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a b s t r a c t 

The bismuth-telluride-based alloy is the only thermoelectric material commercialized for the applications 

of refrigeration and energy harvesting, but its low cost-effectiveness severely restricts its large-scale ap- 

plication. The introduction of a porous structure in bulk thermoelectric materials has been theoretically 

proven to effectively reduce thermal conductivity and cost. However, the electrical properties of highly 

porous materials are considerably suppressed due to the strong carrier scattering at the interface be- 

tween the matrix and pores, ultimately leading to decreased figure of merit, ZT . Here, we use an atomic 

layer deposition strategy to introduce some hollow glass bubbles with nano-oxide layers into commercial 

Bi0.5 Sb1.5 Te3 for preparing high-performance porous thermoelectric materials. Experimental results indi- 

cate that the nano-oxide layers weaken carrier scattering at the interface between pores and matrix while 

maintaining high-strength phonon scattering, thereby optimizing carrier/phonon transport behaviors, and 

effectively increasing the ZT by 23.2% (from 0.99 to 1.22 at 350 K). Besides, our strategy has excellent 

universality confirmed by its effectiveness in improving the ZT of Bi2 Te2.7 Se0.3 , therefore demonstrating 

great potential for developing low-cost and high-performance thermoelectric materials. 

© 2025 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

More than 50% of energy consumption wastes in the form of 

eat [ 1 ]. Thermoelectric (TE) materials, which can directly con- 

ert heat and electricity, have attracted widespread attention [ 2 ]. 

he performance of TE materials is characterized by the dimen- 

ionless figure of merit, ZT = S2 σT / κ = S2 σT /( κ l + κe ), and S, σ ,

, κ , κ l , and κe are the Seebeck coefficient, electrical conductiv- 

ty, absolute temperature, total thermal conductivity, lattice ther- 
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al conductivity, and electronic thermal conductivity, respectively 

 3 ]. Although TE technology has been commercialized for solid- 

tate cooling [ 4 ], its widespread industrial application is still under 

esearch due to its high material cost as well as low energy con- 

ersion efficiency [ 5 ]. In the past two decades, significant progress 

as been achieved in improving the performance of TE materials 

 1 ]. So far, several optimization strategies, such as energy filtering 

 6 ], anisotropy enhancing (texturing) [ 7 ], defect engineering [ 8 ],

nd band engineering [ 9 ], have been employed to achieve high- 

erformance TE materials. However, high material cost is another 

ottleneck that limits the wide application of TE technology [ 1 ]. 

or example, the cost of commercial p-type Bi0.5 Sb1.5 Te3 (BST) TE 

aterials is ∼8.63 × 105 $ m–3 [ 10–12 ]. Therefore, it is still a big 

hallenge to develop low-cost and high-performance TE materials, 

hich is crucial for achieving widespread industrial applications of 

E technology. 
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Fig. 1. Introduction of novel porosity design that leads to high thermoelectric (TE) performance in bismuth-telluride-based thermoelectrics. Illustrations of (a) a porous TE 

material between a temperature gradient, and glass bubbles embedded in the matrix of a TE material (b) without and (c) with bonding layers. (d) Graphical diagram of 

using atomic layer deposition (ALD) technique to fabricate glass bubbles with coated oxide-based bonding layers including SnO2 , Al2 O3 , and Fe2 O3 . The precursors include 

trimethyl aluminum, SnCl4 , iron(III) tert–butoxide (Fe2 (OtBu)6 ), and H2 O. (e) Comparison of material quality factors μ( m∗/ m0 )
3/2 / κ latt as a function of relative density between 

this work and reported Bix Sb2–x Te3 -based TE materials [ 8 , 32 ]. (f) Comparison of temperature-dependent ZT s of commercial p-type Bi0.5 Sb1.5 Te3 (BST) and n-type Bi2 Te2.7 Se0.3 

