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High thermoelectric performance 
of flexible nanocomposite films 
based on  Bi2Te3 nanoplates 
and carbon nanotubes selected 
using ultracentrifugation
Tomoyuki Chiba , Hayato Yabuki  & Masayuki Takashiri *

Thermoelectric generators with flexibility and high performance near 300 K have the potential 
to be employed in self-supporting power supplies for Internet of Things (IoT) devices. Bismuth 
telluride  (Bi2Te3) exhibits high thermoelectric performance, and single-walled carbon nanotubes 
(SWCNTs) show excellent flexibility. Therefore, composites of  Bi2Te3 and SWCNTs should exhibit an 
optimal structure and high performance. In this study, flexible nanocomposite films based on  Bi2Te3 
nanoplates and SWCNTs were prepared by drop casting on a flexible sheet, followed by thermal 
annealing.  Bi2Te3 nanoplates were synthesized using the solvothermal method, and SWCNTs were 
synthesized using the super-growth method. To improve the thermoelectric properties of the SWCNTs, 
ultracentrifugation with a surfactant was performed to selectively obtain suitable SWCNTs. This 
process selects thin and long SWCNTs but does not consider the crystallinity, chirality distribution, 
and diameters. A film consisting of  Bi2Te3 nanoplates and the thin and long SWCNTs exhibited high 
electrical conductivity, which was six times higher than that of a film with SWCNTs obtained without 
ultracentrifugation; this is because the SWCNTs uniformly connected the surrounding nanoplates. 
The power factor was 6.3 μW/(cm  K2), revealing that this is one of the best-performing flexible 
nanocomposite films. The findings of this study can support the application of flexible nanocomposite 
films in thermoelectric generators to provide self-supporting power supplies for IoT devices.

Thin-film thermoelectric generators (TEGs) are gaining increasing interest as power supplies for sensors and 
Internet of Things (IoT)  devices1–4. TEGs produce electrical power from various heat sources, such as the human 
body, industrial waste heat, and natural  heat5–7. The power supplies for sensors and IoT devices must possess flex-
ibility and a small size but need not generate high electric  power8. The requirements of sensors and IoT devices 
align with the characteristics of thin-film TEGs. The efficiency of a TEG directly depends on the performance of 
the thermoelectric material, which is expressed as the dimensionless figure of merit (ZT), defined as ZT = σS2T/κ, 
and the power factor (PF), defined as PF = σS2, where σ, S, and κ are the electrical conductivity, Seebeck coefficient, 
and thermal conductivity, respectively.

Among thermoelectric materials, bismuth telluride  (Bi2Te3) and carbon nanotubes (CNTs) are the primary 
candidates for the aforementioned applications.  Bi2Te3 was developed in the 1950s and exhibits the highest 
thermoelectric performance near 300  K9,10.  Bi2Te3 has a rhombohedral tetradymite-type crystal structure, with 
the space group D5

3d
(R

−

3m) , and its unit cell is described as hexagonal. Owing to this structure,  Bi2Te3 crys-
tals are grown as hexagonal nanoplates in the solution  process11–13.  Bi2Te3 nanoplates are approximately 1 μm 
in diameter and tens of nanometers in thickness. This structure contributes to improving the thermoelectric 
performance owing to the low-dimensional effect and quantum size  effect14–16. In previous studies, hexagonal 
 Bi2Te3 nanoplates were synthesized by solvothermal synthesis under various  conditions17–19, and  Bi2Te3 nanoplate 
films were prepared using drop-casting20–23. Furthermore, CNTs are classified into multi-walled CNTs (MWC-
NTs), fabricated in 1991, and single-walled CNTs (SWCNTs), fabricated in  199324,25. MWCNTs exhibit metallic 
characteristics and SWCNTs exhibit metallic or semiconducting characteristics depending on their structure, 
which is characterized by the chiral index (n,m)26. SWCNTs with semiconducting characteristics have been used 
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as thermoelectric  materials27–31. The performance of SWCNTs is inferior to that of  Bi2Te3, but SWCNTs have 
excellent characteristics, including flexibility, heat resistance, and nontoxicity. Therefore, many researchers have 
attempted to improve the thermoelectric performance of  SWCNTs32–36.

