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p- and n- type Ag2Te nanocrystals are coated separately onto 

nylon fibres to create flexible composites. A prototype 

thermoelectric device made using such fibres produces ~0.8 

nW in a 20 K temperature difference. This is improved to 

over 5 nW by using a conducting polymer as the p-type 

material. 

Thermoelectric devices are heat engines that are used in 

several niche applications such as small scale refrigeration, 

electricity co-generation, remote power generation, and waste 

heat recovery.1–6 The devices operate based on the Seebeck 

and Peltier effects and are comprised of p- and n-type 

semiconductors. Device efficiency scales with the figure of 

merit, ZT = S2σT/κ where S is the Seebeck coefficient, σ is 

electrical conductivity, κ is thermal conductivity, and T is 

absolute temperature.1,3,6 Lately, there has been much interest 

in broadening the use of thermoelectric technology to 

applications that require or could benefit from flexibility.7–9 

 A few classes of flexible thermoelectric materials have been 

developed, including polymer/telluride composites,10–16 

polymer/carbon nanotube composites,17–26 polymer/graphene 

composites,27,28 and telluride coated fibres.29,30 In several cases, 

researchers have made and characterized the power output of 

prototype devices.30–34 One issue in this research area is the 

scarcity of air-stable n-type materials. Our lab made a 

breakthrough in developing n-type PbTe nanocrystals doped 

with iodine and has successfully demonstrated the functional 

prototype thermoelectric energy harvesting device fabricated 

on PbTe nanocrystals coated glass fibres and substrates.31,35 

One issue with these PbTe nanocrystal-based devices is the 

need for a high temperature (300-350 °c) annealing step, 

which prevents the use of low-cost polymeric fibre substrates 

such as nylon, polyester, or cotton. Both of the issues in this 

research area are addressed by the present development of a 

new material, Ag2Te nanocrystal coated nylon fibres.  

 The use of Ag2Te is motivated by several factors. First, 

colloidal nanocrystals of Ag2Te can be synthesized in a 

scalable way using established procedures.36–39 Second, Ag2Te 

is known to have moderate ZT values near room 

temperature.40,41 Third, Ag2Te nanocrystal films have high 

electrical conductivities even prior to heat treatment.42 Fourth, 

the type of carrier can sometimes be changed by adjusting the 

synthesis precursor ratios.43 

 Ag2Te nanocrystals are synthesized in solution, washed, 

and coated onto nylon fibre mesh by a successive dip-coating 

approach. For the synthesis, a modified version of the method 

described previously is used.37 Solution A is made by 

dissolving 1.28 ml 1-dodecanethiol in 80 ml 4-tertbutyltoluene. 

Solution B is made by dissolving 0.364 g AgNO3 in 80 ml 

deionized water using sonication. Solution B is then added to 

solution A and the mixture is stirred for 2-3 hours. A stock Te 

precursor solution is made in a nitrogen filled glove box by 

dissolving 4.79 g Te powder in 50 ml triocytlphosphine (TOP) 

by stirring on a 60 °C hot plate. The white organic phase of 

the Ag precursor solution is transferred to a 100 ml 3-neck 

flask using a separator funnel. Nitrogen gas protection is 

applied using a Schlenk line and the solution is heated to 

approximately 97 °C at which point 3 ml of the TOP-Te 

solution are rapidly injected. The reaction temperature is kept 

at 97 °C for 24 hours and is then quenched to room 

temperature using a water bath.  

 The reaction products are combined with 8 ml hexane and 

centrifuged briefly at 4300 rpm. The supernatant is combined 

with an equal volume of ethanol and centrifuged at 6000 rpm. 
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The resulting precipitate is dissolved in hexane and 

centrifuged at 4000 rpm. The resulting supernatant is 

combined with ethanol and centrifuged to obtain a precipitate 

that is dissolved in 10 ml chloroform in preparation for dip 

coating onto nylon. 

 The nanocrystals are characterized using powder X-ray 

diffraction (XRD) and transmission electron microscopy (TEM). 

The XRD pattern of nanocrystals dip coated onto glass in 

Figure 1a shows that the material is pure hessite Ag2Te. The 

low magnification TEM image in Figure 1b shows that the 

nanocrystals have typical size of 10 ± 2 nm, although larger 

nanocrystals can also occasionally be seen. The high resolution 

TEM image in Figure 1c shows the lattice-resolved image of 

several single crystalline nanocrystals. 

 
Figure 1. (a) XRD pattern of Ag2Te nanocrystals and Ag2Te coated nylon. (b) Low 

magnification image of Ag2Te nanocrystals. (c) High resolution image of Ag2Te 

nanocrystals. 

