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Introduction

Thermoelectric (TE) devices based on solution-processed conjugated organic and organic-inorganic hybrid materials represent currently an emerging system for near-ambient energy harvesting applications (< 200 °C). [1][2][3][4][5][6] While many previous examples demonstrated only TE conversion, [7][8][9][10][11] new application needs have emerged recently requiring photothermoelectric conversions, 5,[12][13][14] aiming to perform light harvesting 12,14 and in some case positioning for device integration into multifunctional smart textile. 5 By comparison photovoltaic technologies, photothermoelectric generators can offer their unique functionality in both situations with light (e.g. by light-induced temperature difference) 5,12,15 or without light (e.g. by environment-induced temperature difference). 5,16,17 Concerning light harvesting, organic solar TE generators face similar challenges as inorganic TE counterparts to obtain sufficient temperature difference across the device under illumination. On classical inorganic TE modules, a few mitigation strategies have been proposed: For example, on Bi 2 Te 3 TE elements, commercial multilayer thin-film light absorbers have been applied to boost the temperature difference of the device under solar illumination. 18 Similar photothermal effect can be also well achieved by plasmonic nanoparticles: 19,20 A layer of metal nanoparticle/polymer hybrid beads, 21 or simply a layer of silver nanoparticles, 22 was recently applied on a commercial inorganic TE module. Nevertheless, on flexible organic and organicinorganic hybrid solar TE generators, there is hardly an attempt to apply such a plasmonic-induced photothermal concept. Indeed, in contrast to common solar concentration techniques involving the integration of mirrors to generate sufficient temperature difference across the device, 12,14 the photothermal concept gains advantages in the simplicity of device fabrication and installation favorable for the light-weight and flexible characteristics of the final devices. A few studies were reported recently applying nonplasmonic photothermal materials on organic/hybrid TE devices but exhibiting only modest performances: For example, applying a MoS 2 /polyurethane photothermal composites on the hot ends of a tellurium-doped PEDOT:PSS TE generator, He et al achieved a voltage output of 1.48 mV under sun light. 15 Recently, towards the application of smart textile, on polypropylene nonwoven fabrics, Zhang et al. applied a polypyrrole as the photothermal layer to fabricate flexible polypyrrole/PEDOT:Tos-based photothermoelectric generators capable to generate 0.677 mV and 0.0636 nW under sun light when worn on arm. 5 How to achieve flexible photothermoelectric generators with more significant voltage and power output remain currently a hot topic of research.

In this work, for the first time, carefully designed solution-processed colloidal plasmonic gold nanoparticles (Au NPs) are integrated onto organic-inorganic hybrid TE generators to achieve solutionprocessed and flexible photothermoelectric generators on flexible polyethylene terephthalate (PET) substrates and on polypropylene nonwoven fabrics for solar light harvesting without complex solar concentration techniques. Various batches of plasmonic photothermal Au NPs were synthesized by colloidal routes and a "visible NP ink" was formulated in order to absorb the majority of the visible portion of the solar spectrum. In order to maximize the device performance, we first investigated three different types of n-type flexible TE materials applicable on PET substrates and compared their performances when coupled with p-type PEDOT:PSS. The photothermal layer, the visible NP ink, was then deposited onto the hot ends of optimized hybrid TE generators to complete the final device structure. Under simulated AM 1.5G 1-sun solar illumination, we investigated the achieved temperature difference (T) measured between the hot and cold electrodes and the maximum voltage and power output generated by the final device by comparison to the control device without photothermal NPs.

Optimized photothermoelectric devices were further fabricated onto polypropylene nonwoven fabrics on which we explored the device characteristics under natural sun light as the device worn on arm.