A favorable approach for improving thermoelectric performance is to fabricate nanocomposites based on 
 Bi2Te3 nanoplates and semiconducting  SWCNTs37–39. Jin et al. reported a flexible thermoelectric material com-
posed of highly ordered  Bi2Te3 nanocrystals anchored on an SWCNT  network31. Hosokawa and Takashiri and 
Yabuki et al. developed nanocomposite films based on  Bi2Te3 nanoplates and SWCNTs by drop-casting followed 
by thermal  annealing40,41. A key factor for increasing the thermoelectric performance of nanocomposites is the 
quality of SWCNTs. As-synthesized SWCNTs (pristine SWCNTs) exhibit many types of structures with different 
lengths and  chiralities42,43. When the optimal SWCNTs with suitable structures are selected, the thermoelectric 
performance of nanocomposite films based on  Bi2Te3 nanoplates and SWCNTs can be further improved.

In this study, ultracentrifugation is performed for the selection of SWCNTs. Ultracentrifugation is known 
to select SWCNTs based on their length and chirality in a scalable  manner44–47.  Bi2Te3 nanoplates are prepared 
via solvothermal synthesis. The dispersion solution is formed with the selected SWCNTs and  Bi2Te3 nanoplates, 
and the nanocomposite films are formed on a flexible sheet using the solution by drop-casting, which is a simple 
and cost-effective wet process. For comparison, pristine SWCNTs are used to form nanocomposite films. The 
structure and thermoelectric properties of the nanocomposite films are analyzed, and the effectiveness of the 
selection of SWCNTs is evaluated.

Experimental procedures
A schematic diagram of the fabrication process of flexible nanocomposite films based on  Bi2Te3 nanoplates and 
SWCNTs is shown in Fig. 1. The  Bi2Te3 nanoplates were synthesized using a solvothermal method. The detailed 
experimental setup was described in detail in previous  reports21,48. Briefly, the system comprised a stainless-steel 
autoclave with a built-in Teflon container, a hot plate with a magnetic stirrer, and heat blocks. The precursor 
solution and stir bar were placed in an autoclave with an internal volume of 50  cm3. The solvents used were 
analytical-grade  Bi2O3 (purity 99.9%, Fujifilm Wako Co.),  TeO2 (purity 99.9%, Kojundo Chemical Laboratory), 
ethylene glycol (purity 99.5%, Fujifilm Wako Co.), polyvinylpyrrolidone (PVP) (purity 99.9%, Fujifilm Wako 
Co., K30, Ms ~ 40,000), and sodium hydroxide (NaOH) (purity > 97.0%, Fujifilm Wako Chemical Co.) without 
further purification.  Bi2Te3 nanoplates were fabricated according to the following procedure: 0.4 g of PVP was 
dissolved in ethylene glycol (18 mL), followed by the addition of  Bi2O3 (20 mM),  TeO2 (70 mM), and 2 mL of 
NaOH solution (5.0 M). The resulting precursor solution was then sealed in an autoclave. The autoclave was 
then heated and maintained at 200 °C for 4 h, with stirring at 500 rpm. After the synthesis, the products were 
allowed to cool naturally below 70 °C. The products were then collected by centrifugation and washed several 
times with distilled water and absolute ethanol. Finally, the products were dried under a vacuum at 60 °C for 24 h.

Super-growth carbon nanotubes (SGCNTs) (ZEONANO SG101, purity > 99%, ZEON) were used as SWC-
NTs. The dispersion solution was prepared by adding 0.5 wt.% of SGCNT powder in 6 mL of ethanol, followed 
by homogeneously dispersing it using an ultrasonic homogenizer (Emerson SFX25) at 20 W for 45 min. As a 
surfactant, 2 mL of a sodium dodecylbenzene sulfonate (SDBS) standard solution (Fujifilm Wako Co.) was added 

Figure 1.  Fabrication process of nanocomposite flexible films based on  Bi2Te3 nanoplates and selected SWCNTs 
using ultracentrifugation.



3

Vol.:(0123456789)

Scientific Reports |         (2023) 13:3010  | https://doi.org/10.1038/s41598-023-30175-0

www.nature.com/scientificreports/

to the dispersion solution, followed by stirring at 500 rpm for 30 min using a stirrer (AZ-1 Corporation DP-1L). 
The dispersion solution (3 mL) was placed in a centrifuge tube, and ultracentrifugation was performed at a rota-
tion speed of 46,000 rpm (average force of 88,000 g) for 1 h. The weight fraction of SWCNTs in the supernatant 
layer was approximately 10% of the initial amount of SWCNTs used in the solution.