 Nylon mesh is prepared for dip coating by sonication in a 

50/50 (v/v) solution of isopropanol and acetone followed by 

drying in an oven at 80 °c and finally by treating in an air 

plasma cleaner for 30 minutes. The nanocrystals are coated 

onto nylon fibre mesh using a modified version of the 

technique described previously.29 In the present three-step 

dip-coating procedure, the first solution is one batch of Ag2Te 

nanocrystals dissolved in 10 ml chloroform, the second 

solution is 0.048 M N2H4 in ethanol, and the third solution is 

ethanol. As shown in Figure S1, the coated nylon mesh 

possesses a measurable electrical conductance after only 30 

dip coating cycles regardless of the nanocrystal size 

distribution. However, 50 coating cycles using nanocrystals 

with sizes similar to those in Figure 1b possess the lowest 

measured sheet resistances. Therefore, all subsequent results 

are obtained using similarly made low resistance material. 

 To investigate potential enhancement of the thermoelectric 

properties of Ag2Te nanocrystal coated nylon, two treatment 

methods are employed. In the first method, the coated fibres 

are annealed in a tube furnace at a pressure of approximately 

one torr at 127 °C for 30 minutes. This annealing treatment is 

motivated by the improvement observed after annealing 

similar materials.29,44 In the second method, the coated fibres 

are treated in an air plasma cleaner for 10 minutes. This air 

plasma treatment is motivated by the significant impact such 

treatment has on many thin film materials.45–48 The effect of 

the treatment methods on the structure of the coated nylon is 

shown in the SEM images in Figure 2a-c. Cracks in the coating 

and regions of bare nylon are observed even in the untreated 

material (Figure 2a), yet these features are even more 

pronounced in the annealed material (Figure 2b) and more so 

in the air plasma treated material (Figure 2c). The atomic ratio 

of Ag to Te is measured using energy dispersive X-ray 

spectroscopy (EDS) As shown in Figure 2d, the atomic ratios 

are very nearly equal to 2 for the untreated and annealed 

samples, as expected for Ag2Te. The XRD patterns for these 

samples in Figure 1a further confirm the single-phase nature 

of the coating. The atomic ratio for the air plasma treated 

sample is nearly equal to 4. According to the published data 

on the Ag-Te system, such a composition at room 

temperature exists in the two-phase Ag-Ag2Te region of the 

phase diagram.49 Accordingly, the XRD pattern (top spectrum, 

Figure 1a) for the air plasma treated sample possesses peaks 

from the (111) and (220) planes of Ag in addition to peaks 

from Ag2Te. As there is no Ag source during the air plasma 

treatment, the increase in the Ag:Te ratio is necessarily 

associated with a loss of Te. While the exact mechanism of the 

Te loss is unclear at this point, the air plasma appears to act 

as a selective etching process.50 

 
Figure 2. SEM images of Ag2Te nanocrystal coated nylon. (a) Untreated. (b) 

Annealed. (c) Air plasma treated. (d) Electrical properties and composition of 

coated nylon samples. 

 The room temperature electrical properties of the Ag2Te 

nanocrystal coated nylon fibres are shown in Figure 2d. While 

it is preferable to measure the electrical conductivity of 

thermoelectric materials, the complex geometry of the coated 

nylon makes such a measurement impractical for the present 

samples. Thus the sheet resistance (Rs) is used for comparison 

here and studies involving simpler planar geometry that allow 

for σ determination and a more fair comparison of materials 

of different thicknesses are well underway.42 Note that the 
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values of Rs for the annealed and air plasma treated materials 

are based on approximate ratios of values obtained before 

and after treatment. The Seebeck coefficient values shown 

here are measured using an MMR SB100 Seebeck 

measurement system and represent estimates. The details of 

the measurement method and results are given in the 

supporting information. The fourth column (S2/Rs) is a 

modification of the power factor (S2σ), which is inversely 

proportional to Rs for a given sample thickness. As the thermal 

conductivity measurement of even straight coated fibres is 

challenging,51 the thermal conductivity of the interwoven 

coated nylon fibres is not measured in the present study. 

 The untreated nanocrystals are n-type with Seebeck 

coefficients similar to those previously reported for Ag2Te 

nanocrystal films.38 After annealing, the coated nylon becomes 

p-type with a slight drop in Seebeck coefficient magnitude 

and a reduction in sheet resistance by a factor of two, which 

leads to an improved value of the modified power factor. The 

air plasma treated sample exhibits a drastically reduced 

Seebeck coefficient, yet the decrease in sheet resistance by 

over two orders of magnitude results in the largest value of 

the modified power factor observed in this study. These 

changes are likely due to the relatively low values for the 

Seebeck coefficient and electrical resistivity of Ag, which is 

present in the air plasma treated material.52,53 

 The annealed and air plasma treated material is used to 

make a four-leg prototype thermoelectric module, “device #1,” 

shown in Figure 3d. Each leg is approximately 3 mm x 13 mm. 

