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Supplemental Methods
Rheological behaviors of inks containing organic rheological modifiers
[bookmark: OLE_LINK14]The dynamic rheological properties of TE inks with different organic rheology modifier contents were measured at room temperature using a rheometer (MCR302) with plate geometry. The frequency sweep tests were performed at a constant stress of 1 Pa, and the stress sweep tests with stress values ranging from 0.01 to 300 Pa were performed at a frequency of 0.5 rad s-1. The rheological properties of the ink were assessed using different organic contents. Additionally, based on the BST/PPM0.55 (denotes the TE ink synthesized from 0.55 wt% PPM solution and 87 wt% BST powder) formulation, the effect of particle content on the rheological behavior of the ink was also measured. The strength of TE inks can be quantitatively characterized by the τy, which represents the critical stress threshold for irreversible breakdown of their internal three-dimensional network structure, marking the transition point from elastic deformation (G'-dominated regime) to viscous flow (G''-dominated regime). The τy values were determined from the y-intercept of Casson plots obtained through frequency sweep tests. 

Mechanical tests
[bookmark: OLE_LINK145][bookmark: OLE_LINK69][bookmark: OLE_LINK30]The compressive strength (σc) and flexural strength (σb) of the specimens were measured using a universal testing machine. The compressive and flexural strength specimens were rectangular prisms with dimensions of 3 mm × 5 mm × 5 mm and 3 mm × 3 mm × 10 mm, respectively. The σc was calculated using the formula: σc = Fc/Sc, where Fc is the force applied to the sample during compression (N), and Sc is the initial cross-sectional area of the sample (mm2). The σb was calculated using the formula: σb = 3FbL/2bh2, where Fb is the maximum load at fracture (N), L is span (distance between the supports, m), b is specimen width (m), and h is specimen height (m). The compressive strain (ε) was calculated using the formula: εc = Δl/l, where Δl is the change in length of the sample during compression or bend, and l is the initial length of the sample. 

[bookmark: OLE_LINK1][bookmark: OLE_LINK26]The uniformity of ultra-low-binder ink printed TE filaments
To assess the uniformity of ink printed TE filaments, we employed nozzles with varying inner diameters to print TE filament lines, which were subsequently dried. The line width variation of a segment of the TE filament was then measured using optical microscopy (OM) and scanning electron microscopy (SEM). 

[bookmark: OLE_LINK164]Detection of residual organic rheology modifier after annealing
Elemental composition and chemical states were characterized by an X-ray photoelectron spectroscope (XPS, ESCALAB Xi+; Thermo Fisher Scientific). To investigate the presence of residual organic rheology modifier in ink printed materials post-annealing, to avoid impacting the comprehensive properties of the materials. We prepared p- and n-type samples using TE ink containing PPM organic rheological modifiers. These samples were then annealed at 460 °C for 2 hours. 

Calculation of average distance between the pores
Several areas of the sample were randomly selected, and 10 electron microscopy images were captured. The number and size of pores in each image were then measured.

Simulation of w-TEG design
[bookmark: OLE_LINK72][bookmark: OLE_LINK79]A 3D finite element model (FEM) was used to evaluate the effects of the width (wds) and waist thickness (tds) of the dumbbell-shaped TE legs in the w-TEG on the output voltage (Voc​), power (P), effective temperature difference (ΔTe​), power density (Pd), and efficiency (). The height (Hds) and length (lds) of the TE legs were fixed at 5 mm and 3.5 mm, respectively. To accurately simulate the power generation of the w-TEG under the temperature difference between the human body and the environment, boundary conditions included a fixed hot-side (human skin temperature) temperature of 34 ℃, cold-side (ambient temperature) temperature of 16 ℃, with a heat transfer coefficient (hc) of 50 W m-2 K-1 for the top and bottom surfaces. Adiabatic conditions were applied to lateral sides.

Orientation factor of p- and n-type materials
The orientation factor F, which quantifies the degree of preferred grain orientation in polycrystalline materials, can be calculated using the following equation1:
              (S1)
where P and P0 represent the integrated intensities of the (00l) planes and (hkl) planes for the preferentially oriented and randomly oriented samples, respectively. 

The lattice thermal conductivity of the 3D printed materials
The value of κl was calculated by subtracting the electronic thermal conductivity κele from the measured total thermal conductivity κ, where κe was calculated using the Wiedemann-Franz law:
                              (S2)
where the L, σ and T are Lorentz number, absolute temperature and electrical conductivity, respectively. The L was estimated using the single parabolic band model equation2: 
[bookmark: OLE_LINK2]                         (S3)
where the kB and Fi are the Boltzmann's constant and Fermi integral, respectively. The value of Fi can be obtained from the following formula:
                         (S4)

where η = EF/kBT is the reduced Fermi level, it is derived from the following equation:
                         (S5)

