[image: image1]The Flexible and Transparent Film Heaters Based on Regenerated Cellulose and Carbon Nanotubes

		BRIEF RESEARCH REPORT
published: 24 June 2022
doi: 10.3389/fenrg.2022.879257


[image: image2]
The Flexible and Transparent Film Heaters Based on Regenerated Cellulose and Carbon Nanotubes
Jiedong Cui1, Pengbo Lu1,2, Yinghui Li1, Ke Xu1, Yang Li1, Haoyu Shen1, Chaocheng Liu1, Tianyi Zhang2 and Detao Liu1*
1School of Light Industry and Engineering, South China University of Technology, Guangzhou, China
2Gree Intelligent Equipment Co., Ltd., Zhuhai, China
Edited by:
Xiaojun Shen, Dalian Institute of Chemical Physics, (CAS), China
Reviewed by:
Li Fengfeng, Qilu University of Technology, China
Liangcai Peng, Huazhong Agricultural University, China
* Correspondence: Detao Liu, dtliu@scut.edu.cn
Specialty section: This article was submitted to Bioenergy and Biofuels, a section of the journal Frontiers in Energy Research
Received: 19 February 2022
Accepted: 30 May 2022
Published: 24 June 2022
Citation: Cui J, Lu P, Li Y, Xu K, Li Y, Shen H, Liu C, Zhang T and Liu D (2022) The Flexible and Transparent Film Heaters Based on Regenerated Cellulose and Carbon Nanotubes. Front. Energy Res. 10:879257. doi: 10.3389/fenrg.2022.879257

The flexible and transparent film heaters (FTFHs) with the advantages of mechanical flexibility, portability, and excellent electrothermal performance, are key to the next generation portable, wearable heaters and thermal protection systems. However, the present flexible and transparent substrates of FTFHs are fabricated by typical plastic PET films, which suffer from poor interfacial adhesion with the thermally conductive materials. In this work, the transparent regenerated cellulose fibers made of completely dissolved in NMMO solution followed by regeneration process is presented to disperse and support carbon nanotubes (CNTs) by a vacuum-dewatering process. In the presence of cellulose fibers, these CNTs have strong hydrogen bonding properties in the dehydration-deposition process and thus respond to tight intertwining structures in fibrous composites. The resulting regenerated cellulose fibers exhibit high optical transparency of 88% (@550 nm) and good mechanical properties (30 MPa). Interestingly, the FTFHs show a rapid heating response, high generation temperature, and resistance stability for up to 2 h. The FTFHs made with earth-abundant, cost-effective, and recyclable materials, have excellent potential in the areas of green flexible and transparent film heaters.
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INTRODUCTION
Due to its attractive characteristics of portability, quick response, and flexibility, the flexible and transparent film heaters (FTFHs) are directing the development of the next generation of flexible heaters such as vehicle window defrosters, outdoor panel displays, and automobile mirrors (Madaria et al., 2011; Lee et al., 2016; Song et al., 2017; Lee et al., 2020b), and so on. Until now, the FTFHs are typically fabricated by sputtering, coating, or printing electrothermal materials such as ITO (De et al., 2009), graphene (Zhang Q. et al., 2017), conducting polymers (Kim et al., 2011) and AgNWs (Wang et al., 2018) onto the surface of flexible polyethylene terephthalate (PET) (Tokuno et al., 2011) or rigid glass substrates. However, research efforts over the past years have encountered numerous problems, such as non-biodegradability, fragility, and non-transparency with low electrothermal efficiency (Jang and Choi, 2021; Yu et al., 2021). More importantly, loading electrothermal materials onto the smooth-faced PET, glass, or metal substrates, renders the poor adhesion and easier debonding between them (Hutchinson and Suo, 1992; Yu et al., 2019). Compared to the typical substrates with mechanical brittleness, scarcity, and fragile property (Cotterell and Chen, 2004), the flexibly porous fiber substrates display outstanding binding force due to their abundant hydroxyl groups combined with electrothermal materials. Furthermore, with porosity present, this FTFHs composite is usually opaque, and hence a general mechanism to decrease the contradiction between them remains intricate.