Results and discussion

The Au NP photothermal layer

The morphologies of three batches of CTAB-capped Au NPs are shown in Figure 1 (a), (b), and (c), namely batch a, b, and c, respectively. The elongated morphology of these Au NPs can allow a facile tuning of their longitudinal localized surface plasmon resonance (LSPR) absorption. These three batches thus exhibit a distinctive solution optical absorption peak at  = 745 nm, 652 nm, and 554 nm, respectively (Figure 1(d) and Table S1 of supplementary information (SI)). In order to absorb the majority of the visible portion of solar spectrum ( from  = 500 nm to 850 nm), a visible Au NP ink was formulated by combining these three batches of NP solutions according to a certain proportion (described in the experimental section in SI). The solution-state optical absorption of this NP ink and the thin-film absorption when this ink was deposited and dried onto a PET substrate are shown as the green and purple curves in Figure 1(d). The major part of the visible-absorbing capability of this NP ink was still maintained after being deposited and dried onto PET. In contrast to the metallic nature of bulk gold, revealed by standard four-point probe measurements, a film of  2.5-µm-thickness formed CTABcapped Au NPs deposited onto a PET substrate is however resistive with an average conductivity of 1.5×10 -5 S/cm (Figure S2(a) in SI). This is likely due to the insulating NP ligands, CTAB, with a 16carbon alkyl chain in its chemical structure. Such an Au NP film was then applied below as the photothermal layer on the hot electrodes of the photothermoelectric generators, with its resistive nature preventing electrical shorting between electrodes after its deposition. S1 with an average aspect-ratio (AR = average length/average diameter) of 3.9 (a), 2.3 (b), and 1.9 (c), respectively, namely batch a, b, and c. (d) The optical extinction measured on these three NP solutions, the visible NP ink formed by a combination of these three batches, and the NP layer after the NP ink was deposited and dried onto a PET substrate.

The optimization of the hybrid TE devices

In order to optimize the flexible TE devices to be applied below for photothermoelectric generators, three different n-type materials was explored here to couple with the p-type PEDOT:PSS, which is currently still one of the state-of-the-art p-type printable TE materials compatible with flexible substrates. 4 The n-type materials investigated here, possible to be deposited onto flexible PET substrates and requiring no or only mild (⩽ 150 °C) heat treatments after deposition, are orthorhombic -Ag 2 Se, MoS 2 nanosheet powders, and commercial indium-doped tin oxide (ITO) films, respectively. Both -Ag 2 Se and ITO films have been recently reported to be promising n-type flexible TE materials exhibiting room-temperature power factors ranging from a few hundreds to 1700 µW m -1 K -2 for -Ag 2 Se 23 and a few tens of µW m -1 K -2 for ITO 24 (power factor PF = S 2 , where S is the Seebeck coefficient, is the electrical conductivity). MoS 2 was also shown to be an interesting TE materials with room-temperature n-type transport behavior. [25][26][27][28] But its physical property is highly dependent on the sample orientation (due to its anisotropic nature), 25 number of layers (or bulk), 26 doping conditions, 25 and the sample preparation techniques (e.g. exfoliated 29 or synthesized from chemistry routes 27,28 ).

The XRD spectrum and the microscopic morphology revealed by scanning electron microscopy (SEM) of the orthorhombic -Ag 2 Se film synthesized in this work are shown in Figure 2 The XRD and morphology characterizations of the MoS 2 synthesized in this work are shown in Figure S3 of SI. XRD confirmed the crystallinity of both materials, with the majority of the Ag 2 Se film corresponds well to the orthorhombic -Ag 2 Se phase (JCPDS no. 00-024-1041) together with the existence of a small amount of unreacted Se, which is not uncommon for -Ag 2 Se films without high temperature annealing 23 (not compatible to the flexible PET substrates). In order to measure the Seebeck coefficient, "uni-leg" structure devices were fabricated on PET substrates, where the hot ends of each stripe was connected to the cold ends by conductive silver paste. The Seebeck coefficient near room temperature (T  55 K), extracted from the slope of the linear fit of the Seebeck voltage (V) per leg generated under different steady temperature difference (T) between hot and cold ends, 7,8,30,31 was measured to be 19.8 µV K -1 for the p-type PEDOT:PSS stripes (Fig. 2(c)). With the same method, among the three n-type materials investigated, the -Ag 2 Se film exhibited a largest Seebeck coefficient reaching -129.2 µV K -1 (Fig. 2(c) and Table 1). By a 4-point probe method, the room-temperature conductivity () of the p-type PEDOT:PSS stripe and the three n-type materials were measured and listed in Table 1 (and Figure S4). With the measured Seebeck coefficient and the electrical conductivity, one can determine the room-temperature power factor of these p and n-type stripes, among which -Ag 2 Se exhibited a largest power factor of 802 µW m -1 K -1 , followed by PEDOT:PSS with a power factor of 43 µW m -1 K -1 . Various TE devices were then fabricated on PET substrates, formed by 6 pairs of p/n legs of PEDOT:PSS together with one of the three above-mentioned n-type materials. The measured TE characteristics are shown in Fig. 2(d) and Fig. S3(c). In agreement with the power factor evaluation, under an identical ∆T of 50 K, among the different devices fabricated, the most optimized TE device was found to be the one based on PEDOT:PSS/ -Ag 2 Se exhibiting a maximum power output of 310 nW. 