Model of lattice thermal conductivity for p- or n-type samples 
We employed the Debye-Callaway model to explain the theoretical lattice thermal conductivity (κlat) of the printed sample3, which can be expressed as:
[bookmark: OLE_LINK66]             (S6)
where va, 𝜃a, x, and 𝜏tot represent average sound velocity, Debye temperature, reduced phonon frequency (x = ħω/kBT), and total phonon relaxation time, respectively. For the printed Bi2Te3 sample, considering the three main scattering mechanisms associated with polycrystalline samples: Umklapp process scattering (U), grain boundary scattering (GB), and point defect scattering (PD), the relaxation times are calculated as follows:
                 (S7)
                    (S8)
                        (S9)
where AN, V, γ, Ma, νa, VPUC and d are pre-factor of Umklapp scattering time, average volume per atom, Grüneisen parameter, average atomic mass, out-of-plane average speed of sound, volume of the primitive unit cell and grain size of of Bi0.5Sb1.5Te3 or Bi2Te2.5Se0.5Ag0.01, respectively. 
Beyond these dominant scattering effects, high densities of dislocations and twin boundaries (2D defects), as well as the nano-Ag dopant phase (3D defects), were indeed observed in the printed samples, thus necessitating the consideration of associated additional relaxation times. Based on previous reports, dislocation-induced phonon scattering can be categorized into dislocation strain (DS) scattering and dislocation core (DC) scattering4, corresponding to two distinct relaxation times, namely, τDS and τDC, respectively5. Furthermore, aggregated Ag nanoprecipitates exert another scattering effect on phonon propagation (τnp​)6–8. The three relaxation times are given by:
                       (S10)
    (S11)
       (S12)
where BD, ND, γmodified, r, νL/νT, R, ρm, Δρ and Np are effective Burger’s vector, dislocation density, modified Grüneisen parameter, Possion’s ratio, ratio of longitudinal phonon velocity to transverse phonon velocity, radius of nanoprecipitates, matrix density, density difference between matrix material and nanoprecipitate phase, and nanoprecipitate concentration respectively (values can be found in Table S9-S11). The γmodified​ describes the impact of solute concentration on the strain field surrounding dislocations. Therefore, it is calculated by superimposing the variation of the Grüneisen parameter arising from the impurity atmosphere (γ1​)9 onto the intrinsic Grüneisen parameter (γ):
                   (S13)
            (S14)
            (S15)
In addition to these main scattering effects in the polycrystalline Bi2Te3 system, the high porosity present in the printed sample induces additional scattering effects caused by the pore interface, thus introducing a Casimir-like phonon interface scattering term10:
                        (S13)
The average sound velocity (νa,porous) of the porous sample was calculated using the following equation:
            (S14)
where the longitudinal wave (νL,porous) and transverse wave (νT,porous) speed at room temperature were obtained by anultrasonic pulse-echo method. The characteristic signal features of the material based on the acoustoelastic theory were obtained and used to calculate key material parameters, including phonon velocity, young's modulus, and poisson's ratio. All echo signals were received using a 5MHz transducer. The results indicate that the average sound velocity in the 3D-printed porous bulk samples is lower than that in the dense bulk samples, while the average sound velocities along the in-plane and out-of-plane directions are nearly identical. The data can be seen in Table S9.
[bookmark: _Hlk230793333]The reduction in sound velocity resulted in a decrease of the Debye temperature from 94 K to 73 K, as calculated using the following equation11:
                 (S15)
where NA, ρ, h, Mmolecular and n are the Avogadro's number, density, Planck's constant, molecular weight, number of atoms in the molecule, respectively. It is noteworthy that νa,bulk and θa,bulk are employed to characterize the contribution of scattering effects from pore-free dense bulk materials to the reduction in κlat, whereas νa,porous and θa,porous are used to quantify the contribution of pore defects to the decrease in κlat.

[bookmark: OLE_LINK128]Porosity calculation
[bookmark: OLE_LINK154]The total mass of a specimen can be expressed as the sum of the matrix material mass and the contained air mass, following the relation:
                                  (S16)
where ρ, ρm, ρair, V, Vm, Vair denotes density of the sample, density of matrix material, density of air, volume of the sample, volume of the matrix material and volume of the pores. The porosity () is defined as the volumetric fraction of pores in the specimen, which can be expressed as  = Vair/V. Based on Equation S16, the following derivation can be made: 
              (S17)
Given that the air density is negligible compared to the matrix material, the porosity is derived as:
[bookmark: OLE_LINK18]                        (S18)
[bookmark: OLE_LINK12]The sample density shows a negative correlation with the g-value, exhibiting higher density values when the  value approaches zero. Table S6 presented the density and porosity of both p- and n-type samples. 

Effective medium theory 
[bookmark: OLE_LINK19][bookmark: OLE_LINK16][bookmark: OLE_LINK23]We employed the revised equations of the effective medium theory (EMT) to quantitatively analyze the influence of porosity on the κlat of 3D-printed samples12. The modified equation for the κl of porous materials based on the EMT is as follows:
                           (S19)
where κh and Φ are the κlat of host materials and the porosity, respectively. 
Thermoelectric compatibility factor
The distinct variations in the intrinsic properties of different thermoelectric materials dictate the efficiency and compatibility of assembled cascaded devices. Thus, maximizing the alignment of compatibility factors between two materials is critical for achieving a superior overall efficiency in the combined device. The thermoelectric compatibility factor (s) for power generation is defined as13:

where S denotes Seebeck coefficient of the material.
































Supplementary Figures

[image: ]
Fig. S1. Rietveld refinement results of various phases for powders at different ball milling rotation speeds. a, p-type powder sieved through a 200-mesh sieve and b, n-type powder sieved through an 800-mesh sieve.
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[bookmark: OLE_LINK205]Fig. S2. Effect of ball milling rotation speed on the phase composition of p-type Bi0.5Sb1.5Te3 materials. a,b, XRD patterns of powders passed through (a) 200-mesh and (b) 800-mesh sieves. c, SEM image of the powders with the corresponding Energy-Dispersive X-ray Spectroscopy (EDS) map.







[image: ]
Fig. S3. Effect of ball milling rotation speed on the phase composition of n-type Bi2Te2.5Se0.5 materials. a, XRD patterns of powders passed through an 800-mesh sieve, and b, the corresponding magnified local region. c, SEM image of the powders with the corresponding Energy-Dispersive X-ray Spectroscopy (EDS) map.
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[bookmark: OLE_LINK39][bookmark: OLE_LINK103]Fig. S4. a,b, TEM images revealing the post-sintering phase microstructures of the (a) p- and (b) n-type non-equilibrium multiphase powders milled at 300 rpm, alongside the corresponding EDS elemental mappings and FFT patterns. 

[bookmark: OLE_LINK20]The results reveal that lower ball milling speeds result in a higher content of elemental phases; the incomplete transformation of these elemental phases into the BST or BTS phase during sintering consequently leads to the presence of elemental phases in the sintered bulks.
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[bookmark: OLE_LINK226][bookmark: OLE_LINK227]Fig. S5. The SEM images of printed materials after annealing. a,b, Fracture surface morphologies of (a) p- and (b) n-type samples after annealing at 460 °C and 480 °C, respectively. 
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[bookmark: OLE_LINK7]Fig. S6. SEM images of focused ion beam (FIB) cross-sectional area of the printing smaples after annealing. The left and right correspond to the p- and n-type samples, respectively, and the p-type sample exhibits higher density.
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Fig. S7. In-situ annealing scanning electron microscopy (SEM) images of p-type TE ink annealed at 460 °C as a function of time. The TE ink was composed of multiphase powder particles mixed with 0.55% PPM. 




















[image: 图片包含 文本

AI 生成的内容可能不正确。]Fig. S8. Photographs of TE filaments printed using 3D printing. a, Optical microscope (OM) images and b, scanning electron microscope (SEM) images of TE filaments with various diameters after drying. 





