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In recent years, the infrared electrochromic devices based on acid doped polyaniline films have achieved much progress, which has not been summarized before. This is important to accelerate the development of this field. In this paper, we will briefly review some representing work about the infrared electrochromic properties of acid doped polyaniline films, which were reported in the last 5 years.
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INTRODUCTION
With the urgent demand of optical display, smart window, and infrared camouflage, electrochromic materials with reversible color switch have become a focus of basic research and industrial applications. (Díaz-Sánchez et al., 2017; Korent et al., 2020; Naskar et al., 2021) On the basis of the first infrared electrochromic system developed by Chandrasekhar et al., a series of flexible electrochromic devices based on conducting polymers were continuously reported. (Chandrasekhar and Dooley, 1995) Among the various materials, polyaniline (PANI) is particularly prominent because of the superior electrical conductivity, low cost, good chemical stability, and excellent controllability. (Moulton et al., 2004; Bhadra et al., 2009; Li et al., 2010) As reported, the electrochromic process of PANI films is dominated by the electrochemical reaction, which involves the electron transport and ions intercalation. (Zhang et al., 2019a; Zhang et al., 2019b; Zhao et al., 2019) Usually, the increase of the conductivity, surface areas, and accessible intercalation sites can significantly facilitate the better optical performance. (Zhang et al., 2017; Hu et al., 2018; Zhang et al., 2019c) Therefore, the PANI films, with different geometric and electronic structure, have been proposed to optimize the electrochromic performances. For example, Feng Yang et al. reported the honeycomb-like polyaniline nanostructures, which exhibited an ultrafast response speed and high optical speed in the large area electrochromic display. (Zhang et al., 2020) Combing the galvanostatic with cyclic voltammetry techniques, Hao Wang et al. presented the nanostructured PANI films with remarkable flexibility, electrochromic efficiency, and multicolor feature. (Zhou et al., 2018) Nevertheless, the optical performance of pure PANI materials is not satisfactory and much effort has been devoted to the development of acid doped polyaniline composites, improving the optical contrast. Herein, we will briefly review the recent progress of PANI-based materials doped with different types of acids in infrared regulation, including the inorganic acid doped-PANI films and organic acid doped-PANI materials.
INORGANIC ACID DOPED-PANI FILMS
The IR electrochromic properties of PANI-based films largely depend on the completed transformation between the emeraldine salt (ES) state and leucoemeraldine (LE) state, which is dominated by the electron transfer and the number of the bipolarons. Acid doping can effectively induce an increase in the concentration of free carriers and bipolarons in the ES state, increasing the color sensitivity. (Zhou et al., 2018; Tian et al., 2017a) As reported in Yao Li’s work, an HClO4-doped PANI porous film was fabricated, and exhibited an optimal IR emissivity variation of 0.412 in the wavelength of 2.5–25 μm. The assembled device showed the modulation of the emittance variation between 0.735 and 0.316. The mechanism analysis pointed out the critical roles of formation/elimination of polarons/bipolarons in the corresponding coloring and fading state. (Zhang et al., 2019d) In another work, a visible-to-infrared broadband flexible device based on the H2SO4-doped PANI films (Figure 1) was also constructed by this group. Due to the increase of the carrier concentration, the IR emission change was found to be 0.4 and 0.3 in the range of 8–18 μm and 2.5–25 μm, respectively. This is much superior to other reported results. The study of response time showed that the coloring time and the bleaching time was about 9.8 s and 9.6 s, respectively. The cycling durability measurements presented that the IR emissivity of the designed device can keep stable after 500 cycles, suggesting the excellent chemical structure stability. (Xu et al., 2020a) On the basis of the electropolymerization technique, Yuge Han et al. adopted the 2:1 of aniline to sulfuric acid molar ratio to prepare the H2SO4-doped PANI films. The scanning electron microscopy showed the uncompact and disorder structure with high surface roughness. Using nylon-0.22 μm as substrates, the device based on the prepared PANI films provided the average IR emissivity change of 0.347 in the range of 3–5 μm. Furthermore, the IR emissivity modulation of the device on the different types of substrates was also reveal in this work. As presented in Table 1, the PTFE-0.22 μm substrate showed the maximum emissivity change of 0.559 and 0.390 in the wavelength of 3–5 μm and 8–14 μm, respectively. Meanwhile, the stability investigation showed that the degradation of devices reached a maximum in the 10th cycle. (Lu et al., 2021)
[image: Figure 1]FIGURE 1 | Scheme illustration for the fabrication procedure of a visible-to-infrared broadband flexible device based on the H2SO4-doped PANI films. Copy right from Xu et al. (2020a).
TABLE 1 | The average emissivity and IR modulation value of PANI films on the different substrates in 3–5 μm and 8–14 μm, respectively. Copy right from Lu et al. (2021).