Hybrid photothermoelectric generators on PET substrates

We then applied the visible Au NP ink together with the most optimized TE configuration found above, with a p/n structure of p-type PEDOT:PSS and n-type -Ag 2 Se stripes, to build photothermoelectric generators on flexible PET substrates. These devices, with and without NPs (the control condition), were then tested under a half-covered condition (Fig. 3(a)), by exposing their hot ends to simulated solar AM1.5G illumination operated at 1sun condition (100 mW cm -2 ) whereas the cold ends were kept in dark. Here, the simulated solar illumination thus served as an indirect heat source. After one minute of illumination, a stable (steadystate) T was generated between the hot and cold electrodes of the devices (Fig. S1). As shown in Fig. NPs) as more and more of them were deposited. A saturation of power output was found at four NP coatings, likely due to a trade-off between NP absorption and thermal transport over NP film thickness.

The device characteristics obtained on the optimized NP-decorated hybrid photothermoelectric generators are clearly much higher than those measured on the control device, where only a voltage output of 10 mV and a maximum power output of 11.3 nW were measured. The essential reason behind the 13-fold higher power output of the NP-coated device than the control device lies in the higher temperature difference (T) built up between the hot and cold ends of the devices under 1-Sun illumination thanks to the photothermal effect of the Au NPs: a steady-state T of 36.7 K was measured on the hybrid device with four NP coatings under 1-sun illumination, whereas a T of 11.8 K was measured on the control device under identical measurement conditions (Fig. S1).

The dynamic voltage output characteristics, where the 1-sun illumination was modulated ON and OFF, of the hybrid photothermoelectric generators with and without NPs are shown in Figure 3(e). The rise time rise of both devices, defined as the time necessary for the device to reach 80% of its maximum voltage output, was measured to be 17s and 10s, respectively for the NP-decorated device and the control device without NP. The slightly longer rise time measured on the NP-hybrid device by comparison to the control device is coherent with the additional processes involved in NP-hybrid devices in terms of photo-absorption, photothermal conversion, and the heat transfer processes from the photothermal NPs to the hot ends of the devices upon illumination.

The maximum power output of 146 nW measured on the current flexible NP-hybrid devices under 1sun illumination is remarkable compared to previous works: For example, previous demonstrated solar TE generators based on p-type single-wall CNTs and n-type polyethylenimine-doped single-wall CNTs generated a power output of 180 nW under 2-sun illumination. 14 While higher output power can be achieved by connected multiple modules in series or in parallel and/or applying sun light concentration lenses, previously reported single module of PEDOT:PSS-based solar TE generators, when tested under 1-sun illumination and a similar half-covered testing condition, generated only power outputs ranging from 11 nW to maximum 110 nW depending on the sample crystallinity and the doping conditions. 7 Recent solar TE generators based on p-type PEDOT:PSS and n-type Nickle metallic thin film achieved only 9.8 nW under 1-sun illumination. 32 The current hybrid photothermoelectric devices thus represent an interesting strategy to boost the power output without complex light concentration lenses. In addition to the device architecture shown in Fig. 3(a), we have also experimented another device configuration where the photothermal Au NPs incorporated directedly inside the TE elements (results and discussions in SI, Fig. S5 andS6). Despite the different optimizations performed, the maximum power generated under 1-sun illumination was found to be modest ( 14 nW) on these devices. These results nevertheless indicated that it is more advantageous to place the photothermal Au NPs on top of the hot-electrode side of the device (as in Fig. 3(a)) instead of incorporating the NPs inside the TE materials.