[image: ] 
Fig. S9. 3D-printed samples with various geometries and sizes. A photograph of the sample with cuboid, arch-bridge and half-ring structures after drying at 70 ℃ for 24h. 
[image: ]
[bookmark: OLE_LINK245][bookmark: OLE_LINK34]Fig. S10. Morphological evolution of printed samples before and after sintering. a,b, Comparison of photographs of (a) p- and (b) n-type Bi₂Te₃-based samples before and after annealing at 460 °C and 480 °C, respectively. c, Comparison of morphology changes of 3D-printed micro-pillars before and after sintering.
















[image: 背景图案

AI 生成的内容可能不正确。]
[bookmark: OLE_LINK97]Fig. S11. Element distribution of printing materials after annealing. a,b, Scanning electron microscopy (SEM) images and the corresponding energy dispersive x-ray spectrometry elemental maps of the (a) p- and (b) n-type samples. c,d, High-angle annular dark-field transmission electron microscopy (HAADF TEM) images and the corresponding energy dispersive x-ray spectrometry elemental maps of the (c) p- and (d) n-type samples. 
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Fig. S12. STEM characterization of p-type multiphase particles before in situ heating and the corresponding EDS elemental distribution maps.
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[bookmark: OLE_LINK47][bookmark: OLE_LINK61][bookmark: OLE_LINK44]Fig. S13. Effect of different synthesis parameters on the thermoelectric properties of p-type Bi0.5Sb1.5Te3 samples. a-d, Temperature dependence of TE properties under different sintering temperatures: (a) S, (b) σ, (c) tot and (d) zT. e-h, Temperature dependence of TE properties under different sintering times: (e) S, (f) σ, (g) tot and (h) zT. i-l, Temperature dependence of TE properties under different particle sizes: (i) S, (j) σ, (k) tot and (l) zT.
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[bookmark: OLE_LINK49][bookmark: OLE_LINK50]Fig. S14. Effect of different synthesis parameters on the thermoelectric properties of n-type Bi2Te2.5Se0.5 samples. a-d, Temperature dependence of TE properties under different sintering temperatures: (a) S, (b) σ, (c) tot and (d) zT. e-h, Temperature dependence of TE properties under different sintering times: (e) S, (f) σ, (g) tot and (h) zT. i-l, Temperature dependence of TE properties under different particle sizes: (i) S, (j) σ, (k) tot and (l) zT.
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[bookmark: OLE_LINK142]Fig. S15. Carrier concentration at different particle sizes. a,d, Effect of particle sizes on the concentration of charge carriers in (a) p- and (b) n-type Bi2Te3-based materials at 300 K.
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[bookmark: OLE_LINK166]Fig. S16. Effect of different ball milling times on the thermoelectric performance of p‑type Bi0.5Sb1.5Te3 samples. a-d, Temperature dependence of TE properties under different ball milling times: (a) S, (b) σ, (c) tot and (d) zT. The results indicate that controlling the ball milling input power is more important than the input energy.
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[bookmark: OLE_LINK101][bookmark: OLE_LINK165]Fig. S17. Effect of size and shape of printed samples on electrical properties. a, The room-temperature  and S of the p-type printed cuboids with widths of 4  4, 8  8 and 14 14 mm. b, The room-temperature  and S of the p-type printed samples with cuboid and half-ring and arch-bridge shapes.
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[bookmark: OLE_LINK86][bookmark: OLE_LINK92]Fig. S18. Reproducibility tests of one printed p-type Bi0.5Sb1.5Te3 samples. a-d, Temperature dependent of (a) S, (b) σ, (c) tot and (d) zT. 
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Fig. S19. Reproducibility tests of one printed n-type Bi2Te2.5Se0.5 samples. a-d, Temperature dependent of (a) S, (b) σ, (c) tot and (d) zT.
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Fig. S20. Reproducibility tests for four printed p-type Bi0.5Sb1.5Te3 samples. a-d, Temperature dependent of (a) S, (b) σ, (c) tot and (d) zT.
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[bookmark: OLE_LINK112]Fig. S21. Reproducibility tests for four printed n-type Bi2Te2.5Se0.5 samples. a-d, Temperature dependent of (a) S, (b) σ, (d) tot and (d) zT.
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Fig. S22. Regulation of thermoelectric properties of n-type Bi2Te2.5Se0.5 samples by nano‑Ag. a-d, Temperature dependent of (a) S, (b) σ, (d) tot and (d) zT.



















[image: 图示

AI 生成的内容可能不正确。]
Fig. S23. Comparison of the compatibility factor (s) of undoped and Ag-doped n-type Bi2Te2.5Se0.5 with p-type Bi0.5Sb1.5Te3. Doping n-type samples with Ag significantly improves the s between them and the p-type samples, thereby enhancing the output efficiency of the device.
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[bookmark: OLE_LINK51][bookmark: OLE_LINK204]Fig. S24. Microstructural evolution of pure Bi0.5Sb1.5Te3 phase powders before and after sintering. a,b, SEM images (a) the powder pre-sintered and (b) interior of the post-sintered bulk. c, XRD patterns of the powder pre-sintering. d,e, In-situ STEM observation of the morphology and Energy-Dispersive X-ray Spectroscopy (EDS) map of powder particles (d) pre-sintered and (e) post-sintered. 
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[bookmark: OLE_LINK53]Fig. S25. The relationship between the effective mass of charge carriers () and ball milling speed at 300 K. a,b, Effective mass evolution of (a) p-type (Bi0.5Sb1.5Te3) and (b) n-type (Bi2Te2.5Se0.5Ag0.01) bulk samples fabricated from elemental powders with varying ball-milling speeds.
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[bookmark: OLE_LINK54]Fig. S26. Determination of 𝜅lat for p-type (Bi0.5Sb1.5Te3) by calculating the 𝜅ele using the L values. a, Lorentz number L as a function of temperature calculated using single parabolic band (SPB) model. b, Based on the calculated L we obtained the calculated 𝜅ele. c, Determination of 𝜅lat by calculating the 𝜅ele using the L values. 
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[bookmark: OLE_LINK31]Fig. S27. The 𝜅lat of the p-type Bi0.5Sb1.5Te3 sample. a, 𝜅lat and b, 𝜅s by taking Umklapp (U), point defect (PD), grain boundaries (B), dislocation strains (DC+DS) and pores (P) into account.