(BTS) before and after porosity designs developed by this work. 
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To overcome the issues of poor TE performance and high mate- 

ial cost, various strategies have been employed, including intro- 

ucing phonon scattering centers at various scales to reduce κ l 

 13 ]. Among them, designing porous structures is considered an ef- 

ective method to suppress the κ l and simultaneously reduce ma- 

erial costs ( Fig. 1 (a)). However, for highly porous materials, the 

l and σ may be simultaneously decreased due to phonon/carrier 

cattering at the interface between the matrix and pores, ulti- 

ately leading to a decrease in ZT [ 14 ]. This conclusion has been

onfirmed by a large number of experimental results for various 

orous TE materials such as Bi2 Te3 [ 15 ], SnSe [ 16 ], PbTe [ 17 ], Cu2 Se

 18 ], and Cu-Ni alloys [ 19 ]. For most porous TE composites, carrier
195
cattering at the interface between the matrix and pores may be 

erious due to the poor bonding, leading to significant deteriora- 

ion in σ . Therefore, the decrease in κ cannot fully compensate 

or the severe decrease in σ , resulting in significant performance 

egradation of the TE materials. Literature results have shown that 

he material quality factors (MQFs) of dense bulk samples, defined 

s μ( m∗/ m0 )
3/2 / κ l , are relatively higher than those of porous mate- 

ials. For example, for the Bi2 Te2.5 Se0.5 with a high porosity (32%), 

lthough an extremely low κ l of about 0.14 W m–1 K–1 is obtained, 

he MQF is only 17.3 K m3 V–1 S–1 W–1 due to the low carrier 

obility μ [ 20 ]. Similar phenomena have been widely observed 

n various porous TE materials, such as Bi2 Te2.7 Se0.3 /CNTs [ 21 ], 
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NT/Bi2 Te3 [ 20 ], and Cu2 Se/CNTs [ 22 ]. Therefore, carefully design- 

ng and tuning the interface between the matrix and pores is cru- 

ial for manufacturing low-cost and high-performance porous TE 

aterials. Recently, our developed atomic layer deposition (ALD) 

trategy is regarded as an ideal method for designing the interface 

t an atomic scale, which has been successfully applied in various 

E materials [ 23–25 ]. Introducing a bonding layer at the interface 

etween the matrix and pores by the ALD technology is a promis- 

ng approach for obtaining high-performance porous TE compos- 

tes. The bonding layers can improve the bonding between the ma- 

rix and pores at the interface, which is likely to significantly im- 

rove carrier transport behavior while keeping strong phonon scat- 

ering at the interface ( Fig. 1 (b, c)), ultimately achieving a larger 

nhancement of ZT . Therefore, designing porous TE materials with 

igh porosity, high σ , and low κ l by introducing ALD bonding lay- 

rs is a promising way and worth exploring. 

Based on this concept, we introduced micro-sized glass bub- 

les with nanoscale oxide layers into commercial TE materials to 

onstruct high-performance and low-cost TE composites. Using the 

LD technique, metal oxide bonding layers were introduced at the 

nterface between the BST matrix and glass bubbles ( Fig. 1 (d)). 

his optimization of carrier transport behavior resulted in larger 

QFs and lower relative densities for the prepared porous materi- 

ls ( Fig. 1 (e)). Porous TE materials with a relative density of ∼86.9%

chieved a high ZT of 1.22 at 350 K, showing a ∼23.2% increase 

ompared to solid BST (which had a ZT of 0.99 at 350 K). The 

E conversion efficiency ( η) was predicted using COMSOL Multi- 

hysics based on the single-leg bulk of the prepared samples. Fig. 

1 in Supporting Information shows the simulated η under dif- 

erent �T s for the pristine BST, porous BST-2%, and porous BST- 

% samples. The maximum conversion efficiency ( ηmax ) for porous 

ST-2% is 8.91%, which is approximately 10.5% higher than that of 

he pristine BST sample (8.06%). Additionally, for the porous BST- 
ig. 2. Characterizations of porous Bi0.5 Sb1.5 Te3 (BST) embedded with coated glass bubbles

omposites. The inset shows a photo of coated glass bubbles (left) and commercial BST

SEM) image of the BST powders. The inset shows a corresponding magnified SEM image. 

amples for evaluating their thermoelectric performance. (d) Typical Micro-XCT image for

196
% sample, which has a low relative density of about 66.5%, a high 

max of approximately 6.7% is achieved, which is impressive com- 

ared to typical reported data (Fig. S1(d)) [ 26–31 ]. This strategy 

roved to be universally effective and can be used to design cost- 

ffective and high-performance Bi2 Te2.7 Se0.3 (BTS)-based TE com- 

osites ( Fig. 1 (f)). Considering the widespread use of glass bub- 

les and bismuth telluride in commercial applications, this strategy 

olds significant commercial value and great potential for various 

pplications. 