Nowadays, natural biopolymers have been utilized to substitute plastic-based film substrates. Cellulose, an inexhaustible biopolymer resource, has excellent biocompatibility, biodegradability, mechanical and thermal stabilities (De France et al., 2020; Ma et al., 2021). Cellulose is an ideal candidate material to replace PET film substrates due to the rich hydrogen groups between cellulose molecules that can promote fiber bonding and improve the mechanical strength of the films (Ji et al., 2021). However, regular films made of cellulose fibers have high surface roughness and porosity, the natural difference in refractive index between air and cellulose make a negative influence on the transparency of substrate materials and electrical properties of devices (Fang et al., 2014). Su et al. (Su et al., 2019) fabricated FTFHs using a solution-based pressured extrusion papermaking process that conducting polymer (PEDOT: PSS) enhanced silver nanowire (AgNW) networks adsorbed on the cellulose nanofibers (CNFs) film substrate. CNFs are outstanding materials to prepare transparent films because there are few void spaces inside the paper, and the refractive index of light is reduced (Isogai et al., 2011; Isogai, 2013). However, the preparation process of CNFs is complicated and has high energy consumption, time consumption, and high cost, limiting the large-scale production of flexible and transparent film substrates (Li et al., 2019). Therefore, it is of significance to look for novel alternative materials to prepare FTFHs with good electrical conductivity, excellent mechanical properties, flexibility, and environmental friendliness. Interestingly, direct dissolution of cellulose with cellulose solvents assisted by subsequent treatment is an efficient process to produce transparent films on a large scale and at a low cost. Recent studies have shown that ionic liquids are suitable solvents for cellulose, which can dissolve cellulose and then regenerate it in an aqueous solution or ethanol solution to prepare regenerated cellulose. And regenerated cellulose is also an excellent material to fabricate transparent film substrates. (Lu et al., 2017a) firstly reported an all-cellulose transparent film fabricated by a novel microwave-assisted ionic liquids technology, which shows high optical transparency of 82% (@550 nm) and high tensile stress (46.0 MPa). The most common solvents used in these processes mainly include NaOH/urea aqueous solutions (Kong et al., 2021), LiCl/DMAc (Gao et al., 2021), PF/DMSO (He and Wang, 2000), and N-methyl Morpholine, Nmethylmorpholine-N-oxide (NMMO) (Protz et al., 2021). Among them, NMMO has attracted significant attention because of its green, non-toxic, high recyclability (99%), and good solubility (Zhang Y. et al., 2017). In addition, Carbon nanotubes (CNTs) (Zhang et al., 2006; Cao and Rogers, 2009) have the advantages of outstanding thermal conductivity, excellent mechanical flexibility, and exceptional optical properties, which are regarded as the ideal candidates for replacing ITO. CNTs can also be cross-linked with cellulose by hydrogen bonding, which solves poor adhesion between conductive materials and the transparent substrates.
In this work, we fabricated FTFHs with high optical transparency and promising electrothermal properties by using regenerated cellulose to prepare film as flexible transparent substrates and CNTs as thermally conductive materials. This new method for preparing FTFHs had the following advantages: 1) The NMMO solution is non-toxic, recyclable and high-efficiency in dissolving cellulose; 2) Regenerated cellulose is an outstanding material for preparing flexible and transparent films that can substitute PET films for better bonding with thermal conductive materials; 3) The FTFHs made of regenerated cellulose and CNFs, exhibits high generation temperature (50.5°C), shorter response time (15 s) and long-term stability of resistance (2 h), shows a good case for designing FTFHs with high-performance and environmental friendliness in flexible heaters applications.
EXPERIMENTAL
Materials
Commercial eucalyptus dissolving pulp was used as the raw cellulose source material and was purchased from Guangzhou Chenhui Paper Co., Ltd. (China) and the average polymerization degree of eucalyptus dissolving pulp was 652. The carbon nanotubes (∼50 μm) were purchased from Shanghai Lishuo Co., Ltd. (China); N-methyl -morpholine-N-oxide (NMMO) was purchased from Aladdin-Reagent Co., Ltd. (Shanghai China). All the reagents were used as received.