We utilized modified EMT to subtract the reduction in κlat caused by the thermal insulation properties of pores, hereby deriving the equivalent value for the material in its fully dense material. Consequently, the pores can significantly impede phonon thermal transport, leading to reduced lattice thermal conductivity. Hence, the presence of voids can markedly impede phonon-based thermal conduction, resulting in a decrease in the lattice thermal conductivity. However, this also leads to a significant degradation in the material's mechanical strength, necessitating a trade-off between these two properties. In this work, materials printed from binder-free inks demonstrate superior thermoelectric performance coupled with enhanced mechanical properties.
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[bookmark: OLE_LINK167]Fig. S28. Determination of 𝜅lat for n-type (Bi2Te2.5Se0.5Ag0.01) by calculating the 𝜅ele using the L values. a, Lorentz number L as a function of temperature calculated using single parabolic band (SPB) model. b, Based on the calculated L we obtained the calculated 𝜅ele. c, Determination of 𝜅lat by calculating the 𝜅ele using the L values.

The calculated κlat values for n-type samples were determined to be 0.25-0.35 W m−1 K−1, respectively, with the n-type sample approaching the theoretically predicted minimum limit of the lattice thermal conductivity for Bi2Te3-based materials14 (0.2 W m−1 K−1).
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[bookmark: OLE_LINK55][bookmark: OLE_LINK121]Fig. S29. The 𝜅lat of the n-type Bi2Te2.5Se0.5Ag0.01 sample. a, 𝜅lat and b, 𝜅s by taking Umklapp (U), point defect (PD), grain boundaries (B), dislocation strains (DC+DS), nanoprecipitates (N), and pores (P) into account.
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[bookmark: OLE_LINK65][bookmark: OLE_LINK62]Fig. S30. Microstructural TEM characterization of various defects in 3D-printed Bi₂Te₃‑based samples. For the p-type sample: a, HAADF image showing strong grains binding. b, An enlarged image depicting high density stacking fault and nanoscale distortions. c, High-density dislocations. For the n-type sample: d, HAADF image showing twin structure. e, An enlarged image depicting high density stacking fault. f, High-density dislocations.


















[bookmark: OLE_LINK64][bookmark: OLE_LINK120][bookmark: OLE_LINK22][image: 日历

AI 生成的内容可能不正确。]Fig. S31. Porous microstructures and sizes distribution of printed p-type Bi0.5Sb1.5Te3 samples. a,b, (a) SEM images of the focused ion beam (FIB) cross-sectional with the corresponding (b) TEM images and surface show formation of numerous nanopores near the grain boundaries. c, Pores at grain boundaries in the magnified TEM image. d, and e, correspond to the fracture surface porosity images after sintering of self-soldering multiphase powder particles. f, Pore size distribution.










[image: 日历

AI 生成的内容可能不正确。]
Fig. S32. Porous microstructures and sizes distribution of printed n-type Bi2Te2.5Se0.5Ag0.01 samples. a,b, (a) SEM images of the focused ion beam (FIB) cross-sectional with the corresponding (b) TEM images and surface show formation of numerous nanopores near the grain boundaries. c, Pores at grain boundaries in the magnified TEM image. d, and e, correspond to the fracture surface porosity images after sintering of self-soldering multiphase powder particles. f, Pore size distribution.
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[bookmark: OLE_LINK114]Fig. S33. SEM characterization of nano-Ag doping in 3D-printed n-type Bi2Te2.5Se0.5Ag0.01 samples. a, Morphology image showing nano-Ag segregated at grain boundaries. b, EDS line scan spectra of the matrix and nano-Ag region.
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[bookmark: OLE_LINK168]Fig. S34. Thermoelectric properties of printed p-type Bi0.5Sb1.5Te3 bulks along in-plane and out-of-plane directions. a-d,Temperature dependent of (a) S, (b) σ, (c) κ and (d) zT along two directions.
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[bookmark: OLE_LINK170]Fig. S35. Thermoelectric properties of printed n-type Bi2Te2.5Se0.5Ag0.01 bulks along in-plane and out-of-plane directions. a-d,Temperature dependent of (a) S, (b) σ, (c) κ and (d) zT along two directions.
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[bookmark: OLE_LINK110]Fig. S36. Schematic diagram of a w-TEG assembled from 26 pairs of dumbbell-shaped TE legs.
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[bookmark: OLE_LINK173]Fig. S37. Finite element simulation of the w‑TEG with dumbbell‑shaped TE legs. a, Schematic of the dumbbell-shaped w-TEG. b-f,Simulated calculation of the effect of geometric parameters of dumbbell-shaped TE legs on (b) ΔTe (c) Voc, (d) P, (e) Pd and (f)  of w-TEG. Simulated performance of the w-TEG under the conditions of ΔT = 20 K and with hot-side and cold-side heat transfer coefficients (hs and hc) equal to 50, for dumbbell-shaped TE legs with a Hds of 5 mm and a lds of 3.5 mm.
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[bookmark: OLE_LINK10][bookmark: OLE_LINK105][bookmark: OLE_LINK17][bookmark: OLE_LINK24]Fig. S38. Effect of waist thickness (tds) of dumbbell-shaped TE legs on w-TEG. a, Output voltage and power, b, power density and c, effective temperature (ΔTe). Calculated performance of w-TEGs at ΔT = 18 K when dumbbell-shaped TE arms tds varies between 1 and 3.5mm and height (Hds) of 5mm, length (lds) of 3.5mm and width (wds) of 2.5mm.

We computationally compared the effective temperature difference (ΔTe) with conventional cuboid and dumbbell-shaped w-TEG geometries under identical experimental conditions. The results indicated the superior effectiveness of the dumbbell-shaped design, exhibiting enhanced heat dissipation capabilities performance. 
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[bookmark: OLE_LINK76]Fig. S39. Simulation and experimental comparison of the power generation performance. a, Output voltage and b, output power of the dumbbell-shaped w-TEG as a function of the temperature difference obtained by FEM (line) and experiment (symbol).