. Results and discussion 

We used commercial BST as matrix materials, glass bubbles 

oated with oxide bonding layers by the ALD strategy as filler ma- 

erials, and fabricated porous BST bulk materials by sintering com- 

ercial BST powders and coated glass bubbles together. To ex- 

lore the suitable amount of introduced glass bubbles, we fab- 

icated porous BST bulk materials with different nominal con- 

ents of coated glass bubbles (mass fraction, wt.%), namely 0% (no 

oated glass bubble added), 1%, 2%, 3%, 4%, 6%, and 8%, respectively. 

he coating materials were all SnO2 . The calculated and measured 

elative densities of as-prepared BST/glass bubble composites are 

hown in Fig. 2 (a). The inset shows a photo of coated glass bub- 

les (left) and commercial BST powders (right) as raw materi- 

ls for sintering, whose scanning electron microscopy (SEM) im- 

ge is also shown in Fig. 2 (b). Compared to the commercial BST 

6.68 g cm–3 ), the glass bubbles possess a much lower density 

 ∼0.6 g cm–3 ), which results in the density of the as-prepared 

amples sharply decreasing with increasing the content of glass 

ubbles. It is found that the experimental relative densities are 

bout 10%–20% higher than the calculated values, attributed to the 

reakage of glass bubbles during the hot-pressing process. Fig. 2 (c) 

hows a photo of as-sintered BST bulk materials with different 
. (a) The calculated and measured relative densities of as-prepared BST/glass bubble 

 powders (right) as raw materials for sintering. (b) Scanning electron microscopy 

(c) Photos of as-sintered BST bulk materials with different bubble contents and cut 

 the porous BST with 8% coated glass bubbles (black: pore, green: solid phase). 
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Fig. 3. Microstructural characterizations of porous BST with different contents of coated glass bubbles. SEM backscattered electron (BSE) images of polished surfaces of 

porous BST with (a) 1%, (b) 3%, and (c) 8% coated glass bubbles. For the sample with 3% bubbles: (d) BSE image and corresponding EDS maps for overlap, Si, and O elements. 

(e) Magnified SEM-BSE image. (f) High-resolution SEM-BSE image (up) and corresponding EDS line scan results (down). 
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ubble contents. With increasing the content of glass bubbles, the 

ength of the sintered bulks noticeably increases. The photo of 

amples cut from the as-sintered BST bulk material for evaluating 

heir performance is shown in Fig. 2 (c). All the measures are oper- 

ted along the direction perpendicular to the sintering pressure to 

nsure that the measured values are trustable. The typical micro- 

CT image for the porous BST with 8% coated glass bubbles was 

canned by Micro-XCT 400 ( Fig. 2 (d)). It is found that the glass

ubbles are uniformly embedded in the BST matrix without ag- 

lomeration, as shown in Movie S1. The volume proportion of the 

ores in the sample is 47.6%, which is in accordance with the low 

elative density of about ∼66.5%. 

In terms of the characterizations of as-fabricated porous BST, 

ig. 3 (a–c) shows backscattered electron (BSE) images of polished 

urfaces of porous BST with 1%, 3%, and 8% coated glass bubbles. 

s can be seen, for all samples, the glass bubbles are uniformly 

mbedded in the BST matrix without agglomeration. With increas- 

ng the nominal content of bubbles, the intensity of the bubbles 

ignificantly increases in the matrix of BST. For the sample with 

% bubbles, the BSE image ( Fig. 3 (d)) and energy dispersive X- 

ay spectroscopy (EDS) mapping indicate that the glass bubbles 

re homogeneously distributed inside the matrix (Fig. S2). More- 

ver, some broken glass bubbles could be observed, as shown in 

ig. 3 (e), which should be caused by the high pressure during 

he hot-pressing process although the compressive strength of the 

lass bubbles is as high as 193 MPa. Fig. 3 (f) also shows a high-

esolution SEM-BSE image (up) and corresponding EDS line scan 

esults (down) across a broken glass bubble, which reconfirms the 

xistence of these glass bubbles. Besides, the X-ray photoelectron 

pectroscopy (XPS) peaks of Sn 3d and Si 2p could be detected in 

he as-prepared sample with 3% bubbles, confirming the successful 

ntroduction of the glass bubbles with SnO2 layers (Fig. S3). 