The process conditions for preparing the nanocomposite films were determined based on our previous 
 report40. After ultracentrifugation, 1 mL from the top of the solution and 1 mL from the bottom were extracted, 
and 10 mg of  Bi2Te3 nanoplates were added to each solution. The solution was then drop-casted onto a polyimide 
substrate using a metal wall. The nanocomposite films were 22 mm long and 12 mm wide, with a thickness of 
approximately 2 μm. After drying the nanocomposite films in air, they were thermally annealed at 250 °C to 
evaporate residual solvents in the thin films and to completely connect the  Bi2Te3 nanoplates and SWCNTs. A 
heating furnace was filled with a mixture of Ar (95%) and  H2 (5%) at atmospheric pressure. The temperature 
was maintained at 250 °C for 1 h. Following thermal annealing, the samples were allowed to cool naturally below 
70 °C in the furnace. The flexibility of the nanocomposite films was confirmed using the bending test. To evalu-
ate the effect of ultracentrifugation, nanocomposite films composed of  Bi2Te3 nanoplates and SWCNTs were 
prepared with no ultracentrifugation, that is, with pristine SWCNTs, under the same preparation conditions.

The precise structure of the  Bi2Te3 nanoplates was analyzed using high-resolution transmission electron 
microscopy (TEM) (JEOL JEM-ARM200F) and selected-area electron diffraction (SAED) at an accelerating 
voltage of 200 kV. The phase purity and crystal structure of the nanoplates were characterized by X-ray dif-
fraction (XRD) (D8 ADVANCE) using Cu-Kα radiation (λ = 0.154 nm, with 2θ ranging from 10° to 80°). The 
atomic composition of the nanoplates was determined using an electron probe microanalyzer (EPMA, Shimazu, 
EPMA-1600) and calibrated using the ZAF4 program supplied with the EPMA-1610 device.

The crystallinity and characteristics of the SWCNTs were characterized using Raman spectroscopy with a 
532 nm laser source wavelength (XploRA HORIBA). The morphologies of the nanocomposite films of  Bi2Te3 
nanoplates and SWCNTs were investigated using field-emission scanning electron microscopy (Hitachi S-4800). 
The precise morphology and structure of the SWCNTs were analyzed by high-resolution TEM (JEOL JEM-2100F) 
at an accelerating voltage of 200 kV. The in-plane electrical conductivities (σ) of the samples were measured at 
300 K using a four-point probe method (Napson RT-70V). The in-plane Seebeck coefficients (S) of the samples 
were measured at 300  K49–51. One end of the film was connected to a heat sink, and the other end was connected 
to a heater. Two 0.1-mm-diameter K-type thermocouples, placed 13 mm apart, were pressed near the center 
of the thin films. The temperature difference between the thermocouples was varied from 1 to 4 K, and the 
thermoelectric voltage was recorded at intervals of 1 K. The Seebeck coefficient was estimated according to the 
V-K slope using a linear approximation. The in-plane power factor (σS2) was obtained from the experimentally 
measured electrical conductivity and the Seebeck coefficient.

Results and discussion
Structural properties of  Bi2Te3 nanoplates. A TEM image of a typical  Bi2Te3 nanoplate is shown in 
Fig. 2a. The  Bi2Te3 nanoplates exhibited a regular hexagonal shape with an approximate lateral size of 1–2 μm. 
The nanoplates were sufficiently thin (less than 50 nm) that the overlap of the nanoplates could be observed. The 
SAED pattern shown in the inset of Fig. 2a was indexed to the [00l] zone axis of rhombohedral  Bi2Te3, indicating 
that the nanoplate was single crystalline. The high-resolution TEM (HRTEM) image in the inset of Fig. 2a shows 
that the lattice fringes were also structurally uniform, with a spacing of 0.21 nm, which is in good agreement 
with the d value of the (110) planes of rhombohedral  Bi2Te3. The phase purity and crystal structure of the  Bi2Te3 
nanoplates were examined using XRD analysis, as shown in Fig. 2b. The peaks observed in the XRD patterns 
of the nanoplates were indexed to the standard diffraction pattern of  Bi2Te3 (JCPDS 15-0863). The main peaks 
were observed in the c-axis-oriented (00l), (015), and (1010) planes. The atomic ratio of nanoplates (Te/(Bi + Te)) 
determined using EPMA analysis was 60.6 at.%, which was very close to the stoichiometric proportion of 60.0 

Figure 2.  (a) TEM image of  Bi2Te3 nanoplates prepared by solvothermal synthesis. The insets show the HRTEM 
image and SAED pattern. (b) X-ray diffraction patterns of the  Bi2Te3 nanoplates.
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at.%. In addition, oxygen was detected in the EPMA analysis, indicating either adsorption of oxygen molecules 
on the nanoplate surface or formation of natural oxide layers.