The influence of dumbbell-shaped geometric dimensions on the output performance of the w-TEG was systematically investigated using a 3D finite element model (FEM). To validate the reliability of the model, the overall output voltage and power of a 26 pair of dumbbell-shaped w-TEG was simulated under identical conditions, demonstrating good agreement between the simulated and experimental results (Fig. S39). 
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Fig. S40. Variation of the w-TEG’s internal resistance after bending (R'TEG) /internal resistance before bending (R'TEG) at a bending radius of r = 2 cm.
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Fig. S41. Demonstration of power generation performance of the 3D-printed w-TEG. a, Photograph of a w-TEG driven by body skin heat powering an electronic watch by a voltage converter at room temperature (Tr) 16 ℃. b, Comparison of the power density of a 26‑pair dumbbell‑shaped TEG under different temperature differences with the performance of recent wearable devices15–21.
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[bookmark: OLE_LINK104]Fig. S42. Output voltage of the 2D device measured under different ΔTs.
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Fig. S43. Schematics of the home-made TE device test platform. The device is placed on a hot plate. The upper end of the device exchanges heat with the environment in a way of natural heat convection.
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Fig. S44. Particle size distribution. a-c, Histograms of particle size distribution with (a) 10-30 μm, (b) 30-50 μm and (c) 50-75 μm particle size ranges. The Bi2Te3-based TE particles synthesized by the ball-milling and mechanical break-up process.
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Fig. S45. Dispersion stability of n-type Bi2Te3-based TE inks. a,b, Photographs illustrating the time variation of the inks with (a) BST/PPM0.55 and without (b) BST/PPM0. TE inks without PPM sediment within 1 hour after dispersion, whereas the sedimentation of TE inks containing PPM is postponed to more than 240 hours.

After prolonged standing, the TE ink exhibited no particle sedimentation or water separation, demonstrating its long-term stability and homogeneous dispersion. Furthermore, a slight increase in both viscosity and storage modulus was observed in Fig. S46.
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Fig. S46. Rheological properties of n-type Bi2Te3-based TE inks after prolonged storage. a, The viscosity and b, storage modulus curves of BST/PPM0.55 at 25 ℃ after 0 day. c, The viscosity and d, storage modulus curves of BST/PPM0.55 at 25 ℃ after 10 day.
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Fig. S47. The trace organic rheology modifier (PPM) enhanced the rheological properties of TE inks. a, Dynamic viscosity, η′, b, storage modulus, G', c, loss modulus, G', curves of the TE inks with the various organic contents at 25 ℃. d, tan δ curves of water-based TE ink with the various organic contents at 25 ℃.

PVP and PEI were utilized as key constituents of the binder, wherein the hydrogen atoms attached to the amino groups (-NH2) of the highly branched PEI molecules engaged in interactions with the oxygen atoms of the carbonyl groups (C=O) within the PVP chains. The hydrogen-bonded crosslinked network formed by these two functional groups can improve the viscoelasticity of the ink22. Then, a certain amount of the polyelectrolyte methylcellulose (MC) was added, which promoted weak intramolecular and intermolecular hydrophobic interactions, increased the internal friction of the solution, and thus significantly enhanced the solution viscosity23.
This phenomenon can be attributed to the partial evaporation of water in the inks during long-term storage. Furthermore, the tan δ curves also reflected the phase stability within the TE inks. With increasing PPM content, the tan δ values exhibited an overall continuous decrease, accompanied by an elevated critical ω value for the solid-to-liquid transition (Fig. S47D). The TE inks containing 0.35% PPM exhibited a tan δ value greater than 1, indicating that the particles within the colloidal ink displayed a liquid-like structure, which is accompanied by poor print stability.


[image: 图表, 散点图

AI 生成的内容可能不正确。]
Fig. S48. Yield stress of p-type Bi2Te3-based TE inks at various PPM contents. a, The loss modulus (G'') from the frequency sweep test, b, Casson plots form the loss modulus and c, Yield stress (τy) from the y-axis intercept of the Casson plot. The dashed line represents the extrapolation of the G''1/2 curves.

As evidenced in Fig. S48C, the τy exhibited a dramatic increase from 253.1 Pa for BST/PPM0.35 to 1239 Pa for BST/PPM0.65. This suggests that the increase in PPM content facilitates the formation of a significant number of entangled network structures within the inks, necessitating higher stress to form an ordered network structure during extrusion, thereby enhancing the stability of the ink. Consequently, inks with higher PPM content generally require elevated nozzle pressure to achieve smooth extrusion during the printing process. 
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[bookmark: OLE_LINK175]Fig. S49. Rheological properties of p-type Bi2Te3-based TE inks at various particle loadings (PL). a, The dynamic viscosity curves from the frequency sweep test and b, storage modulus curves from the stress sweep test with the BST with a 0.55% PPM content in the TE inks.

Notably, increasing the mass fraction of TE particles also enhances the viscoelasticity of the ink and the density of the printed material, as can be seen in Fig. S49 and Table S6. The TE ink demonstrated suitable rheological properties, exhibiting both smooth extrusion and excellent shape fidelity during printing.
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[bookmark: OLE_LINK60][bookmark: OLE_LINK8][bookmark: OLE_LINK177]Fig. S50. X-ray Photoelectron Spectroscopy (XPS) analysis of printed materials. a, Experimental and fitted XPS spectra of the p-type samples in the regions of Bi4f, Te3d, and Sb3d. b, Experimental and fitted XPS spectra of the n-type samples in the regions of Bi4f, Te3d.

[bookmark: OLE_LINK28]The experimental results demonstrated that the printed bismuth telluride thermoelectric samples completely eliminated residual organic components after annealing, as illustrated in Fig. S50. The appearance of the oxide peaks is attributed to the surface-sensitive nature of X-ray photoelectron spectroscopy, which provides the elemental composition and chemical states at the sample surface.
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Fig. S51. Schematic illustration of pore distribution. The pores are regarded to be identical in size, and are spherical and uniformly distributed within the matrix. Here shows four squares, each one has a volume of 1/N cm-3. 
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Fig. S52. The XRD patterns after annealing treatment. a, p- and b, n-type of printed materials at various annealing parameters. 
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Fig. S53. XRD analysis of the printed in-plane and out-of-plane samples. a,b,The Calculation of the orientation factor using the XRD patterns of (a) p- and (b) n-type samples.