To further clarify the micro/nanostructural characteristics of 

s-fabricated porous BST, transmission electron microscopy (TEM) 
197
haracterization is employed. Fig. 4 (a) presents a typical TEM im- 

ge captured from the sample containing 3% SnO2 -coated glass 

ubbles created using the focused ion beam (FIB) technique. This 

mage reveals the presence of a characteristic porous structure. 

ig. 4 (b) provides another TEM image taken from the interface re- 

ion shown in Fig. 4 (a), highlighting the glass shell positioned be- 

ween the pore and the BST matrix. The glass bubbles and BST ma- 

rix are closely fused, with the glass bubbles having a thickness 

f approximately 500 nm. No significant composition segregation 

s observed at the BST/glass bubble interface, indicating the sta- 

ility of the ALD-prepared layer during the hot-pressing process. 

ig. 4 (c–e) exhibits high-angle annular dark-field scanning TEM 

HAADF-STEM) images along with corresponding EDS maps of the 

i, Sb, Te, Si, and O elements. These images provide further evi- 

ence of the glass shell (displaying signals solely of Si and O) posi- 

ioned between the pore (showing no signals) and the BST matrix. 

oreover, some Sb-rich second phases are observed, which may 

elate to the extrusion of Te during hot press sintering. Consider- 

ng that the ALD-prepared SnO2 is a typical nanoscale thin layer 

n the surface of the glass bubble, EDS cannot directly observe 

hese SnO2 layers. Fig. 4 (f) shows an enlarged TEM (HRTEM) image 

epicting the interfaces between the BST matrix, oxide layer, and 

lass. The BST matrix exhibits good crystallinity. The thickness of 

he SnO2 layer measures between 10 and 20 nm and is composed 

f nanocrystalline SnO2 . The measured interplanar spacing of the 

012) planes of SnO2 is close to the theoretical value (3.7 Å). The 

lass structure is typically amorphous. Fig. 4 (g) is a corresponding 

ast Fourier transform (FFT) image. The major pattern is from the 

ST matrix, the minor pattern is from the nanocrystalline SnO2 , 

nd the ring-like pattern is from the amorphous glass. Fig. 4 (h) 

hows a magnified HRTEM image on the interface between the BST 

atrix and the SnO2 layer. The clear interface indicates that no 

omposition segregation at the interface. Fig. 4 (i) also shows a TEM 

mage of a broken glass bubble in the BST matrix, which double- 
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Fig. 4. Micro/nanostructural characterizations of porous BST with 3% coated glass bubbles. (a) Typical TEM image taken from the sample with 3% SnO2 -coated glass bubbles. 

(b) Enlarged TEM image of the red-square-circled area in (a). (c–e) HAADF-STEM image and corresponding EDS maps depicting the distribution of Bi, Sb, Te, Si, and O 

elements. (f) HRTEM image of the interfaces between BST matrix, SnO2 layer, and glass. (g) Corresponding fast Fourier transform (FFT) image. (h) Magnified HRTEM image 

of the interface between BST matrix and oxide layer. (i) TEM image of a broken glass bubble in the BST matrix. 
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onfirms the results observed in SEM. These results confirm that 

nO2 layers guarantee the close bonding between the BST matrix 

nd glass bubbles. 