Wearable hybrid photothermoelectric generators on fabrics

Motivated by the growing interests on the application of flexible TE devices for wearable smart textile, based on the optimized device architecture achieved above (Fig. 3), we further fabricated functional and wearable photothermoelectric generators based on hybrid photothermal Au-NP-coated PEDOT:PSS/Ag 2 Se on polypropylene nonwoven fabrics (Figure 4). Under sunshine and ambient condition at 25 °C, a voltage output of 24 mV was measured on the device (Fig. 4(b)), while only 0.1 mV was measured on the same device without sunshine (indoors). By comparison to the device fabricated on PET substrates (Fig. 3), the slight lower voltage output of the current device fabricated on fabrics likely originates from the different surface properties between the two types of substrate and the resultant different NP distribution on substrate, together with the different light intensity received on device under the natural ambient sun light by comparison to the simulated 1-sun illumination.

Nevertheless, the voltage output (24 mV) measured on the current device when worn on arm and under natural sun illumination is significantly higher than previous reports on wearable photothermoelectric generators: For example, nanogenerators based on MoS 2 /PU photothermal film on PET substrates generated only a voltage output of 1.48 mV under outdoor sun light illumination. 15 Polypyrrole-enabled PEDOT:Tos-based photothermoelectric generators built on polypropylene nonwoven fabrics generated only 0.677 mV under natural sun light with device worn on arm. 5 There were also flexible and wearable TE devices based on p/n Sb 2 Te 3 /Bi 2 Te 3 fabricated on silk 33 and uni-leg-type MoS 2 -CNTs fabricated on cotton. 17 But no sun light harvest has been reported on these devices built on silk or cotton. Considering the on-going developments obtained on ultra-low power electronic circuits 34,[START_REF] Nebel | Low Power Design in Deep Submicron Electronics[END_REF] and the possibility to combine wearable electronics with the micro-electromechanical system (MEMS) technology, [START_REF] Ciuti | [END_REF]37 the current wearable photothermoelectric generators offer bright perspectives to harvest energy for multifunctional smart textiles. 

Conclusions

In summary, in this work, through a series of synthesis and optimizations, we successfully fabricated Formulation of Au NP ink. The above-mentioned different batches of CTAB-capped Au NPs were then mixed in an optimized proportion, in order to absorb the visible portion of solar spectrum ( from  = 500 nm to 850 nm, referred below as "visible NP ink"): The batch a, b, and c of NP solutions were first diluted to a certain concentration (5.7 mg/mL for a, 5.3 mg/mL for b, and 2.2 mg/mL for c) and then mixed together according to the volume ratio a:b:c = 7%:18%:75% before applied.

Cysteamine-capped Au NPs. Plasmonic Au NPs passivated by short-chain ligands of cysteamine were synthesized according to previous reports. 3,4 In brief, 400 uL of cysteamine (213 mM) was mixed with 40 ml of HAuCl 4 (1.42 mM) solution under gentle stirring in dark. After that, 10 uL of NaBH 4 (10 mM) solution, freshly prepared in an ice-water bath, was added into the above solution under vigorous stirring for 10 min, resulting a color change of the solution from the brownish to clear wine red. Mild stirring was continued for another 30 minutes. Finally, the solution was stored in dark in the refrigerator (4 °C) before use.

Fabrication of hybrid photothermoelectric generators

Deposition of p-type PEDOT:PSS legs. 1.9 mL of aqueous PEDOT:PSS (PH1000, Ossila) was first doped by adding 0.1 mL dimethyl sulfoxide (DMSO) corresponding to 5 vol% of doping according to previous reports. 5 The p-type PEDOT:PSS legs were fabricated by drop-casting the doped PEDOT:PSS solution through a screen mask onto the unmasked areas of a clean substrate of PET or polypropylene nonwoven fabrics to form multiple 2 cm by 0.3 cm PEDOT:PSS strips, followed by drying on a hotplate at 130 °C for 15 minutes under ambient conditions and mask removal. These legs on PET were subsequently immersed in ethylene glycol (EG) for 120 minutes according to previous reports 5,6 to optimize the thermoelectric figure-of-merit (ZT), followed by a rinse of DI water and drying on a hotplate at 120ºC for 15 minutes. The EG treatment step was omitted for the legs deposited on polypropylene nonwoven fabrics.

