstandingof thematerialpropertiesofMg3.2Bi1.4975Sb0.5Te0.0025
and themechanisms related to its service abilities, we characterized its transport proper-

ties in a wide temperature range (�10 to 725 K). The results are shown in Figures 2C and
Joule 6, 1–12, January 19, 2022 5
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S1.The zTof theas-preparedMg3.2Bi1.4975Sb0.5Te0.0025 sampleat roomtemperaturewas

0.7 (slightly lower than that of the commercial n-type (Bi0.90Sb0.10)2(Te0.95Se0.05)3, i.e.,

0.85), and it reached the peak value of 1.0 at 420 K, which was >10% higher than that

of (Bi0.90Sb0.10)2(Te0.95Se0.05)3, i.e., 0.9. Meanwhile, Mg3(Bi,Sb)2-based thermoelectric

materials havebeen reportedbymanygroupsandexhibitedhigher zTs athigher temper-

ature for power generation applications.35,36 Our value of �0.7 at room temperature is

one of the highest and better for coolingmodules, as has been proved by the significant

DTmax value of 59 K achieved in MBST/SBTS modules (Figure 1C).

Despite the superior thermoelectric properties of n-type Mg3(Bi,Sb)2-based mate-

rials, the durability or service stability of such materials remains a critical concern

in cooling modules.22,24 For example, by continuously monitoring the thermoelec-

tric properties of hot-pressed samples for 6 months, we found that the resistivity

began to increase abruptly at 100 h after the synthesis of the sample and eventually

resulted in the change of transport behavior to p-type with the power factor close to

zero (Figure 2D). It is believed that a Mg-deficient grain boundary phase would grad-

ually accumulate, thus inducing increasingly strengthened electron scattering and

dramatically reducing the room temperature mobility of the carrier8,48,49 (Figure S5).

As the Mg-deficient grain boundary phase grows, strong bipolar effect stemming

from the increased hole concentration would completely deteriorate the n-type

feature and lead to a poor p-type dominated thermoelectric performance with a

positive Seebeck coefficient value of �70 mV K�1.

In this work, following the conventional ball-milling and hot pressing process, we

introduced a post hot deformation process. Previous study revealed that the loss

of Mg in the Mg3(Bi,Sb)2 materials is the main cause of performance degradation

in the sample. Excess Mg is widely used to suppress the formation of Mg vacancies

to secure the n-type transport behavior and also to improve the stability for

Mg3(Bi,Sb)2.
48 In this work, the initial purpose of post hot deformation was to

improve the uniformity of the samples. As shown in Figure S6, the large cluster of

Mg-rich phase (�3 mm) in the hot-pressed sample can be further pulverized to small

pieces during hot deformation, leading to uniform distribution of excess Mg in the

samples. In addition, the dislocation and other defects in the hot-deformed sample,

as shown in Figure 2E, can significantly promote the diffusion rate of Mg atoms by

orders of magnitude, as reported in other systems.50,51 More specifically, according

to Fick’s first law, Mg atomic flux in the materials is determined by J = � DVc,

where D is diffusion coefficient, Vc is concentration gradient of Mg element.

Assuming the net loss of Mg remains constant, then the diffusion flux J is constant.

Considering that the deformation process can significantly promote D, the Vc in the

sample will be reduced, thus maintaining a uniform chemical potential for the Mg-

rich samples. The uniform phase and elemental distributions in a hot-deformed sam-

ple can secure much durable n-type thermoelectric performance compared with the

hot-pressed sample. Surprisingly, as shown in Figure 2D, the power factor of the

sample had no visible degradation even after 6 months of monitoring in ambient

conditions. Furthermore, we checked and characterized the uniformity of the hot-

deformed sample. As shown in Figure 2F, we chose to map the distribution of the

Seebeck coefficients; this coefficient is the most sensitive parameter governing ther-