To investigate the influence of introducing coated glass bubbles 

n the thermal and electrical transport properties of as-prepared 

amples, we evaluated the TE performance of porous BST with 

arying contents of SnO2 -coated bubbles (0%, 1%, 2%, 3%, 4%, 6%, 

nd 8%). Fig. 5 (a–c) shows their temperature-dependent σ , S , and 

2 σ . The σ of pristine BST is 789.4 S cm–1 at 300 K, which is com-

arable to the reported BST-based material [ 33 , 34 ]. Notably, the 

showed a decreasing trend with increasing bubble content, at- 

ributed to carrier scattering at the interface between the BST ma- 

rix and glass bubbles. Conversely, the S remained relatively stable, 

s it is less sensitive to the material’s structure [ 16 ]. Consequently, 

he S2 σ decreased with increasing bubble content. Fig. 5 (d) shows 

he measured hole carrier concentration np and μ as a function 

f bubble content. Both np and μ generally decrease with increas- 

ng glass bubble content, except for a peak in np when the bub- 

le content is 1%. This behavior can be attributed to the intro- 
198
uced porosity and the large number of interfaces. According to 

he EMT model, np and μ of porous bulk decrease by (1–3 ε/4), 

here ε is the porosity volume fraction. However, the introduced 

ano-oxide bonding layers may act as donor impurities, resulting 

n higher np . Correspondingly, μ decreases with increasing bub- 

le content, primarily due to the effects of porosity and the nano- 

xide bonding layers, which weaken carrier scattering at the in- 

erfaces between the BST matrix and glass bubbles. The effective 

ass m∗ and deformation potential Edef for the as-prepared sam- 

les were calculated by a single parabolic band (SPB) model, as 

hown in Fig. 5 (e). With increasing the nominal bubble content, 

he m∗ decreases, and the Edef increases, except for values at 1% 

ubble content. The decrease in m∗ indicates that the average en- 

rgy of electron carriers became weaker due to the intensive scat- 

ering, while the increase in Edef ascribes to the deviation from the 

toichiometry due to introducing the ALD metal oxide layer [ 35–

7 ]. Therefore, the nano-oxide bonding layers are crucial to op- 

imize the carrier transport properties of the as-prepared porous 

amples. Fig. 5 (f) shows temperature-dependent κ . With increas- 
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Fig. 5. Thermoelectric performance of porous BST with different contents of SnO2 -coated bubbles (0%, 1%, 2%, 3%, 4%, 6%, and 8%). Temperature-dependent (a) σ , (b) S , and 

(c) power factor S2 σ . (d) Hole carrier concentration np and mobility μ as a function of bubble content. (e) Effective mass m∗ and deformation potential Edef as a function of 

bubble content. Temperature-dependent (f) thermal conductivity κ , (g) lattice thermal conductivity κ l , and (h) ZT . (i) Calculated and experimental ZT as a function of np . 
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ng the nominal content of bubbles, the κ significantly reduces. 

ig. 5 (g) shows the κ l by κ l = κ – κe = κ – L σT [ 14 ], and the

emperature-dependent κe and L calculated by an SPB model are 

hown in Fig. S4 for reference. Similar to the κ , with increasing the 

ominal content of bubbles, the κ l is considerably suppressed. This 

s because of the strengthened phonon scattering at the interfaces 

etween the coated glass bubbles and the matrix of BST. Benefit- 

ng from the reduced κ , the peak ZT can reach 1.22 at 350 K in the

ample with 2% SnO2 -coated glass bubbles, as shown in Fig. 5 (h), 

hich is comparable with other reported works as shown in Ta- 

le S1 in the Supporting Information. Fig. 5 (i) plots the calculated 

nd experimental ZT at 350 K as a function of np , which is cal-

ulated based on the SPB model. As can be seen, the np is well- 

uned to appropriate values to achieve peak ZT s. To further im- 

rove ZT , continuing to optimize the material structure to further 

educe κ should be an effective approach. Besides, our experimen- 

al results exhibit high repeatability, evidenced by Fig. S5. More- 

ver, the Vickers hardness for as-prepared samples with different 

lass bubble contents was measured by using Vickers’ microhard- 

ess tester with a load of 0.1 kg and a loading time of 15 s (Fig.