A value of F = 0 corresponds to complete random orientation (isotropic), while F = 1 indicates perfect ideal uniaxial orientation (anisotropic). The X-ray diffraction patterns of in-plane (perpendicular to the height direction) and out-of-plane (parallel to the height direction) p- or n-type samples were shown in Fig. S53. The F00l values for in-plane and out-of-plane of the p-type sample are 0.063 and 0.059, respectively, whereas for the n-type sample, the F00l values for in-plane and out-of-plane are 0.071 and 0.06, respectively, indicating that the printed Bi2Te3 samples exhibit excellent isotropy.
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[bookmark: OLE_LINK58]Fig. S54. Heat capacity of both p- and n-type Bi₂Te₃‑based samples from 300 K to 500 K.
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Fig. S55. Comparison of mechanical properties with Bi2Te3-based materials prepared by other methods24–29. a, Compressive strength and b, flexural strength.
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AI 生成的内容可能不正确。]Fig. S56. The TE properties of the traditional ZM materials. a-d, Temperature dependent of (a) S, (b) σ, (d) tot and (d) zT.
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Supplementary Tables

Table S1.Estimation of power consumption, preparation cycle and material costs for ZM method fabrication. 
	No.
	Procedure/
 Materials
	Electric power (kW)
	Time cost (hour)
	Electricity (kWh)
	Raw material costs ($)
	Ref.

	[bookmark: _Hlk221287647]1
	Quartz tube drying*
	7.5
	4
	15
	[bookmark: OLE_LINK95]/
	30

	2
	Tube vacuuming*
	10
	2.5
	12.5
	/
	30

	3
	Melting in tube furnaces*
	9
	77
	693
	/
	30

	4
	Zone-melting
	2.4
	308
	739.2
	/
	30

	5
	Dicing
	6
	100
	600
	/
	30

	6
	p-type powder
	/
	/
	/
	1442.3
	#

	7
	n-type powder
	/
	/
	/
	1201.82
	[bookmark: OLE_LINK201]#

	/
	Sum electricity (kWh/kg)
	85.11
	Cal.

	/
	Sum time costs (hour/kg)
	20.31
	Cal.

	/
	Sum raw material costs ($/kg)
	66.1
	Cal.


* refers to the procedure being simultaneously performed for p- and n-type material pre-synthesis, so the energy consumption for each category was halved. Moreover, the total masses of the p- or n-type TE ingots using large-scale industrial production were 22 kg. 
[bookmark: OLE_LINK202]# The powders were purchased from Sichuan Kaiyada Semiconductor Materials Co., Ltd.





Table S2.Estimation of power consumption, preparation cycle and material costs for hot method fabrication. 
	[bookmark: OLE_LINK56]No.
	Procedure/
 Materials
	Electric power (kW)
	Time cost (hour)
	Electricity (kWh)
	[bookmark: OLE_LINK88]Raw material costs ($)
	Ref.

	1
	Quartz tube drying*
	7.5
	4
	15
	/
	30

	2
	Tube vacuuming*
	10
	2.5
	12.5
	/
	30

	3
	Melting in tube furnaces*
	9
	77
	693
	/
	30

	4
	Rod crashing
	1.5
	1
	1.5
	/
	30

	5
	Pre-milling
	1.1
	24.2
	26.6
	/
	30

	6
	Pre-milling in glove boxes
	1.2
	24
	28.8
	/
	30

	7
	Annealing
	24
	12.5
	300
	/
	30

	8
	Post-milling
	1.1
	24.2
	26.6
	/
	30

	9
	Post-milling in glove boxes
	1.2
	24
	28.8
	/
	30

	10
	Hot-pressing
	4.44
	18.26
	81.1
	/
	30

	11
	Dicing
	6
	100
	600
	/
	30

	12
	p-type powder
	/
	/
	/
	1442.3
	#

	13
	n-type powder
	/
	/
	/
	1201.82
	#

	/
	Sum electricity (kWh/kg)
	190.7
	Cal.

	/
	[bookmark: OLE_LINK102]Sum time costs (hour/kg)
	15.58
	Cal.

	/
	Sum raw material costs ($/kg)
	66.1
	Cal.


* refers to the procedure being simultaneously performed for p- and n-type material pre-synthesis, so the energy consumption for each category was halved. Moreover, the total masses of the p- or n-type TE ingots using large-scale industrial production were 22 kg.
# The powders were purchased from Sichuan Kaiyada Semiconductor Materials Co., Ltd.

[bookmark: OLE_LINK82]Table S3.Estimation of power consumption, preparation cycle and material costs for SPS method fabrication. 
	No.
	[bookmark: OLE_LINK91]Procedure/
 Materials
	Electric power (kW)
	Time cost (hour)
	Electricity (kWh)
	Raw material costs ($)
	Ref.

	[bookmark: _Hlk221288991]1
	Quartz tube drying*
	7.5
	4
	15
	/
	30

	2
	Tube vacuuming*
	10
	2.5
	12.5
	/
	30

	3
	Melting in tube furnaces*
	9
	77
	693
	/
	30

	4
	Rod crashing
	1.5
	1
	1.5
	/
	30

	5
	Pre-milling
	1.1
	24.2
	26.6
	/
	30

	6
	Pre-milling in glove boxes
	1.2
	24
	28.8
	/
	30

	7
	Annealing
	24
	12.5
	300
	/
	30

	8
	Post-milling
	1.1
	24.2
	26.6
	/
	30

	9
	Post-milling in glove boxes
	1.2
	24
	28.8
	/
	30

	10
	[bookmark: OLE_LINK203]Spark Plasma Sintering
	43
	58
	2494
	/
	#

	11
	Dicing
	6
	100
	600
	/
	30

	12
	p-type powder
	/
	/
	/
	1442.3
	#

	13
	n-type powder
	/
	/
	/
	1201.82
	#

	/
	Sum electricity (kWh/kg)
	211.34
	Cal.

	/
	Sum time costs (hour/kg)
	17.57
	Cal.

	/
	Sum raw material costs ($/kg)
	66.1
	Cal.


* refers to the procedure being simultaneously performed for p- and n-type material pre-synthesis, so the energy consumption for each category was halved. Sample sizes of 30mm  40mm cylinders were prepared each time with a preparation time of 30min. The total masses of the p- or n-type TE ingots using large-scale industrial production were 20 kg.
[bookmark: OLE_LINK206]# The powders were purchased from Sichuan Kaiyada Semiconductor Materials Co., Ltd. The laboratory verified and provided the energy consumption parameters required for the preparation of materials by Spark Plasma Sintering (SPS).

Table S4.Estimation of power consumption, preparation cycle and material costs for 3D printing (DIW) fabrication.
	No.
	[bookmark: OLE_LINK84]Procedure/
 Materials
	Electric power (kW)
	Time cost (hour)
	Electricity (kWh)
	[bookmark: OLE_LINK87]Raw material costs ($)
	Ref.