moelectric performance. The 20-mm pellet was marked into 120 regions, and the

Seebeck coefficient of each region was measured to be �210 mV K�1 and evenly

distributed over the whole area of the sample. According to the statistical calcula-

tion, the uniformity of the Seebeck coefficients was 94.6% (Figures 2F and S7). As

a result, the 20-mm pellets with stable, uniform distribution of high thermoelectric

properties would lay the basis for the mass production of Mg3.2Bi1.4975Sb0.5Te0.0025
6 Joule 6, 1–12, January 19, 2022



ll

Please cite this article in press as: Yang et al., Next-generation thermoelectric cooling modules based on high-performance Mg3(Bi,Sb)2 material,
Joule (2021), https://doi.org/10.1016/j.joule.2021.11.008

Article
and fabrication of high-performance cooling modules.52 The post hot deformation

process developed in this work, simple but effective, truly triggers the transforma-

tion of Mg3(Sb,Bi)2 from material study to real device applications.

In the fabrication of Mg3(Bi,Sb)2-based cooling modules, suitable diffusion barrier

materials should possess good chemical stability, similar coefficients of thermal

expansion (CTE) values, strong bonding strength, low contact resistance, and rela-

tively low processing temperature to prevent the property degradation of

Mg3(Bi,Sb)2. Recently, Fe andNimetal layers prepared by one-step powder sintering

have been verified to be the suitable electrical contact layers for Mg3(Bi,Sb)2 leg.
24,33

However, heat treatment of the pellet Mg3(Bi,Sb)2 sample at high temperatures

(close to themelting temperature ofNi of 1,728 K) by hot pressingNi electrodewould

lead to the severe deterioration of the thermoelectric performance of the material. In

addition, it is often difficult to obtain a uniform and thin contact layer by hot pressing

multiple layers of powders (including Mg3(Bi,Sb)2 material powder and Ni/Fe pow-

der) during the mass production process of real thermoelectric legs (usually with

the height of 1–2.5 mm in commercial products), as the layers tend to deform and

mix under pressure. This makes a great challenge in the fabrication of high-quality

Mg3(Bi,Sb)2-based legs and full-scale cooling modules by using Ni/Fe electrodes.

In contrast to Ni/Fe electrode, Mg2Cu was identified as a suitable barrier layer for

Mg3(Sb,Bi)2 materials (Figure S8). As can be seen from the ternary phase diagram

of Cu-Mg-Sb(Bi) (Figures 3A, 3B, and S9), Mg2Cu is thermodynamically stable in

the phase region of Mg-Mg2Cu-Mg3Bi1.5Sb0.5, new phases cannot form at the inter-

face of Mg2Cu/Mg3Bi1.5Sb0.5 even at near room temperature. Thus, the diffusion of

Cu intoMg3(Sb,Bi)2 can be effectively avoided,which secures the high thermoelectric

performance of Mg3(Sb,Bi)2. Indeed, as shown in Figure S10, the Mg2Cu is more reli-

able than Fe as the barrier layer forMg3(Sb,Bi)2. Meanwhile,Mg2Cu has a lowmelting

point (853K) and canbe facilely post hot-pressed to theMg3(Sb,Bi)2 pellet samples at

as low as 803 K without sacrificing the thermoelectric properties of the sample.

Herein, a multilayer structure of Cu/Mg2Cu/Mg3.2Bi1.4975Sb0.5Te0.0025 was designed

to provide a stable contact for the cooling module. To prepare the contact layer with

uniform thickness for mass production, we used Cu foil, Mg2Cu powder, and

Mg3.2Bi1.4975Sb0.5Te0.0025 pellet as starting materials for the sintering process (Fig-

ure S11). As only Mg2Cu was in powder form, a uniform contact layer with a clear

boundary between Mg3.2Bi1.4975Sb0.5Te0.0025 and Mg2Cu were formed (as shown

in the inset of Figures 3C and S12). The diffusion region of Cu at the boundary after

hot pressing was quantified using energy dispersive X-ray spectrometry (EDS) (Fig-