Preparation of Regenerated Cellulose
Firstly, the mass fraction of 50% NMMO solution purchased directly was diluted to obtain an aqueous NMMO solution with a mass fraction of 13%. Then 2 g cellulose fibers were added to the 100 ml 13% aqueous NMMO solution and stirred for 2 h at 90°C to obtain the dissolved cellulose. Add dissolved cellulose solution to deionized water and rotate it in a high-speed emulsifier at 5000 rpm/min to get the regenerated cellulose. The regenerated cellulose with a concentration of 0.5 wt%% was centrifuged at 4000 rpm/min for 10 min and the supernatant was smaller than regenerated cellulose and the turbid solution was larger than regenerated cellulose.
Dispersion of Carbon Nanotubes
The CNTs used in this study are multiwalled CNTs synthesized by chemical vapor deposition and the length of the CNTs is about 50 μm. First, 40 ml HNO3 and 120 ml H2SO4 were added into the beaker to mix evenly, and 0.4 g CNTs were added to the mixed solution. After ultrasonic treatment for 2 h, CNTs were centrifuged at 4000 rpm/min for 20 min, and then the CNTs were washed to neutral with deionized water. Then a 0.5% CNT dispersion was prepared with deionized water.
Fabrication of Flexible and Transparent Film Heaters
The flexible transparent paper with a base density of 30 g/m2 and an area of 28 cm2 was prepared by suction filtration. Then, the dispersed CNTs solution was poured on the surface of the flexible transparent paper and continued to filter. After carbon nanotubes were completely deposited on transparent paper, FTFHs were obtained by hot pressing at 110°C and 0.4 MPa for 5 min. For comparison, we also prepared transparent films using the smaller regenerated cellulose (supernatant of the solution)as raw material without CNTs, called Film-1 and using the larger regenerated (raw solution) cellulose as raw material without CNTs, called Film-2. The FTFHs with contents of CNTs were 0.1 g/m2, 0.15 g/m2 and 0.2 g/m2 were called FTFH-0.1, FTFH-0.15, FTFH-0.2.
Characterizations
Scanning Electron Microscopy
The film morphologies were tested with scanning electron microscopy (SEM) with an accelerating voltage at 5–10 kV. A KajaaniFS300 Fiber Analyzer was used to quantitatively analyze the dimensions of the regenerated cellulose fibers and the original cellulose fibers in DI water (18.2 MΩ/cm).
Transmission Electron Microscopy
The samples were observed with transmission electron microscopy (TEM) using a JEM-2100 transmission electron microscope at an accelerator voltage of 200 kV. A droplet of the diluted slurry was dropped on the carbon-coated electron microscopy grid and then negatively stained with 1 wt% phosphotungstic acid solution to enhance image contrast. The dimensions of the DCCs were determined from the TEM images using the Image J TEM-image-processing software.
Transmittance
UV-Vis spectrometer with an integrating sphere (UV-9000 Shanghai Yuanyi Inc. China) was used to measure the total transmittance of the films in a wavelength range of 400–900 nm.
X-ray Diffraction
X-ray diffraction (XRD) patterns of the film samples were carried out on an X-ray diffractometer (D8 ADVANCE, Bruker Inc., Germany) with area detector operating at a voltage of 40 kV and a current of 40 mA using Cu Kα radiation (λ= 0.154 nm). The scanning scope of 2θ was from 4° to 50° at room temperature.
Thermogravimetric Analysis
Thermal stability and changes in degradation patterns associated with regenerated cellulose film and original cellulose were assessed with TGA (TA Instruments TGA Q500). Samples were tested under a flowing nitrogen atmosphere with sample 5–7 mg. Samples were heated from room temperature to 120°C at a rate of 10°C/min under a flowing nitrogen atmosphere, then held at 120°C for 20 min, and then heated to 600°C at a rate of 10°C/min.
Mechanical Strength
The mechanical strength of samples was measured using a universal tensile tester (Instron5565, Instron Instruments Inc. United States). Samples were cut into 5.0 mm × 25.0 mm. The resistances of the FTFHs were recorded by a multimeter (VC890D, China). Samples were cut into 25.0 mm × 25.0 mm. The samples were placed in a constant temperature and humidity chamber at (50 ± 1) % relative humidity (RH) and (23 ± 1)°C for 24 h to ensure the stabilization of their water content before characterization.