Structural properties of SWCNTs. The Raman spectra of the SWCNTs in the top and bottom solutions 
are shown in Fig. 3. For comparison, the Raman spectra of the SDBS are shown in the figure. The Raman spectra 
of the SWCNTs in the top solution included the peaks of the SWCNTs and SDBS, whereas those of the SWCNTs 
in the bottom solution only exhibited the peaks of the SWCNTs, even though the cleaning process of the SWC-
NTs after ultracentrifugation was the same for the top and bottom solutions. This indicates that the molecules of 
SDBS were more firmly attached to the SWCNT surface in the top solution. The intensity ratio of the G and D 
bands, IG/ID, which shows the crystallinity of SWCNTs, was 1.1 and 1.3 for the SWCNTs in the top and bottom 
solutions, respectively. Therefore, the crystallinity of the SWCNTs did not vary significantly between the top and 
bottom solutions. In the inset of Fig. 3, the SWCNTs in the top and bottom solutions exhibited several radial 
breathing mode (RBM) peaks in the range of 100–400  cm−1, indicating that SWCNTs with different chirality 
distributions and diameters existed. Consequently, the crystallinity, chirality distribution, and diameters of the 
SWCNTs were not selected by ultracentrifugation.

Structural and thermoelectric properties of nanocomposite films. Figure 4 shows SEM images 
of the surface morphologies of the nanocomposite films with  Bi2Te3 nanoplates and SWCNTs obtained from 
different positions in the aforementioned solution. For comparison, the SEM image of the nanocomposite film 
with pristine SWCNTs is shown in Fig. 4a. Regular hexagonal  Bi2Te3 nanoplates, with an average diameter of 
approximately 1 μm, were relatively well-aligned. There were variations in the diameter of the SWCNT bun-
dles, and the maximum diameter observed was approximately 100 nm. The SWCNT bundles were observed by 
HRTEM, as shown in the inset of Fig. 4a. Owing to the uneven distribution of the SWCNT bundles, the positions 
at which nanoplates could be connected were limited. Upon using the SWCNTs in the top solution (Fig. 4b), the 
 Bi2Te3 nanoplates were relatively well-aligned to the in-plane direction. The diameters of the SWCNT bundles 
were significantly smaller than those of the pristine SWCNT bundles, as shown in Fig. 4a. This indicates that 
the SWCNT bundles were unraveled by ultracentrifugation, which is revealed by the HRTEM image in the inset 
of Fig. 4b. Many thin and long SWCNTs were uniformly attached to the  Bi2Te3 nanoplates. As the length of the 

Figure 3.  Raman spectra of SWCNTs in the top and bottom solutions. The inset shows a detailed analysis of the 
RBM modes ranging from 100 to 400  cm-1.

Figure 4.  SEM image of nanocomposite films based on  Bi2Te3 nanoplates and different SWCNTs. The insets 
show the HRTEM images of each SWCNT. (a) Pristine SWCNTs, (b) SWCNTs in the top solution, and (c) 
SWCNTs in the bottom solution.
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SWCNTs was longer than that of the nanoplates, the SWCNT connected the surrounding nanoplates. The loca-
tion of yellow arrows in the figure shows the most typical SWCNTs. When the SWCNTs in the bottom solution 
were used (Fig. 4c), thin SWCNTs were observed on the surface of the nanoplates, and the SWCNT connected 
the surrounding nanoplates. The diameter of the SWCNTs in the bottom solution was comparable to that of the 
SWCNTs in the top solution, which was observed by the HRTEM image shown in the inset of Fig. 4c.