6). For the sample with about 86.9% relative density, the Vickers 

ardness is about 82.1 HV, which is comparable with previously 

eported values. 
199
To further study the effects of nano-oxide bonding layers on 

eakening the carrier scattering at the interfaces between the BST 

atrix and glass bubbles, we employed the effective medium the- 

ry (EMT) to analyze the thermal and electrical transport prop- 

rties. In the case of porous materials, the conductivity ( σ p ) can 

e expressed as σ p = σ d fσ ( ε) according to the EMT model. Here, 

he function f represents the EMT function, which depends on the 

orosity ( ε), and σ p and σ d represent the conductivity of porous 

nd dense materials, respectively [ 14 ]. The EMT function f can be 

efined as fσ ( ε) = fκ ( ε) = (1–3 ε/2), with slight dependence on the

hapes of the pores [ 31 ]. Ideally, the porosity is not expected to 

ignificantly affect the ZT values due to similar pore effects on both 

hermal and electrical conductivity. Fig. 6 (a–c) illustrates the EMT- 

alculated and experimental values of σ , κ l , and ZT . However, the 

xperimental data exhibit significant deviations from the curves 

alculated by the EMT model. In this scenario, it is necessary to 

onsider the contributions of the glass bubbles and the BST/glass 

ubble interfaces. We utilize a simple mixture model to correct the 

MT results based on the general rule of mixture. For the compos- 

te material, the electrical conductivity ( σ com 

) can be expressed as 

 32 ]: 

com 

=
(
1 − f 

)
σBST + fσGB (1) 
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Fig. 6. Room-temperature TE performance of porous BST with different relative densities and glass bubble coatings. The modeling results calculated based on the EMT and 

EMT + Mixture model are provided for comparison. (a) σ , (b) κ l , and (c) ZT as a function of relative density when the coating materials are SnO2 , and (d) σ , (e) κ l , and (f) 

ZT of porous BST with glass bubbles coated with different oxides including bare (no coating), SnO2 , Al2 O3 , and Fe2 O3 when the relative densities are all 80%. 
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here σBST , σcom 

, and σGB are the electrical conductivities of the 

ST matrix, as-prepared composites, and glass bubbles, and f is the 

olume fraction of glass bubbles. By incorporating the EMT func- 

ion, the above formula can be expressed as: 

com 

= ( 1 − 3 ε/ 2) 
((

1 − f
)
σBST + fσGB 

)
(2) 

The results based on the EMT + mixture are also provided in 

ig. 6 (a–c) for comparison. In samples with low glass bubble con- 

ents, the BST/glass bubble interface plays a significant role in the 

hermal and electrical transport properties of the entire compos- 

tes, while the contribution of glass bubbles is counteracted. The 

xperimental data exhibit notable deviations from the EMT + mix- 

ure results, primarily due to the contributions of the BST/glass 

ubble interfaces. For the samples with high glass bubble contents, 

he contributions of glass bubbles are dominated, and the experi- 

ental data should be gradually close to the EMT + mixture re- 

ults, which is in accordance with experiment results, as shown in 

ig. 6 (a–c). The simultaneously high σ and low κ l are obtained for 

he sample with low glass bubble content. Typically, in the sample 
200
ith 1% glass bubbles, the introduced SnO2 layer at the BST/glass 

ubble interface attributes ∼29.2% increment of σ and ∼9.5% re- 

uction of κ l . For the sample with 1% glass bubbles, a high ZT of 

.08 at 300 K is obtained with a low relative density of ∼91.5%, 

hich is ∼33.3% higher than the EMT + mixture result. 

Based on the above discussions, we further analyze the as- 

chieved experimental results. As shown in Fig. 6 (a), the ex- 

erimental σ data of all samples are much higher than the 

MT + mixture results, which could be ascribed to the contri- 

utions of the oxide layers on np and μ. This statement is con- 

rmed by the experimental results that the np is increased from 

.3 to 3.5 × 1019 cm–3 after introducing 1% coated glass bub- 

les. Moreover, many structural defects are formed at interfaces 

etween the BST matrix and glass bubbles, which is beneficial for 

he increase of np because of the charge build-up at the interfaces. 