Temperatures and Heat Distributions
The temperatures and heat distributions of the FTFHs were measured using a thermal imager (DT-980, China). Samples were cut into 80.0 mm × 80.0 mm. The applied DC voltage was supplied by a power supply (HY3005ET, China). Two copper conductive tapes were pasted at the FTFHs to form a complete circuit system.
RESULTS AND DISCUSSION
Fabrication Process for the Flexible and Transparent Film Heaters
The schematic illustration of the procedure of FTFHs was shown in Figure 1. Ordinary paper made of cellulose is optically opaque, due to the void spaces in the fiber network and scattering of light at the interfacial area between the fibers, hindering their practical application as substrates in transparent film heaters. The transparent film made of regenerated cellulose reported in this work exhibited excellent optical transparency. The original cellulose dissolves in the mass fraction of 13% aqueous NMMO solution then regenerated in deionized water. NMMO is a tertiary aliphatic amine N-oxide hydrate with strong dipole N-O moiety. The oxygen groups form one or two hydrogen bonds with an anhydrous glucopyranose unit (AGU) of cellulose, which leads to the cleavage of intermolecular hydrogen bonds of cellulose chains and cellulose is dissolved. The dissolved cellulose was added to deionized water, and the N-O groups of NMMO form hydrogen bonds with the hydroxyl groups of water molecules (Bang et al., 1999; Zimmermann et al., 2016; Sayyed et al., 2019). The regenerated cellulose is obtained due to the released cellulose molecules rapidly regenerate by reforming new hydrogen-bond networks. CNTs were tightly deposited on the flexible transparent film by suction filtration. The oxidized CNTs have hydroxyl and carboxyl groups on the surface (Guo et al., 2018), which form hydrogen bonding with regenerated cellulose. The compatibility and interaction between the CNTs and regenerated cellulose enhanced the interfacial adhesion. Through the hot-pressing process, the bonding strength between carbon nanotubes and regenerated cellulose is greatly improved, and the porosity of the film is reduced, which led to the increase in the mechanical strength and transparency of the film.
[image: Figure 1]FIGURE 1 | Schematic illustration of the fabrication process for the FTFHs.
The Structure of Samples
The differences of Original paper (made of raw cellulose, by paper making), Film-1, and FTFHs have distinctly been observed from the scanning electron microscope (SEM) images by scanning cross-sections and fracture surfaces in Figure 2. As shown in Figures 2A,B, the surface of the original paper is rough and porous with long fibers attached intricately. The voids between the cellulose are the main reason for the opacity of papers (Khakalo et al., 2017). After dissolution and regeneration, the film prepared by regenerated cellulose has a smooth surface without apparent pores (Figures 2C,D). Accompanied by the dissolution process, the hydrogen bond between the cellulose is destroyed and the cellulose is broken down into small sizes. The small size of cellulose is tightly intertwined due to hydrogen bonds during the filtration process, and the holes between the fibers are filled with smaller cellulose. CNTs are deposited onto the wet flexible transparent film to fabricate FTFHs. The surface of FTFHs in Figure 2E is significantly rougher than Film-1, due to the size of the CNTs is larger than the size of the underlying regenerated cellulose. The fracture surface of FTFHs in Figure 2F only shown the CNTs layer, and the cellulose fiber layer does not appear because it has not been sprayed with gold to prevent the effect of the metal gold coating on CNTs. As shown in Figure 2G, the length of regenerated cellulose is about 100–200 nm.
[image: Figure 2]FIGURE 2 | SEM images of cross-sections: (A) Original paper; (C) Film-1; (E) FTFH; SEM images of the fracture surface: (B) Original paper; (D) Film-1; (F) FTFH; (G)TEM image of regenerated cellulose.
The dimension of cellulose fiber is an essential factor in affecting the transparency of the substrate. As shown in Table 1, the regenerated cellulose fibers have an average fiber length of 0.66 mm and an average fiber width of 11.45 μm, whereas original cellulose fibers have an average fiber length of 2.40 mm and an average fiber width of 25.82 μm. It is proved that the aqueous NMMO solvent can cleavage intermolecular hydrogen bonds of cellulose chains and reduce cellulose size, indicating that aqueous NMMO solvent is the excellent solvent system for cellulose. Regenerated cellulose fibers have a higher curl index (28.87%) but a lower kink index (9.63 L/m) compared to original pulp fibers, which is conducive to the formation of flexible transparent film. The fine content of the regenerated cellulose fibers (fiber length less than 200 mm, 66.98%) is much higher than that of original pulp fibers (8.33%). In the process of film formation, the rich hydroxyl among fines promotes the binding between the fibers, which reduces the void spaces of fines and improves the transparency of the film.