The thermoelectric properties of the nanocomposite films are presented in Table 1. The electrical conductivity 
of the film with SWCNTs from the top solution was 370 S/cm, which was approximately six times higher than 
that of the film with SWCNTs from the bottom solution. The clear mechanism could not be identified. However, 
a possible explanation is that the SWCNTs in the top solution were firmly coated with the residual surfactant, 
as shown in Fig. 3, and that the residual surfactant contributed to a strong connection between the SWCNTs 
and  nanoplates52. Consequently, sodium ions in the SDBS surfactants were considered to increase the electrical 
conductivity. The detailed analysis of the mechanism should be performed using a molecular dynamics simula-
tion in the future. The electrical conductivity of the film with pristine SWCNTs was also low, possibly because 
the current path was restricted owing to the non-uniform distribution of the SWCNT  bundles41. The Seebeck 
coefficient of the film with SWCNTs from the top solution was exhibited at n-type characteristic and a value of 
− 131 μV/K, which was approximately 10% higher than those of the films with SWCNTs from the bottom solu-
tion and pristine SWCNTs. The phenomena occurred because of the decreasing contact resistance between the 
SWCNTs and nanoplates. The power factor of the film with SWCNTs from the top solution was 6.3 μW/(cm  K2), 
which was approximately eight times higher than that of the films with SWCNTs from the bottom solution and 
pristine SWCNTs, mainly because of the significant increase in electrical conductivity. As a result, by performing 
ultracentrifugation with the SDBS surfactant to select the SWCNTs, the power factor can be greatly improved. 
The thermoelectric properties of flexible nanocomposite films were compared to those of flexible nanocomposite 
films reported in the literature. The power factor of the nanocomposite films of  Bi2Te3 nanoplates/SWCNTs (top) 
was higher than that of the nanocomposite film with SWCNTs using similar wet processes and with reduced 
graphene oxide nanosheets (rGO)53–55. However, the top value in this study was lower than the value (18.4 μW/
(cm⋅K2) of flexible nanocomposite film using a sputtering (dry process), possibly because highly oriented nano-
plates were  obtained31. Therefore, the selection of SWCNTs using ultracentrifugation with a surfactant improved 
the thermoelectric performance via a simple and cost-effective method. To further enhance the performance, an 
effective way is to improve the orientation of the nanoplates by optimizing the process.

Conclusion
To improve the thermoelectric performance of nanocomposite films based on  Bi2Te3 nanoplates and SWCNTs, 
ultracentrifugation was used to select suitable SWCNTs. After ultracentrifugation, the dispersion solution was 
divided into two parts, the top and the bottom, and each part was dried. The SWCNTs from each part were 
mixed with  Bi2Te3 nanoplates in ethanol and flexible nanocomposite films were prepared on a polyimide sheet 
by drop casting. The nanocomposite film fabricated with SWCNTs from the top solution exhibited a higher elec-
trical conductivity than that of the nanocomposite films with SWCNTs from the bottom solution and SWCNTs 
without ultracentrifugation. This phenomenon occurred possibly because the residual surfactant contributed 
to a strong connection between the SWCNTs and nanoplates. In future work, several other approaches will be 
further investigated to deduce the mechanism. The power factor was 6.3 μW/(cm  K2), revealing that this was 
one of the best-performing flexible nanocomposite films. Therefore, this study demonstrated an improvement 
in the thermoelectric performance of nanocomposite films by the selection of SWCNTs using ultracentrifuga-
tion with a surfactant. The findings of this study can support the application of nanocomposite films in TEGs 
for providing self-supporting power supplies for IoT devices. Further research should focus on increasing the 
electrical conductivity while maintaining a high Seebeck coefficient.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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Table 1.  Thermoelectric properties of nanocomposite flexible films.

Nanocomposite flexible films Film fabrication σ [S/cm] S [μV/K] P.F. [μW/(cm  K2)] Ref.

Bi2Te3 nanoplates/SWCNTs (top) Wet 370 − 131 6.3 This work

Bi2Te3 nanoplates/SWCNTs (bottom) Wet 61 − 118 0.8 This work

Bi2Te3 nanoplates/SWCNTs (pristine) Wet 56 − 119 0.8 41

Bi2Te3 nanoplates/SWCNTs Wet 510 − 100 5.1 53

Bi2Te3 nanoplates/SWCNTs Wet 152 − 37 0.2 54

Bi2Te3 nanoplates/rGO Wet 200 − 128 3.3 55

Bi2Te3 nanoplates (Scaffold)/SWCNTs Dry 940 − 140 18.4 31



6

Vol:.(1234567890)

Scientific Reports |         (2023) 13:3010  | https://doi.org/10.1038/s41598-023-30175-0

www.nature.com/scientificreports/

References
 1. Rojas, J. P. et al. Review—Micro and nano-engineering enabled new generation of thermoelectric generator devices and applica-

tions. ECS J. Solid State Sci. Technol. 6, N3036–N3044 (2017).
 2. Yamamuro, H., Hatsuta, N., Wachi, M., Takei, Y. & Takashiri, M. Combination of electrodeposition and transfer processes for 

flexible thin-film thermoelectric generators. Coatings 8, 22 (2018).
 3. Kobayashi, A., Konagaya, R., Tanaka, S. & Takashiri, M. Optimized structure of tubular thermoelectric generators using n-type 