	[bookmark: _Hlk221908937]1
	Vacuum drying*
	2.5
	4
	2.5
	/
	11

	2
	Ball milling*
	1.2
	10
	6
	/
	11

	3
	Synthesis of Bi NPs
	0.2
	5957
	1191.4
	/
	11

	4
	Synthesis of  Sb2Te4 ChaM NPs 
	0.03
	3570
	107.1
	/
	11

	5
	Sieving
	0.5
	2
	1
	/
	11

	6
	Synthetic TE ink
	1.2
	1
	1.2
	/
	11

	7
	DIW printing
	0.5
	100
	50
	/
	11

	8
	Annealing
	24
	43
	43
	/
	11

	9
	p-type powder
	/
	/
	/
	1442.3
	#

	10
	bismuth neodecanoate
	/
	/
	/
	669.7
	11

	11
	1-octadecene
	/
	/
	/
	573.78
	11

	12
	DDT
	/
	/
	/
	195.55
	11

	13
	TOP
	/
	/
	/
	4622.81
	11

	14
	hexane
	/
	/
	/
	12607.66
	11

	15
	acetone
	/
	/
	/
	3216.24
	11

	16
	EtSH
	/
	/
	/
	623.71
	11

	17
	en
	/
	/
	/
	18711.19
	11

	18
	acetonitrile
	/
	/
	/
	3838.19
	11

	19
	Sb powder
	/
	/
	/
	38.38
	11

	20
	Te powder
	/
	/
	/
	301.36
	11

	[bookmark: _Hlk233884112]/
	Sum electricity (kWh/kg)
	70.11
	Cal.

	/
	Sum time costs (hour/kg)
	484.35
	Cal.

	/
	Sum raw material costs ($/kg)
	2342.04
	Cal.


[bookmark: OLE_LINK123]* refers to the procedure being simultaneously performed for p- and n-type material pre-synthesis, so the energy consumption for each category was halved. The total mass of p- or n-type TE material produced was calculated as 20 kg.
[bookmark: OLE_LINK209]# The powders were purchased from Sichuan Kaiyada Semiconductor Materials Co., Ltd.

[bookmark: OLE_LINK124][bookmark: OLE_LINK122]Table S5.Estimation of power consumption, preparation cycle and material costs for 3D printing fabrication in this work.
	[bookmark: OLE_LINK67]No.
	Procedure/ Materials
	Electric power (kW)
	Time cost (hour)
	Electricity (kWh)
	Raw material costs ($)
	Ref.

	[bookmark: _Hlk221557156]1
	Vacuum drying*
	2.5
	4
	2.5
	/
	/

	2
	Ball milling*
	1.5
	10
	7.5
	/
	/

	3
	Sieving
	1.5
	0.5
	0.75
	/
	/

	4
	Synthetic TE ink
	1.3
	2
	2.6
	/
	/

	5
	DIW printing
	0.5
	100
	50
	/
	/

	6
	Annealing
	24
	4
	96
	/
	/

	[bookmark: _Hlk221567788]7
	p-type powder
	/
	/
	/
	1442.3
	#

	8
	n-type powder
	/
	/
	/
	1201.82
	#

	9
	PVP reagent
	/
	/
	/
	4.32
	/

	10
	PEI reagent
	/
	/
	/
	3.69
	/

	11
	MC reagent
	/
	/
	/
	1.44
	/

	/
	Sum electricity (kWh/kg)
	7.97
	Cal.

	/
	Sum time costs (hour/kg)
	6.03
	Cal.

	/
	Sum raw material costs ($/kg)
	66.58
	Cal.


* refers to the procedure being simultaneously performed for p- and n-type material pre-synthesis, so the energy consumption for each category was halved. The total mass of p- or n-type TE material produced was calculated as 20kg. The annealing times of p- and n-type were 1h and 2h, respectively. 
# The powders were purchased from Sichuan Kaiyada Semiconductor Materials Co., Ltd.






Estimation of energy saving, time saving and material costs 
[bookmark: OLE_LINK90][bookmark: OLE_LINK93][bookmark: OLE_LINK127]The widespread commercialization of thermoelectric materials hinges not only on exceptional thermoelectric performance but also on cost-effectiveness, production cycle, and scalability, which serve as the decisive metrics for evaluating their practical commercial viability. In this work, we propose a 3D printing strategy based on easily synthesized and highly cost-effective TE ink, enabling the quasi-integrated fabrication with customizable topological architectures. To quantitatively evaluate the advantages of this strategy, we systematically compared the cost (raw TE materials), energy consumption (electricity consumption of TE ingot fabrication) and production cycle (from raw materials to processed TE legs) of various mainstream fabrication paradigms (Fig. 1f). Specifically, the data for zone melting (ZM) and hot pressing (HP) were estimated based on typical industrial production lines (Shenzhen Thermoelectric New Energy Co., Ltd.)30, see Table S1 and S2, the parameters for spark plasma sintering (SPS) were derived from laboratory-scale syntheses, see Table S3, and the metrics for direct ink writing (DIW) were estimated based on the work by Xu et al11, see Table S4. The comparison reveals that our approach drastically reduces capital costs and energy consumption (Table S5) while significantly shortening the production cycle (Fig. 1g). By breaking through the efficiency and cost bottlenecks of conventional processes, this strategy paves a transformative pathway for the scalable manufacturing and commercialization of next-generation TE technologies.









[bookmark: OLE_LINK4]Table S6. The calculated particle loading, density, and porosity of p and n-type of Bi2Te3-based TE samples.
	Composition
	Particle loading (wt%)
	Density (g/cm3)
	Porosity (Φ)

	p-type
	77
	5.02
	0.254

	
	82
	5.43
	0.194

	
	87
	5.81
	0.123

	n-type
	77
	4.73
	0.406

	
	82
	5.03
	0.342

	
	87
	5.48
	0.265




Table S7. Comparison of ICP results between the ball-milled and the sintered bulk. 
	[bookmark: OLE_LINK27]Samples
	Process conditions
	ICP results

	[bookmark: OLE_LINK36]p-type
	[bookmark: OLE_LINK37]After ball milling
	Bi0.49Sb1.52Te2.98

	
	After annealing
	460 C/1h
	Bi0.52Sb1.53Te2.95

	
	
	460 C/3h
	Bi0.51Sb1.56Te2.93

	
	
	500 C/1h
	Bi0.48Sb1.58Te2.9

	n-type
	After ball milling
	Bi1.91Te2.51Se0.48

	
	After annealing
	460 C/1h
	Bi1.93Te2.47Se0.43

	
	