TABLE 1 | Fiber dimension of regenerated cellulose and the original pulp fibers.
[image: Table 1]The Mechanical and Optical Performances of Samples
Transparency plays a crucial role for FTFHs, the transmittance of Film-1, Film-2, and FTFHs shown in Figure 3A. The Film-1 exhibits a high optical transmittance of 88% at the wavelength 550 nm, while the Film-2 is only 40%. The difference in refractive index between the air in pores and the cellulose fibers is a primary factor in reducing transparency. The transparency of Film-2 is significantly lower than film-1, due to the interleaving of the longer cellulose fibers leads to the formation of pores in the process of forming Film-2. As the content of CNTs increases, the optical transmittance decreases from 88 to 30%. The opaque CNTs are evenly deposited on the surface of the transparent fiber film, which seriously affects the transparency of the original film. Although FTFHs have a low level of transparency, we could recognize the back pattern of FTFHs.
[image: Figure 3]FIGURE 3 | (A) Optical transmittance plot for all Film-1, Film-2 and FTCT-0.15 in the range from 400–900 nm (B) Stress-strain curves of the Film-1, Film-2, FTFH-0.1, FTFH-0.15 and FTFH-0.2.
Figure 3B shows the mechanical properties of Film-1, Film-2, and FTFHs. From Figure 3B, we concluded that the tensile strength of film 2 is 32 MPa, similar to that of Film-1 with 30 MPa. The abundant hydrogen groups in regenerated cellulose fiber enhance the contact strength between adjacent regenerated cellulose and improve the tensile strength of the substrate. With the increase of the content of CNTs, the tensile stress of FTFHs will gradually decrease. But, the tensile strength of FTFHs is only slightly lower than that of Film-1, because CNTs would bind with hydrogen bonds of regenerated cellulose fibers and weaken the adhesion between the fibers. The hydrogen bonding can make the CNTs tightly intertwined with the transparent substrate, which can effectively prevent the CNTs from falling off during the use of FTFHs. Table 2 shows the summary of the mechanical properties of cellulose/CNT composite films and the manufacturing method is the key factor of the mechanical properties of cellulose/CNT composite films.
TABLE 2 | Summary of the mechanical properties of cellulose/CNT composite films.
[image: Table 2]X-ray Diffraction Profiles of Original Paper and the Regenerated Cellulose
X-ray diffraction (XRD) patterns of the original cellulose and regenerated cellulose are compared in Figure 4. The XRD patterns of the original cellulose displayed two distinct characteristic peaks at 2θ = 14.86 and 2θ = 22.75, which corresponded to the (1–10) and (200) planes of the typical cellulose-I structure, respectively. After the cellulose was dissolved and regenerated, regenerated cellulose showed the typical cellulose II crystalline form, with diffraction peaks at 2θ = 12.1 and 2θ = 21.97. In the dissolution and regeneration process, cellulose I was transformed into cellulose II, and its crystal structure changed. According to the Segal formula, the crystallinity index (CrI) of original celluloses and regenerated celluloses are 73 and 53%, respectively. The reduced crystallinity demonstrates that the aqueous NMMO solvent enters into the crystallization zone of cellulose and the free hydroxyl groups of cellulose form intramolecular and intermolecular hydrogen bonds with solvent, causing the cellulose to dissolve gradually.
[image: Figure 4]FIGURE 4 | X-ray diffraction profiles of original cellulose and the regenerated cellulose.
Thermal Stability of Original Cellulose and Regenerated Cellulose
The thermal decomposition behavior of original cellulose and regenerated cellulose was investigated by TGA. The results was shown in Figure 5. When the temperature rises above 400°C, the residual rate of regenerated cellulose is about 40%, which is about two times of the original cellulose. The glass transition temperature of the regenerated cellulose is 336°C, which is lower the glass transition temperature of original cellulose (361°C). The results of the TGA analysis showed that the thermal stability of the regenerated cellulose is better than original cellulose.