lso, the m∗ value of the sample with low glass bubble content 

1%, Fig. 5 (e)) is even higher than that of the sample without glass 

ubble, which could be attributed to the multiple roles of the ox- 

de layer including hole donors and potential barrier. Conversely, 
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he contributions of glass bubbles are dominated by the samples 

ith high glass bubble contents. The significantly decreased np and 

shown in Fig. 5 (d) result in much lower m∗ values. Moreover, 

he nanoscale precipitates (such as the oxide layers at the bro- 

en glass bubbles) and strains at the BST/glass bubble interfaces 

ould effectively scatter phonons with short and medium wave- 

engths. The grain boundaries can scatter the phonons with long 

avelengths. Additionally, the BST/glass bubble interfaces can fur- 

her scatter the phonons with long wavelengths due to the large 

adius and average distance of glass bubbles. Thus, in this work, 

he carrier/phonon transport behavior of the porous composites is 

ptimized by introducing the ALD-prepared oxide bonding layers 

t the BST/glass bubble interfaces. 

To evaluate the effects of nano-oxide bonding layers on car- 

ier and phonon transport behaviors, the TE performance of porous 

ST with 3% glass bubbles without an oxide layer (A-bare), and 

orous BST with 3% glass bubbles coated with different metal ox- 

de layers, including SnO2 (A-SnO2 ), Al2 O3 (A-Al2 O3 ), and Fe2 O3 
ig. 7. TE performance of porous Bi2 Te2.7 Se0.3 (BTS ) with different bubble contents (0%, 1%

f bubble content. The inset shows the structure of the coated glass bubble. Temperature

T ( ZTave ) of porous BTS as a function of bubble content. 

201
A-Fe2 O3 ), were measured, as shown in Figs. 6 (d–f) and S7. The 

ntroduction of metal oxide layers has optimized the electrical and 

hermal transport properties of the porous BST. The comparatively 

igher σ and S2 σ of A-SnO2 compared to A-bare indicate that 

he SnO2 layer can reduce carrier scattering at the interfaces be- 

ween the BST matrix and glass bubbles. Moreover, the κ l of A- 

are surpasses that of A-SnO2 at 300–525 K, demonstrating that 

he SnO2 layer enhances phonon scattering. Due to the increased 

and reduced κ l , the highest ZT of A-SnO2 is approximately 16.3% 

igher than that of A-bare. These results reveal that the introduced 

etal oxide layers simultaneously contribute to higher σ and ul- 

ralow κ l , which is essential for optimizing the TE performance of 

orous BST. Fig. 6 (d–f) and S8 show the experimental σ , κ l , and 

T of the porous BST with 3% glass bubbles coated with different 

etal oxide layers. The relative densities of all samples are ∼80%, 

hich ensures that the porosities of samples mainly depend on 

he glass bubble contents. As shown in Fig. 6 (e), both the porosity 

nd glass bubbles contribute to the decrease in κ l . By subtracting 
, 2%, 3%, 4%, 6%, and 8%). (a) Measured relative densities of porous BTS as a function 

-dependent (b) σ , (c) S2 σ , (d) κ l , and (e) ZT . (f) Maximum ZT ( ZTmax ) and average 
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he EMT + mixture results from experimental data, the contribu- 

ion of the metal oxides layer to the κ l could be estimated. For 

he A-bare sample, the experimental data are well consistent with 

he EMT + mixture results, implying that the method is effective. 

 similar result could be obtained for the A-Al2 O3 sample, which 

ould be attributed to the high κ ( ∼30 W m–1 K–1 ) as well as the

ow chemical activity of Al2 O3 . However, an extremely reduced κ l 

ould be observed for the samples A-SnO2 and A-Fe2 O3 . As men- 

ioned above, the unique features including the metal oxides layer 

nd intensive nanoscale crystalline regions of the interface may 

e beneficial for increasing thermal resistance and thus lowering 

he κ l . For the A-Fe2 O3 sample, the porosity and Fe2 O3 layer con- 

ribute to about 19.4% and 7.1% reduction of κ l , respectively. More- 

ver, a similar analysis is adopted to evaluate the effect of the 

etal oxides on the σ . As shown in Fig. 6 (d), both the porosity

nd glass bubbles contribute to the decrease in σ . Thus, the con- 

ribution of the metal oxides could be obtained by subtracting the 

MT + mixture results from experimental data. Typically, for the A- 

e2 O3 sample, the porosity and glass bubbles as secondary phases 

esulted in ∼30.3% and ∼15.7% reductions of σ , respectively. The 

e2 O3 layer contributed to ∼26.2% enhancement of σ . 