ures 3C and S13). Based on the elemental mapping, the thickness of the diffusion

layer was calculated to be�0.428 mmby fitting the curve of Cu distribution (See sup-

plemental information for additional discussion), which is consistent with the scan-

ning electron microscopy (SEM) images. The thin diffusion layer formed during the

sintering process indicated good chemical and thermal stability between the Zintl

phase Mg3.2Bi1.4975Sb0.5Te0.0025 and the barrier material Mg2Cu. The electrical con-

tact resistivity (rc) of the Mg3.2Bi1.4975Sb0.5Te0.0025 leg was estimated to be as low as

12 mU cm2 using four-probe method24 (Figure 3D). The contact resistance of both

sides of the n-type leg contributed to only 3.8% of the total resistance of the 3-

mm n-type leg, which remained stable for 6 months and even longer.

As thermal stress is unavoidable because of the temperature gradient generated during

theoperationof thermoelectricmodules,oneof theprimary steps formoduledesign is to

use thermoelectric and interfacial materials with as close CTEs as possible. Compared

with that of Fe and Ni contact layers, the CTE of Mg2Cu is much closer to that of
Joule 6, 1–12, January 19, 2022 7



Figure 3. Property characterization of Mg2Cu-based barrier layer material

(A and B) (A) Mg–Cu–Bi ternary phase diagrams and (B) Mg–Mg2Cu–Mg3Bi1.5Sb0.5 three-phase

region at room temperature.

(C) Distribution of Cu near the boundary of Mg2Cu and Mg3.2Bi1.4975Sb0.5Te0.0025. SEM image of the

selected boundary area is shown in the inset.

(D) Contact resistance measurement of the interfacial layers.

(E) CTEs as functions of temperature for all the relevant materials in both types of modules studied

in this work.

(F) Simulated thermal stress distribution near the contact layers of the module under operating

conditions.

ll

Please cite this article in press as: Yang et al., Next-generation thermoelectric cooling modules based on high-performance Mg3(Bi,Sb)2 material,
Joule (2021), https://doi.org/10.1016/j.joule.2021.11.008

Article
Mg3.2Bi1.4975Sb0.5Te0.0025. Thus, a lower thermal stress could be predicted (Figure 3E).

The finite element analysis of the thermal stress distribution across the module under

the conditions of fixed temperature difference and optimized current is presented in Fig-

ure 3F. In thermoelectric cooling modules, Cu is the most commonly used electrode. In

our case, the CTE of Cuwasmuch closer to that ofMg3.2Bi1.4975Sb0.5Te0.0025 than that of

Bi2Te3.Meanwhile, theCTEofMg2Cuwas inbetweenMg3.2Bi1.4975Sb0.5Te0.0025 andCu;

thus, the material acted as an ideal buffer layer to reduce the thermal stress. Our simula-

tion clearly showed that the maximum thermal stress in the contact layer of Cu/Mg2Cu/

Mg3.2Bi1.4975Sb0.5Te0.0025 (70MPa)wasmuch lower than that in its p-typecounterpartNi/

(Sb0.75Bi0.25)2(Te0.97Se0.03)3 (130MPa) and that inNi/Mg3.2Bi1.4975Sb0.5Te0.0025 (170MPa)

because of the newly designed structure (Figures 3F and S14). To conclude, the high sta-

bility, low contact resistance, and compensatedCTE ofMg2Cuplay fundamental roles in
8 Joule 6, 1–12, January 19, 2022



Figure 4. Cooling performance of MBST/SBTS modules

(A) Cooling power of the 7-pair module with leg length of 2 mm as a function of current.

(B) DT of the module (2-mm leg length) as a function of current with a fixed heat flow.

(C) COP for the 7-pair module with 2-mm legs working at various DT of 5, 10, and 15 K. The dotted-

dashed lines represent the theoretical predictions. The inset of Figure 1D shows the COP of the

commercial Bi2Te3-based module for comparison.