 Bi2Te3 and p-type  Sb2Te3 thin films on flexible substrate for energy harvesting. Sens. Actuators A 313, 112199 (2020).
 4. Kuang, N., Zuo, Z., Wang, W., Liu, R. & Zhao, Z. Optimized thermoelectric properties and geometry parameters of annular thin-

film thermoelectric generators using n-type  Bi2Te2.7Se0.3 and p-type  Bi0.5Sb1.5Te3 thin films for energy harvesting. Sens. Actuators 
A 332, 113030 (2021).

 5. Madan, D., Wang, Z., Wright, P. K. & Evans, J. W. Printed flexible thermoelectric generators for use on low levels of waste heat. 
Appl. Energy 156, 587–592 (2015).

 6. Hyland, M., Hunter, H., Liu, J., Veety, E. & Vashaee, D. Wearable thermoelectric generators for human body heat harvesting. Appl. 
Energy 182, 518–524 (2016).

 7. Siddique, A. R. M., Mahmud, S. & Van Heyst, B. A review of the state of the science on wearable thermoelectric power generators 
(TEGs) and their existing challenges. Renew. Sustain. Energy Rev. 73, 730–744 (2017).

 8. Leonov, V., Torfs, T., Fiorini, P. & Hoof, C. V. Thermoelectric converters of human warmth for self-powered wireless sensor nodes. 
IEEE Sens. J. 7, 650–657 (2007).

 9. Harman, T. C., Paris, B., Miller, S. E. & Goering, H. L. Preparation and some physical properties of  Bi2Te3,  Sb2Te3, and  As2Te3. J. 
Phys. Chem. Solids 2, 181–190 (1957).

 10. Satterthwaite, C. B. & Ure, R. W. Jr. Electrical and thermal properties of  Bi2Te3. Phys. Rev. 108, 1164–1170 (1957).
 11. Fan, X. A. et al.  Bi2Te3 hexagonal nanoplates and thermoelectric properties of n-type  Bi2Te3 nanocomposites. J. Phys. D Appl. Phys. 

40, 5975–5979 (2007).
 12. Liang, Y. et al. Influence of NaOH on the formation and morphology of  Bi2Te3 nanostructures in a solvothermal process: From 

hexagonal nanoplates to nanorings. Mater. Chem. Phys. 129, 90–98 (2011).
 13. Hollar, C. et al. High-performance flexible bismuth telluride thin film from solution processed colloidal nanoplates. Adv. Mater. 

Technol. 5, 2000600 (2020).
 14. Hicks, L. & Dresselhaus, M. S. Effect of quantum-well structures on the thermoelectric figure of merit. Phys. Rev. B 47, 12727–12731 

(1993).
 15. Venkatasubramaian, R., Siivola, E., Colpitts, T. & O’Quinn, B. Thin-film thermoelectric devices with high room-temperature figures 

of merit. Nature 413, 597–602 (2001).
 16. Harman, T. C., Taylor, P. J., Walsh, M. P. & LaForge, B. E. Quantum dot superlattice thermoelectric materials and devices. Science 

297, 2229–2232 (2002).
 17. Takashiri, M., Kai, S., Wada, K., Takasugi, S. & Tomita, K. Role of stirring assist during solvothermal synthesis for preparing single-

crystal bismuth telluride hexagonal nanoplates. Mater. Chem. Phys. 173, 213–218 (2016).
 18. Hosokawa, Y., Tomita, K. & Takashiri, M. Growth of single-crystalline  Bi2Te3 hexagonal nanoplates with and without single nano-

pores during temperature-controlled solvothermal synthesis. Sci. Rep. 9, 10790 (2019).
 19. Yamazaki, H., Eguchi, R. & Takashiri, M. Investigation of phase transition from critical nucleus to  Bi2Te3 nanoplate based on screw 

dislocation-driven spiral growth by solvothermal synthesis. Cryst. Res. Technol. 56, 2100153 (2021).
 20. Wada, K., Tomita, K. & Takashiri, M. Fabrication of bismuth telluride nanoplates via solvothermal synthesis using different alkalis 

and nanoplate thin films by printing method. J. Cryst. Growth 468, 194–198 (2017).
 21. Hosokawa, Y., Wada, K., Tanaka, M., Tomita, K. & Takashiri, M. Thermal annealing effect on structural and thermoelectric proper-