The legs are glued to glass substrates and connected 

electrically using Ag paint at the two ends. The glass 

substrates are attached to copper fins using carbon tape. The 

bare nylon pieces at the top and bottom of the image lend 

the device additional mechanical support. 

 

Figure 3. Characterization of device #1. (a) Open circuit voltage. (b) Voltage and 

power output in a temperature gradient of 20 K. (c) Device resistance during 

bending test. (d) Photograph of device during electrical characterization. 

 The device is characterized by placing one copper fin on a 

plastic stand and one fin on a hot plate that is used to create 

a temperature difference. Thermocouples are thermally 

bonded to the glass substrates on the hot and cold sides 

using silicone heat sink compound. Electrical connections to 

the device are made using microprobes. The open circuit 

voltage of the four-leg device in response to a temperature 

gradient is shown in Figure 3a. The slope of the best fit line is 

356 µV/K. While a 20 K temperature difference is sustained 

across the device, various load resistors are electrically 

connected. The current through and voltage across each 

resistor is measured and the power dissipated is calculated. 

The maximum power observed is just below 0.8 nW. Finally, 

the flexibility of the device is evaluated by measuring the 

resistance of the device in response to bending by pushing 

the copper fins closer together resulting in a bending radius of 

approximately 1-2 mm. As shown in Figure 3c, the resistance 

of the device increases by nearly 50 % after 10 bending cycles. 

 Regarding device #1, its main weaknesses are its high 

resistance, which is mostly due to the p-type legs, and its 

increase in resistance due to bending. To partially alleviate 

these weaknesses, poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) 

coated onto nylon fibre mesh is explored as a candidate for 

the p-type legs. The coating is made using a similar method 

as those described previously.54,55 A mixture of Clevios PH 

1000 and 5 % (v/v) ethylene glycol is drop cast onto nylon 

mesh on a glass petri dish on a 150 °C hot plate. The material 

is allowed to dry at this temperature for 10 minutes after 

which the hot plate is cooled to room temperature. The 

electrical properties of the material are shown in Figure 2d 

and are superior to the annealed Ag2Te nanocrystal coated 

nylon due to the decreased sheet resistance. 
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Figure 4. Characterization of device #2. (a) Open circuit voltage. (b) Voltage and 

power output in a temperature gradient of 20 K. (c) Device resistance during 

bending test. (d) Photograph of device during electrical characterization. 

The four-leg prototype thermoelectric module, “device #2” 

made using p-type PEDOT:PSS coated nylon and n-type air 

plasma treated Ag2Te nanocrystal coated nylon is shown in 

Figure 4d. The open circuit voltage (Figure 4a) has a best fit 

line with a slope of 187 µV/K, which is nearly two times lower 

than that of device #1. However, the drastically reduced 

resistance results in a greatly increased power output of over 

5 nW using a temperature difference of 20 K as shown in 

Figure 4b. Device #2 also fairs well during the bending test. 

Figure 4c shows how, after the first bending cycle, the device 

resistance increases by less than 2 % during the subsequent 

nine cycles. 

 Some examples of prior work involving prototype flexible 

thermoelectric devices do not include results for power output 

normalized by cross section area for heat flow, yet this 

quantity could be one useful figure of merit for such 

devices.33,34,56 In the present work, the interwoven structure of 

the nylon makes exact determination of the cross section area 

difficult. Still, SEM images such as those in Figure 1 and other 

measurements suggest that the area normalized power 

outputs of device #1 and #2 from a temperature difference of 

20 K are roughly 0.15 and 0.60 µW/cm2. These values could 

serve as benchmarks for future work. 

Conclusions 

The use of Ag2Te nanocrystals instead of PbTe nanocrystals 

allows for conductive coatings to be made on nylon fibre 

mesh without the need for high temperature (T > 150 °C) 

annealing. Still, both low-temperature annealing and air 

plasma treatment are shown to improve the electrical 

properties of Ag2Te nanocrystal coated nylon as compared 

with untreated material. A prototype thermoelectric device 

made using the annealed and air plasma treated Ag2Te 

nanocrystal coated nylon is moderately flexible and its high 

(>10 kΩ) resistance leads to a relatively low power output of 

just under 0.8 nW in a 20 K temperature difference. By 

replacing the annealed Ag2Te nanocrystal coating with 

PEDOT:PSS, the flexibility of the coated nylon device is greatly 

improved and the power output in a 20 K temperature 

difference is over 5 nW. This research highlights the key role 

that nanocrystal coated fibres could play as the n-type legs of 

flexible thermoelectric devices, while polymers and polymer 

composites are presently the clear choice for the p-type legs. 

Furthermore, the research presents a key step forward towards 

the direct fabrication of polymer fibre-based thermoelectric 

devices that can be mass produced in a fully automatic reel-

to-reel manner and that can operate at or near room 

temperature. Future improvement is likely to be made by 

investigating new p-type materials with high electrical 

conductivity. 
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