[image: Figure 5]FIGURE 5 | TG and DTG curves of original cellulose and regenerated cellulose. the red lines stand for orginal cellulose, and green lines stand for regenerated cellulose in Figure 5A,B.
Electrical and Thermal Properties of the Flexible and Transparent Film Heaters
The infrared thermal images of FTFH-0.1, FTFH-0.15, FTFH-0.2 were taken to study their electrical and thermal properties (Figures 6A–C). The resistance and generated a temperature of the FTFH-0.1, FTFH-0.15, FTFH-0.2 were shown in Figure 6D and Figure 6E. All samples were driven at 20 V for 15 s. When the current passes through the FTFH-0.1, FTFH-0.15, FTFH-0.2, they can be rapidly heated from room temperature to 31.8°C, 39.9°C, and 50.5°C and remain stable. The resistance of the FTFH-0.1, FTFH-0.15, FTFH-0.2 is 3423 Ω, 2233 Ω, and 1593 Ω, respectively. The high generated temperature is a significant part of evaluating the performance of the self-heating heater device. As the CNTs’ content increases, the resistance of FTFHs’ decreases, and the generated temperature rise slowly. It is mainly attributed to the fact that the expansion of CNTs content increases the deposition thickness of CNTs on the flexible film, and the conductive network is formed and improved. However, as the content of CNTs continues to increase, the transparency of FTFHs will be severely affected. In our paper, the content of CNTs is only 0.2 g/m2, and the generated temperature is as high as 50.5°C. This result demonstrates the feasibility of CNFs deposition on flexible and transparent regenerated cellulose film and FTFHs have broad application prospects in heat preservation heating and electronic devices.
[image: Figure 6]FIGURE 6 | The infrared thermal images: (A) FTFH-0.1, (B) FTFH-0.15, and (C) FTFH-0.2, (D) the resistance of FTFH with the content of carbon nanotube ranging from 0.1 g/m2 to 0.2 g/m2 (E) the generated temperature of the FTFH with the content of carbon nanotubes ranging from 0.1 g/m2 to 0.2 g/m2.
Figure 7 exhibits the thermal response time and resistance stability of the FTFHs. As shown in Figure 7A, the generated temperature of FTFHs increases with the increase of time, but after 15 s, the generated temperature remained unchanged. This result indicates that FTFHs have a quick thermal response time, and CNTs are an excellent electrothermal material for FTFHs. On the other hand, the stability of resistance also plays a vital role in FTFHs. The change of the resistance of the FTFHs (Figure 6B) along the time was determined, which indicated that the resistance value remains stable and almost no change for about 2 hours. The stability of the resistance is the key to the safety of FTFHs commercial applications. Therefore, the properties of the FTFHs meet the requirement of a flexible and transparent film heater due to shorter response time, the long-term stability of the resistance, and higher generated temperature. Table 3 exhibits some properties of different film heaters, the two main factors that mainly can affect properties of film heaters are deposition method and materials.
[image: Figure 7]FIGURE 7 | (A) The generated temperature-responsetime of the FTFH with the various carbon nanotubes content. (B) The resistance-response time of the FTFH with various carbon nanotubes content.
TABLE 3 | Comparison with other film heaters as previously reported.
[image: Table 3]CONCLUSION
In summary, the FTFHs with high optical transmittance, excellent tensile strength, and good heat transfer performance were successfully prepared by simple vacuum filtration. We found that the aqueous NMMO solvent is an excellent solvent system for cellulose, and cellulose that is dissolved and regenerated with aqueous NMMO solution has a small size (0.66 mm in length and 11.45 μm in width). The obtained regenerated cellulose is used to produce flexible transparent film substrates with high optical transparency of 88% (@550 nm) and good mechanical properties of 30 MPa. FTFHs were prepared by depositing CNTs directly on the flexible transparent film, and the extensive hydrogen bonding between CNTs and the cellulose matrix gives FTFHs a high tensile strength of 28 MPa. Furthermore, the FTFHs exhibits higher generation temperatures (50.5°C), shorter response time (15 s), and long-term stability of resistance (2 h). This work demonstrates the broad application prospects of FTFHs in the next generation of green flexible and transparent film heaters.
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