Synthesis and deposition of n-type

Ag 2 Se legs. The Ag 2 Se ink was prepared according to Mallick et al. 7 Briefly, 1.22 g of Ag and 0.45 g of Se powders were mixed in 1.81 mL toluene together with 0.1 g of polystyrene. This was followed by an addition of a 2 wt% adhesive solution, formed by string 0.2 g of ethyl cellulose, 8 ml of terpineol, and 0.5 ml of titanium isopropoxide together until forming a homogenous solution. The ink was then stirred for at least 48 h at 1200 rpm at room temperature. To form n-type Ag 2 Se legs on substrates, the above-mentioned Ag 2 Se ink was printed on either the PET substrate or polypropylene nonwoven fabrics by doctor blading followed by drying on a hotplate at 150 °C for 10 minutes.

Synthesis and deposition of n-type MoS 2 legs. Molybdenum disulfide MoS 2 nanosheet powders

were synthesized by a modified hydrothermal method similar to that reported by Lun et al. 8 Briefly, 0.3 g of MoO 3 and 1.8 g of Na 2 S•9H 2 O were first mixed into 30 mL of DI water under magnetic stirring.

After they were totally dissolved, 2.8 ml of 0.6 M hydrochloric acid solution was then added into the mixture. The mixture was then transferred into a PTFE lined stainless steel autoclave and heated at 260 °C for 12 h. After 12 hours of heat treatment, the autoclave was allowed to cooled down to room temperature. The resultant black solids was collected, filtered, and washed with DI water. The solids were then dried under vacuum at 80°C for 24 h. In order to deposit MoS 2 legs on PET substrates, 0.1g of MoS 2 powder and 0.01g of Poly(vinyl alcohol) (PVA, average Mw = 13000 -23000 g/mol) were mixed into 1 ml of DI water. This solution was then used to deposit MoS 2 legs on PET substrates by the same doctor blade method as for Ag 2 Se legs.

Deposition of n-type

Indium-doped tin oxide (ITO) legs. ITO-coated PET substrates were obtained from Sigma Aldrich. 3M adhesive tapes were applied as a mask to cover certain area of the ITO-PET substrate in order to define multiple ITO strips (legs). On the un-covered area, the ITO layer was etched by diluted hydrochloric acid solution ( 3.4 wt%) and together with zinc powders, followed by DI-water rinsing and adhesive tape removal.

Fabrication of p/n-type photothermoelectric generators.

To obtain p/n-type photothermoelectric generators, p-type PEDOT:PSS legs were first deposited onto a PET substrate or a piece of polypropylene nonwoven fabric as described above. N-type Ag 2 Se legs were then deposited as described above onto the same substrate. These p and n legs were then connected together by conductive silver paint (RS components, 123-9911). After the silver electrodes were completely the abovementioned CTAB-capped Au NP visible ink was deposited onto the "hot ends" of the device (i.e. electrodes that will be exposed under illumination) followed by complete drying off the solvent (water).

This NP ink deposition was repeated multiple times (referred as numbers of NP coatings below). The "control" devices refer to the devices without any deposition of Au NPs. Finally, these legs were connected in series by conductive silver paint.

Fabrication of cysteamine-Au

Characterizations

The optical absorbance of different Au NP solutions and NP films on PET substrates were measured by a Jasco V770 UV-Visible/near-IR spectrometer. SEM characterizations were performed by a FEI Magellan 400 system with a standard field emission gun source. SEM observations were carried out either directly on a complete NP-decorated photothermoelectric generator built on a PET substrate, or on an Ag 2 Se film deposited on a silicon substrate. XRD spectra was measured by a PANalytical X'Pert X-ray diffractometer using Cu-K radiation. Glass substrates were used for XRD measurements. TEM samples were prepared by drop-casting the Au NP solution onto a carbon-coated copper TEM grid followed by solvent drying. TEM images were obtained by a JEOL 2010 TEM microscope operated at 200 kV. The electrical conductivity was measured at the room temperature (1 atm, 25-27 °C) by a standard four-point probe method (Ossila Four-Point Probe system with built-in source measurement unit). On each p-or n-type materials involved in this work, their Seebeck coefficients were measured in an argon-filled glovebox at room temperature by a home-built setup according to previously reported methods 9,10 on a device composed of 8 legs of this type of material deposited on a PET substrate and connected in series with their hot ends connected to cold ends. The Seebeck coefficients were extracted from the slope of the linear fit of the output voltage (V) generated under the different steady temperature difference (T) measured between the hot and cold end of the sample via the formula , where N is the number of legs, and S is the Seebeck coefficient. Concerning the characterizations of the hybrid photothermoelectric generators on PET substrates, devices were measured by exposing half of them (with their hot ends) to simulated solar AM1.5G illumination operated at 1-sun condition (100 mW cm -2 ) whereas the other half of the devices were kept in dark.