ties of hexagonal  Bi2Te3 nanoplate thin films by drop-casting technique. Jpn. J. Appl. Phys. 57, 02CC02 (2018).
 22. Mori, R. et al. Measurement of thermal boundary resistance and thermal conductivity of single-crystalline  Bi2Te3 nanoplate films 

by differential 3ω method. Appl. Phys. Express 13, 035501 (2020).
 23. Kimura, Y. et al. Solvothermal synthesis of n-type  Bi2(SexTe1−x)3 nanoplates for high-performance thermoelectric thin films on 

flexible substrates. Sci. Rep. 10, 6315 (2020).
 24. Iijima, S. & Ichihashi, T. Single-shell carbon nanotubes of 1-nm diameter. Nature 363, 603–605 (1993).
 25. Iijima, S. Helical microtubules of graphitic carbon. Nature 354, 56–58 (1991).
 26. Karousis, N., Tagmatarchis, N. & Tasis, D. Current progress on the chemical modification of carbon nanotubes. Chem. Rev. 110, 

5366–5397 (2010).
 27. Avery, A. D. et al. Tailored semiconducting carbon nanotube networks with enhanced thermoelectric properties. Nat. Energy 1, 

16033 (2016).
 28. Blackburn, J. L. et al. Intrinsic and extrinsically limited thermoelectric transport within semiconducting single-walled carbon 

nanotube networks. Adv. Electron. Mater. 5, 1800910 (2019).
 29. Nakai, Y. et al. Giant Seebeck coefficient in semiconducting single-wall carbon nanotube film. Appl. Phys. Express 7, 025103 (2014).
 30. Ichinose, Y. et al. Solving the thermoelectric trade-off problem with metallic carbon nanotubes. Nano Lett. 19, 7370–7376 (2019).
 31. Jin, Q. et al. Flexible layer-structured  Bi2Te3 thermoelectric on a carbon nanotube scaffold. Nat. Mater. 18, 62–68 (2019).
 32. Macleod, B. A. et al. Large n- and p-type thermoelectric power factors from doped semiconducting single-walled carbon nanotube 

thin films. Energy Environ. Sci. 10, 2168–2179 (2017).
 33. Hata, S. et al. Enhancement of p-type thermoelectric power factor by low-temperature calcination in carbon nanotube thermo-

electric films containing cyclodextrin polymer and Pd. Appl. Phys. Lett. 118, 243904 (2021).
 34. Seki, Y., Nagata, K. & Takashiri, M. Facile preparation of air-stable n-type thermoelectric single-wall carbon nanotube films with 

anionic surfactants. Sci. Rep. 10, 8104 (2020).
 35. Yonezawa, S., Chiba, T., Seki, Y. & Takashiri, M. Origin of n type properties in single wall carbon nanotube films with anionic 

surfactants investigated by experimental and theoretical analyses. Sci. Rep. 11, 5758 (2021).
 36. Chiba, T., Amma, Y. & Takashiri, M. Heat source free water floating carbon nanotube thermoelectric generators. Sci. Rep. 11, 14707 

(2021).
 37. Kim, K.-T. et al. The influence of CNTs on the thermoelectric properties of a CNT/Bi2Te3 composite. Carbon 52, 541–549 (2013).
 38. Liu, Y., Du, Y., Meng, Q., Xu, J. & Shen, S. Z. Effects of preparation methods on the thermoelectric performance of SWCNT/Bi2Te3 

bulk composites. Materials 13, 2636 (2020).
 39. Ahmad, K. & Wan, C. Enhanced thermoelectric performance of  Bi2Te3 through uniform dispersion of single wall carbon nanotubes. 

Nanotechnology 28, 415402 (2017).
 40. Hosokawa, Y. & Takashiri, M. Impact of the amount of single-wall carbon nanotubes (SWCNTs) in single-crystalline  Bi2Te3 

nanoplates/SWCNTs nanocomposite films by drop-casting method. Jpn. J. Appl. Phys. 58, SDDG04 (2019).
 41. Yabuki, H., Yonezawa, S., Eguchi, R. & Takashiri, M. Flexible thermoelectric films formed using integrated nanocomposites with 

single-wall carbon nanotubes and  Bi2Te3 nanoplates via solvothermal synthesis. Sci. Rep. 10, 17031 (2020).
 42. Liu, B., Wu, F., Gui, H., Zheng, M. & Zhou, C. Chirality-controlled synthesis and applications of single-wall carbon nanotubes. 