As a result, the σ value of the A-Fe2 O3 sample is ∼14.2% 

igher than that of the A-bare sample, which further confirms 

hat the Fe2 O3 layer is crucial to improving the σ . Due to the 

educed κ l and the enhanced σ , the room temperature ZT of A- 

e2 O3 is ∼47.4% higher than the EMT + mixture results ( Fig. 6 (f)). 

he room temperature MQF value of A-Fe2 O3 is approximately 

137.9 × 10–3 K m3 V–1 S–1 W–1 , significantly surpassing that of 

he A-bare and porous BST materials [ 20 ]. As a result, the high-

st ZT reaches 1.06 at 350 K for the A-Fe2 O3 sample, represent- 

ng an impressive 23% improvement compared to the ZT of 0.86 at 

50 K for the A-bare sample. Thus, the results reveal that the in- 

roduced metal oxide layers simultaneously contribute to the high 

and ultralow κ l , which is the fundamental reason for the high TE 

erformance. The detailed temperature-dependent TE properties of 

orous BST with glass bubbles coated with different metal oxides 

re shown in Fig. S8, and their maximum ZT ( ZTmax ) values are 

ompared in Fig. S9 for reference. 

To verify that our porous design could be applied to other TE 

aterials, we further fabricated the n-type porous BTS using the 

ame fabrication route. The BTS/glass bubble composites were pre- 

ared by introducing SnO2 layers between the BTS matrix and 

he glass bubbles. As expected, with increasing the mass frac- 

ion of glass bubbles, the relative density of the as-prepared com- 

osites was decreased, as shown in Fig. 7 (a). Fig. 7 (b–e) shows 

emperature-dependent σ , S2 σ , κ l , and ZT of porous BTS with dif- 

erent bubble contents (0%, 1%, 2%, 3%, 4%, 6%, and 8%), while the 

emperature-dependent S and κ values are shown in Fig. S10 for 

eference. Similar to the results of porous BST, with increasing the 

ubble content, σ , S2 σ , κ l , and κ l were all decreased. However, 

hen the bubble content is low (1%), the oxide bonding layers con- 

ribute to ∼19.4% reduction of κ l and ∼26.2% enhancement of σ . 

s a result, low-cost and high-performance porous BTS/glass bub- 

le composites were obtained. Fig. 7 (f) compares ZTmax and aver- 

ge ZT ( ZTave ) of porous BTS as a function of bubble content. A 

eak ZT of 0.94 at 400 K, as well as a ZTave of 0.82 between 300

nd 500 K, is obtained for the sample with 1% SnO2 -coated glass 

ubbles ( ∼88.8% relative density), which are ∼17.5% and ∼15.5% 

igher than that of commercial BTS without glass bubble, respec- 

ively. Thereby, these results confirmed the universality of this 

ovel porosity design. 

. Conclusion 

In this study, we incorporated glass bubbles into commercial 

ST to create thermoelectric materials that are both highly cost- 
202
ffective and efficient. Unlike traditional methods, we introduced 

etal oxide bonding layers at the interfaces between the BST ma- 

rix and the glass bubbles using an ALD technique. This approach 

elps to maintain high electrical conductivity ( σ ) and effectively 

educe the thermal conductivity ( κ l ) of the prepared porous TE 

aterials. The resulting porous TE materials, which had a relative 

ensity of approximately 86.9%, achieved a high figure of merit ( ZT ) 

f 1.22 at 350 K. This represents a significant improvement of ap- 

roximately 23.2% compared to the solid BST material, which had 

 ZT of 0.99 at the same temperature. We found that this strategy 

s universally effective and can be applied to design cost-effective 

nd high-performance TE composites based on Bi2 Te2.7 Se0.3 (BTS). 

onsidering the widespread use of glass bubbles and bismuth tel- 

uride in commercial applications, this approach is highly compati- 

le with industrial practices and holds great potential for practical 

mplementation. 
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