Under illumination, the temperature difference (T) between the hot and cold ends of the device was monitored over time by digital thermometers (RS PRO RS42). After reaching a steady-state T, I-V sweeps was performed on the device by a Keithley 2612B source measurement unit (SMU). Steady-state

T was achieved after one minute of light exposure (Figure S1 of supporting information (SI)).

Response over time characteristics were measured by a Keithley 2612B SMU (for voltage outputs) or by a digital thermometer (for light-induced T) when the hot side of the device was exposed or covered from simulated 1-sun illumination. For the characterizations of the photothermoelectric generators on polypropylene nonwoven fabric, devices were wear on arm with half of it exposed to natural sun light at ambient condition at room temperature ( 25 °C) with the generated voltage measured by a digital multimeter. 
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 4 Figure 4. Pictures showing the voltage output of the photothermal Au-NP-coated PEDOT:PSS/Ag 2 Se
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 S1 Figure S1. Temperature difference between the hot and cold side of the devices ( T) measured over time, with the 1-sun illumination (100 mW cm -2 ) modulated ON and OFF, measured on a hybrid Au-
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 S3 Figure S3. (a) TEM image and (b) XRD pattern of the MoS 2 powder synthesized. (c) Steady-state
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 S4 Figure S4. Sheet resistance (black empty symbols) and conductivity (red filled symbols) of a stripe of
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 S5 Figure S5. Optical absorbance cysteamine-capped Au NPs solution in water. Insets show the image of
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 S6 Figure S6. (a) Schematic describing the device structure of the flexible "uni-leg"-type cysteamine-Au

Table 1 .

 1 The room-temperature electrical conductivity ( ), Seebeck coefficient (S), and power factor measured on the different materials investigated in this work.

	Material	PEDOT:PSS	Ag 2 Se	ITO	MoS 2
	(S cm -1 )	1107 ± 18	481 ± 30	1050 ± 0.5	11 ± 0.2
	S (µV K -1 )	19.8 ± 0.8	-129.2 ± 2.2 -14.6 ± 0.3	-32.3 ± 0.51
	Power factor	43.4	802.9	22.4	1.1
	(µW m -1 K -2 )				
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(CTAB) solution at room temperature under magnetic stirring. Then, freshly prepared 0.6 ml of 0.01 M sodium borohydride (NaBH 4 ) solution was injected into the above solution, followed by vigorously stirring at 1200 rpm for 2 minutes. After the color of this solution changed from yellow to brown, it was kept unstirred for aging at room temperature for 30 minutes.

The growth of elongated Au NPs or nanorods was then achieved by the following procedure: In an 100-ml-volumn glass vessel, 1.8 g of CTAB and 0.3086 g of sodium oleate (NaOL) was added. Then, 50 ml of water at 50 ℃ was added into this glass vessel to dissolve the mixture under magnetic stirring.

After the solution was cooled down to 30 ℃, different amounts (listed in Table S1) of 4 mM silver nitrate (AgNO 3 ) solution was added. The whole solution was then kept unstirred for 15 minutes at 30 ℃.

Separately, 50 ml of 1mM HAuCl 4 solution was prepared and poured into the above-mentioned solution under magnetic stirring at 700 rpm for 90 minutes until the solution turned colorless. Different amounts of 12.1 mM HCl solution were then added into this solution under magnetic stirring (at 400 rpm) for 15 minutes. Then, 250 μl of 0.064 M ascorbic acid (AA) solution was added as well under stirring for 30s to form the growth solution. Next, different amounts of Au nanoparticle seed solutions prepared above were added into the growth solution under vigorously stirring at 1200 rpm for 30s. Finally, the whole solution was kept unstirred over night for 12h at 30℃ for NP growth. The final product was isolated by centrifugation at 6000 rpm for 30 minutes and decantation. The obtained NPs were then re-dispersed in deionized water. The centrifugation/decantation process was repeated twice in order to get rid of the leftover reactants and impurities. The final Au NPs were re-dispersed in deionized (DI) water.