ACS Nano 11, 31–53 (2017).



7

Vol.:(0123456789)

Scientific Reports |         (2023) 13:3010  | https://doi.org/10.1038/s41598-023-30175-0

www.nature.com/scientificreports/

 43. Chiba, T., Seki, Y. & Takashiri, M. Correlation between the air stability of n-type thermoelectric properties and defects in single-
walled carbon nanotubes with anionic surfactants. AIP Adv. 11, 015332 (2021).

 44. Arnold, M. S., Green, A. A., Hulvat, J. F., Stupp, S. I. & Hersam, M. C. Sorting carbon nanotubes by electronic structure using 
density differentiation. Nat. Nanotechnol. 1, 60–65 (2006).

 45. Fagan, J. A., Becker, M. L., Chun, J. & Hobbie, E. K. Length fractionation of carbon nanotubes using centrifugation. Adv. Mater. 
20, 1609–1613 (2008).

 46. Green, A. A. & Hersam, M. C. Ultracentrifugation of single-walled nanotubes. Mater. Today 10, 59–60 (2007).
 47. O’Connell, M. J. et al. Band gap fluorescence from individual single-walled carbon nanotubes. Science 297, 593–596 (2002).
 48. Wada, K., Tomita, K. & Takashiri, M. Thermoelectric properties of bismuth telluride nanoplate thin films determined using com-

bined infrared spectroscopy and first-principles calculation. Jpn. J. Appl. Phys. 57, 06HC02 (2018).
 49. Matsuoka, K., Okuhata, M. & Takashiri, M. Dual-bath electrodeposition of n-type Bi-Te/Bi-Se multilayer thin films. J. Alloys 

Compd. 649, 721–725 (2015).
 50. Inamoto, T. & Takashiri, M. Experimental and first-principles study of the electronic transport properties of strained  Bi2Te3 thin 

films on a flexible substrate. J. Appl. Phys. 120, 125105 (2016).
 51. Kudo, S., Tanaka, S., Miyazaki, K., Nishi, Y. & Takashiri, M. Anisotropic analysis of nanocrystalline bismuth telluride thin films 

treated by homogeneous electron beam irradiation. Mater. Trans. 58, 513–519 (2017).
 52. Tkalya, E. E., Ghislandi, M., de With, G. & Koning, C. E. The use of surfactants for dispersing carbon nanotubes and graphene to 

make conductive nanocomposites. Curr. Opin. Colloid Interface Sci. 17, 225–232 (2012).
 53. Chen, Z., Lv, H., Zhang, Q., Wang, H. & Chen, G. Construction of a cement–rebar nanoarchitecture for a solution-processed and 

flexible film of a  Bi2Te3/CNT hybrid toward low thermal conductivity and high thermoelectric performance. Carbon Energy 4, 
115–128 (2021).

 54. Chen, X. et al. Flexible thermoelectric films based on  Bi2Te3 nanosheets and carbon nanotube network with high n-type perfor-
mance. ACS Appl. Mater. Interfaces 13, 5451–5459 (2021).

 55. Ding, D., Sun, F., Xia, F. & Tang, Z. A high-performance and flexible thermoelectric generator based on the solution-processed 
composites of reduced graphene oxide nanosheets and bismuth telluride nanoplates. Nanoscale Adv. 2, 3244–3251 (2020).

Acknowledgements
This study was partially supported by JSPS KAKENHI (Grant Number: 20H02576) and the business development 
of joint research in industry and academia at Hiratsuka city and Kanto Yakin Kogyo Corporation. The authors 
wish to thank H. Uchida at Zeon Corporation, E. Shindo at Tokyo City University, N. Kojima, K. Tomita, and 
M. Morikawa at Tokai University for providing experimental support.

Author contributions
T.C.: investigation, visualization, writing—original draft, writing—review and editing. H.Y.: conceptualization, 
investigation, visualization. M.T.: resources, writing—original draft, writing—review and editing, supervision, 
funding acquisition.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	High thermoelectric performance of flexible nanocomposite films based on Bi2Te3 nanoplates and carbon nanotubes selected using ultracentrifugation
	Experimental procedures
	Results and discussion
	Structural properties of Bi2Te3 nanoplates. 
	Structural properties of SWCNTs. 
	Structural and thermoelectric properties of nanocomposite films. 

	Conclusion
	References
	Acknowledgements