[image: Table 1]Recently, the improved electrochromic properties of multiple acid doped-PANI films were also demonstrated. For example, Xiaobai Li et al. synthesized the flexible PANI films doped by H2SO4 and HClO4. X-ray diffraction patterns and Raman analysis showed the similar signals of PANI-films polymerized at different current densities. Scanning electron microscopy and atomic force microscopy presented that the prepared PANI films doped with multiple acids exhibited a random rough surface with the surface roughness of about 100–200 nm and had abundant pores. The investigation from X-ray photoelectron energy spectroscopy indicated that the doping degree of H2SO4 is obviously higher than that of HClO4. For the infrared emittance, an increasing trend was observed at 2.5–25 μm. Moreover, the IR emissivity change value was found to be 0.47 from the constructed device with the coloring and fading time of 14.5 s and 13.2 s. Nevertheless, limited by the types of acids available, the resulting films cannot achieve arbitrary discoloration. (Xu et al., 2020b)
ORGANIC ACID DOPED-PANI FILMS
To show different IR reflectance and emissivity values, the organic protic acids were usually used to coordinate polyaniline through the nitrogen atoms, promoting the polarons and the bipolarons to delocalize into the whole π bond and increase the conductivity. In 2017, the dodecylbenzene sulfonate acid (DBSA) doped PANI films were prepared and utilized as the electrode layers in an electrochromic device. The IR emissivity change of device was determined to be 0.183, 0.388 and 0.315 in the wavelength of 3–5 μm, 8–12 μm and 2.5–25 μm, respectively. This tunable optical result can be attributed to the electrochemical behavior and pseudo-metallic behavior of the PANI film, which can be explained by the Drude free electron theory and the Hagen-Rubens approximation at low frequency. (Tian et al., 2017b) Also employing the DBSA-doped PANI films as the active layer, a monolithic integrated device was fabricated, which showed an ultra-high flexibility and prominent structural stability. (Song et al., 2021) Subsequently, Junpeng Zhao et al. explored the IR electrochromism of the DBSA-doped PANI films on the ITO substrate. Electrochemical results showed that the prepared PANI films displayed the IR electrochromic performance completely between the LB state and ES state. Changing the polymerization time and applied potential, the PANI films with different thickness were obtained, which played a key role in the material’s conductivity. The highest conductivity was obtained at the voltage of 0.45 V and the time of 1,500 s, indicating the abundant polarons and bipolarons. In the wavelength of 2.5–25 μm, the emissivity of PANI films exhibited the highest value at 0.45 V, and the lowest value at the potential of −0.25 V. The trend of IR emissivity change presented the first increase and then decrease, suggesting the potential of two operation modes. The maximum IR emissivity change was determined to be 0.245. (Zhang et al., 2019e) In addition, Shanxi Xiong et al. also reported a DBSA-doped PANI film with a high stable star-shaped structure and triphenylamine core. (Xiong et al., 2018)
As the polyaniline can be protonated with camphorsulfonic acid (CSA), Yao Li et al. also reported the CSA-doped polyaniline thin films. In this research, the CSA-doped PANI film was prepared by electrochemical deposition. The morphology characterization from scanning electron microscopy presented a fibrous structure with the directional growth, which facilitated the formation of ion channels and an electrochemical reaction. The investigation of electrochemical properties showed a good cycling durability and a couple of redox pair. The high IR emissivity change was calculated to be 0.225, 0.399 and 0.426 at the wavelength of 3–5 μm, 8–12 μm, and 2.5–25 μm, respectively. The switching time from coloring time to bleaching time was recorded as 30 s. (Zhang et al., 2019f) In addition, the prepared PANI films also presented the superior chromic performance in a digital camera and IR thermal imager, which showed great potential in real applications. Herein, it is worthy to mention that the doped-polymer chain is difficult to achieve homogenization, due to the memory effect of molecular structure.
CONCLUSION AND PROSPECT
In this paper, the infrared electrochromic properties of acid doped-PANI films were briefly reviewed. Although much progress has been achieved, there is still a long way for the practical applications. At present, the types of acid used for doping polyaniline are relatively limited. For example, metal ions, as a kind of Lewis acids, are rarely reported to regulate the optical properties of polyaniline. Conversely, numerous metal oxide/polyaniline composites have been reported, while the related investigations mainly focus on the electrochromic properties of visible light, but not infrared chromic properties. Meanwhile, combined with some new materials, such as metal nanoclusters and metal-organic framework, more polyaniline-based chromic films still need to be developed. In the future, the present challenges, which include faster response time, better reversibility, higher sensitivity, and longer cycle life, will be overcome. Moreover, devices with excellent controllability and superior stability stay will be constructed.
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