	460 C/3h
	Bi1.94Te2.45Se0.42

	
	
	500 C/1h
	Bi1.92Te2.42Se0.41









Table S8. Density of 3D‑printed bulks prepared from powders subjected to different ball milling speeds, measured by the Archimedes drainage method.
	Composition
	Ball milling speeds (rpm)
	 (g cm-3)

	p-type
	300
	5.38

	
	350
	5.83

	
	400
	5.98

	
	450
	5.73

	n-type
	300
	4.38

	
	350
	4.97

	
	400
	5.68

	
	450
	5.72




Table S9. Average sound velocity , bulk’s modulus and poisson’s ratio for several printed p- and n-type samples.
	[bookmark: _Hlk229040170]Parameters
	[bookmark: OLE_LINK98]p-type
in-plane
	p-type
Out-of-plane
	n-type
In-plane
	n-type
Out-of-plane

	νL,porous
	2638
	2598
	2127
	2023

	νT,porous
	1592
	1578
	1273
	1264

	νa,porous
	1760
	1743
	1409
	1392

	K
	24.18
	24.63
	10.07
	10.32

	r
	0.21
	0.21
	0.08
	0.08


[bookmark: OLE_LINK99]






Table S10. Parameters used in Debye-Callaway model for BST samples.
	Parameters
	Description
	Values
	[bookmark: OLE_LINK200]Ref.

	νa,bulk
	Out-of-plane average speed of sound in dense
	2147 m·s-1
	31

	νa,porous
	Out-of-plane average speed of sound in porous sample
	1751 m·s-1
	Mea.

	AN 
	Prefactor of Umklapp scattering time
	2.6
	5

	γ
	[bookmark: _Hlk232001986]Grüneisen parameter
	2.3
	32

	D 
	Average distance between pores
	0.25 μm 
	Cal.

	V 
	Volume of the primitive unit cell
	3.13×10-29 m3
	5

	BD
	Burgers vector 
	1.27 nm
	5

	rBST,dense
	Poisson’s ratio in dense sample
	0.24
	5

	rBST,porous
	Poisson’s ratio in porous sample
	0.16
	Mea.

	fBi2Te3 
	Concentration of Bi2Te3 in Bi0.5Sb1.5Te3
	0.25
	Cal.

	fSb2Te3
	Concentration of Sb2Te3 in Bi0.5Sb1.5Te3
	0.75
	Cal.

	KBST,dense
	bulk modulus in dense sample
	44.8 GPa
	5

	KBST,porous
	bulk modulus in porous sample
	24.4 GPa
	Mea.

	Ta
	sintering temperature
	733.15 K
	Exp.

	VBi2Te3
	Average volume per atom of Bi2Te3 
	3.4×10-29 m3
	5

	VSb2Te3
	Average volume per atom of Sb2Te3
	3.13×10-29 m3
	5

	MBi2Te3
	Average mass per atom of Bi2Te3
	2.79×10-25 kg
	5

	MSb2Te3
	Average mass per atom of Sb2Te3
	2.07×10-25 kg
	5

	d
	Grain size of Bi0.5Sb1.5Te3
	20 µm
	Exp.

	Np 
	Concentration of nanoprecipitate 
	3×1014 cm-3 
	Exp. 

	ρm,dense
	Matrix density in dense sample
	6.72×103 kg·m-3
	Exp.

	ρm,porous
	Matrix density in porous sample
	5.98×103 kg·m-3
	Exp.

	𝜃a,dense 
	Debye temperature in dense sample
	94 K
	33

	𝜃a,porous
	Debye temperature in porous sample
	83 K 
	Cal.

	Ma
	[bookmark: OLE_LINK35]Average atomic mass of Bi0.5Sb1.5Te3 
	2.22×10−25 kg
	Cal.


Table S11. Parameters used in Debye-Callaway model for BTS samples
	Parameters
	Description
	Values
	Ref.

	νa,bulk
	Out-of-plane average speed of sound in dense
	1778 m·s-1
	34

	νa,porous
	Out-of-plane average speed of sound in porous sample
	1400 m·s-1
	Mea.

	AN 
	Prefactor of Umklapp scattering time
	2.5
	35

	γ
	Grüneisen parameter
	1.5
	36

	D 
	Average distance between pores
	0.25 μm 
	Cal.

	V 
	Volume of the primitive unit cell
	3.45×10-29
	5

	BD
	Burgers vector 
	1.2 nm
	37

	rBTS,dense
	Poisson’s ratio in dense sample
	0.14
	38

	rBTS,porous
	Poisson’s ratio in porous sample
	0.08
	Mea.

	fBi2Te3 
	[bookmark: OLE_LINK100]Concentration of Bi2Te3 in Bi2Te2.5Se0.5
	0.87
	Cal.

	fBi2Se3
	Concentration of Bi2Se3 in Bi2Te2.5Se0.5
	0.13
	Cal.

	KBTS,dense
	bulk modulus in dense sample
	37.4 GPa
	5

	KBTS,porous
	bulk modulus in porous sample
	10.2 GPa
	Mea.

	Ta
	sintering temperature
	753.15 K
	Exp.

	VBi2Te3
	Average volume per atom of Bi2Te3 
	3.4×10-29 m3
	5

	V Bi2Se3
	Average volume per atom of Bi2Se3
	3.19×10-29 m3
	5

	MBi2Te3
	Average mass per atom of Bi2Te3
	2.79×10-25 kg
	5

	MBi2Se3
	Average mass per atom of Bi2Se3
	2.18×10-25 kg
	5

	d
	Grain size of Bi2Te2.5Se0.5
	10 µm
	Exp.

	Np 
	Concentration of Ag nanoprecipitate 
	3×1018 cm-3 
	Exp. 

	ρm,dense
	Matrix density in dense sample
	[bookmark: OLE_LINK117]7.6×103 kg·m-3
	Exp.

	[bookmark: OLE_LINK115]ρm,porous
	Matrix density in porous sample
	5.76×103 kg·m-3
	Exp.

	𝜃a,dense 
	Debye temperature in dense sample
	164 K
	31

	𝜃a,porous
	Debye temperature in porous sample
	116 K 
	Cal.

	Ma
	Average atomic mass of Bi2Te2.5Se0.5 
	2.22×10−25 kg
	Cal.

	ρAg
	Density of Ag nanoparticles
	10.49 kg·m-3
	39

	dAg
	Size of Ag nanoparticles
	~ 100 nm
	Exp.
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