(D) Resistance of the 7-pair module with 2-mm legs was monitored for 3,000 min under the

continuous current of 3 A, and after that the resistance of the module was periodically measured for

about 6 months indicating the module’s high durability. All the empty circles in the images

represent the experimental data while the dotted-dashed lines represent the theoretical

simulation.
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the high-performance durable MBST/SBTS cooling modules. This proved the superior

advantageof theMg2Cubarrier layer over that ofNi/Fe in the fabricationof commercially

viable full-scaleMg3(Bi,Sb)2-basedcoolingmodules. Indeed, this principlepaves theway

to fabricate other near room temperature high-performance thermoelectric modules,

such as for the SnSe-based materials.45

We aimed to obtain more details of cooling performance of the MBST/SBTS mod-

ules to facilitate their possibility of commercial application. The cooling capacity

(Qc), which is the heat absorbed by the cold side of the module, was measured for

7 pairs of modules with 2mm thick legs. As observed in Figure 4A, the cooling

heat flow increased with the current and gradually reached the maximum cooling ca-

pacity (Qcmax). With small DT between the two sides of the module, a large cooling

capacity was produced by the thermoelectric module because of the less cooling

heat dissipated by thermal conduct in the materials. As DT increases from 5 to 15

K, Qcmax corresponding to various DT decreases from 1.4 to 1.1 W with the optimal

current being �3.2 A (Figure 4A). Meanwhile, identical Qcmax (1.5 W) was obtained

for the 7-pair and 2-mm-leg Bi2Te3-based module under similar measurement con-

ditions (DT = 5 K, current = 3.5 A) shown in Figure S3. DT, which the cooling module

could provide with different heat loads, was calculated (Figure 4B) and used to pre-

dict the cooling performance of the MBST/SBTS modules under specific working
Joule 6, 1–12, January 19, 2022 9
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conditions. DTmax decreased with the increase of the cooling heat flow at a rate of

�35 K W�1, which is in good agreement with the theoretical predictions.

The energy efficiency of a refrigeration system can be characterized by the COP (COP =

Qc/W), which is another key parameter of cooling modules and is defined as the ratio

between Qc and the energy consumed (W). Cooling efficiency could be maximized

with better thermoelectric materials, low temperature differences, and optimized cur-

rent. As shown in Figure 4C, the maximum COP increased from �2 (DT = 15 K) to

�7.8 (DT = 5 K), which is quite close to the maximum COP of 8.2 (DT = 5 K) for the mod-

ule prepared using commercial Bi2Te3 legs (inset of Figure 4C). In addition, the MBST/

SBTS coolingmodule in this work exhibited robust durability, as shown in Figure 4D. The

resistance of the 7-pair module was nearly constant after 3,000min of operation under a

continuous current of 3 A, and the increase of the total resistance was within 5%. After

that, the module was monitored for about 6 months with the resistance periodically

measured as shown in Figure 4D. The stability of performance after 6 months is compa-

rable to that of the commercial Bi2Te3-based modules.53

In conclusion, full-scale MBST/SBTS thermoelectric cooling modules (7, 31, and 71

pairs) with a 23% higher performance-cost ratio to that of the commercial Bi2Te3
modules were demonstrated in this work. Owing to the high thermoelectric perfor-

mance and enhanced stability of the n-type Mg3.2Bi1.4975Sb0.5Te0.0025 material, low

contact resistance, and low thermal stress of the Mg2Cu-based interfacial layer, su-

perior thermoelectric cooling performance, and service durability were realized in

our modules. Given that the manufacturing process of the MBST/SBTS modules is

compatible with other high-performance Mg3(Bi,Sb)2 samples prepared by different

methods, we can rationally envision that the cooling performance of new module

based on improved near room temperature zTs of the Mg3(Bi,Sb)2 materials would

be further enhanced. This work has solved the practical issues of MBST/SBTS-based

modules and paves the road for its application in the next-generation thermoelectric

cooling techniques.
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