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Electrochromic devices (ECDs) have a broad range of application prospects in many important energy efficient optoelectronic fields, such as smart windows, anti-glare rearview mirrors, low-energy displays, and infrared camouflage. However, there are some factors restricting their development, such as low coloration efficiency, slow switching speed, and poor cycling stability. Coordination polymer (CP) is a promising active material for the fabrication of high-performance ECD because of its ultrahigh coloration efficiency, fast switching speed, and excellent cycling stability. In this review, current advances of CP in energy efficient ECDs are comprehensively summarized and evaluated. Specifically, the effects of composition, coordination bonding, and microstructure of the bipyridine- and terpyridine-based CP on EC performances are introduced and discussed in detail. Then, the challenges and prospects of this booming field are proposed. Finally, the broad application prospects of the CPs-based EC materials and the corresponding devices are also demonstrated, which hold numerous revolutionary effects over our daily life. Hopefully, this review would provide useful guidance and further promote progress on the electrochromic and other optoelectronic fields.
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INTRODUCTION
The environment is facing unprecedented challenges owing to a serious energy crisis and environmental pollution (Li M. et al., 2019; Huang et al., 2020; Xu et al., 2020). As one of the most promising strategies to guarantee the sustainable development of the social economy and environment, energy-saving has been receiving ever-increasing attention (Li et al., 2018; Zhang T. et al., 2020). Electrochromism, an important energy-saving technology, has been extensively investigated in both industry and academia (Cai et al., 2017; Cai et al., 2020; Ninomiya et al., 2020). In 1969, the electrochromic (EC) phenomenon of tungsten trioxide (WO3) was first reported by Deb S. K. et al. The color of the WO3 film can be reversibly changed from colorless to blue under the stimulation of negative voltage. Furthermore, electrochromic devices (ECDs) based on WO3 film was first fabricated, which is considered as the origin of EC investigation (Deb, 2006). Typically, ECD includes an EC layer, an ion storage layer, and an ion conducting (electrolyte) layer, as well as two transparent electrodes. The EC layer is the key active component of the device which determines the EC performance. The ion storage layer, also known as the counter layer, can be used to balance the carriers transferred from the active EC layer, which can penetrate the electrolyte within configuration of the ECD. Most ion storage materials, such as nickel oxide (Wang et al., 2019a), and Prussian blue (Lang et al., 2019), also exhibit superior EC performances. The electrolyte layer has ionic conducting and adhesive functions and can be used as the separator between the EC layer and ion storage layer, which has been regarded as one of the most influential factors for the ECD performances. More importantly, electrodes used in ECDs should simultaneously possess high electrical conductivity, high transparency, excellent thermal stability, good chemical durability, and suitable compatibility with other functional layers. On the basis of sophisticated comprehension about the ECD, some high-performance ECDs are being constructed, including smart eyewear glasses (Wang et al., 2019a), electronic paper (Lang et al., 2019), electronic displays (Wang et al., 2019b; Zhang et al., 2019), and wearable electronics (Keum et al., 2020). In particular, viologen-based ECD has recently been used in a Boeing 787 Dreamliner.
EC materials, as the core layer of ECDs, have achieved great progress in the past fifty years (Fan et al., 2015; Zhou et al., 2020). EC materials are mainly divided into two categories: inorganic and organic EC materials. Inorganic EC materials include transition metal oxides consisting of tungsten trioxide, nickel oxide, and so on (Cai et al., 2014; Tian et al., 2014). Although inorganic EC materials have made great progress in practical applications, the factors including slow switching speed, low coloration efficiency, and poor cycling stability still limit their commercialization. In recent years, organic materials have received more and more attention because of their numerous advantages such as high electronic conductivity, ample color variation, tunable compositions and structures, as well as the facilitation of large area solution-processing. Organic EC materials include small molecules, conjugated conducting polymers, and coordination polymers (CPs). Representative organic materials are viologen, polyaniline, poly (3,4-ethylenedioxythiophene): poly (styrene sulfonate) (PEDOT: PSS) and pyridyl-based CPs (Cai et al., 2013; Savagian et al., 2018; Christiansen et al., 2019; Feng et al., 2020). Among all these organic polymers, CPs can be self-assembled by coordination bonds between organic ligands and metal ions or clusters. CPs have drawn more attention because of their significant merits, including their fascinating properties in chemistry, physics, optoelectronics, and so on.
Compared with inorganic metal oxide EC materials, the raw materials for preparing organic electrochromic materials are extensive and widely available, such as pyridine-based and thiophene-based derivatives. The organic precursor (ligand) of CPs could be purified by means of sublimation, recrystallization, chromatographic column, and so on, to improve the yield and quality of the final products. Hence, high-quality CPs would be acquired. A lot of CPs could be achieved by modulating the organic ligand or metal ion, and further tuning the final EC performances. This will provide plenty of materials used in different daily life scenarios (Takada et al., 2015). On the other hand, for inorganic EC materials, sputtering and vacuum evaporation are usually used to deposit thin film, which is expensive and energy-consuming. In contrast, organic EC films can be fabricated by spin coating, electro-polymerization, and inject printing, facilitating large scale preparation and commercialization (Somani and Radhakrishnan, 2002).
Electrochromism refers to materials or devices whose optical properties can be reversibly and steadily changed under an alternating electric field (Wałęsa-Chorab et al., 2017). Therefore, electrochemical and spectroscopy-related technologies are frequently used to comprehensively evaluate the performances of EC materials and devices (Cai et al., 2016a). Generally, the performances of EC materials are often characterized via photoelectrochemical measurements in the form of thin film or device (Zhang et al., 2019). Particularly, the main parameters to evaluate the EC materials or devices include optical modulation, switching speed, coloration efficiency, cycling stability, and optical memory.
First, optical modulation is defined as the optical properties difference between colored state and bleached state, and it represents the light modulation ability. The largest optical modulation is 100%; in other words, the materials or devices can be reversibly converted between two states: complete transparency and full opaque (Cai et al., 2016b). Second, switching speed is defined as the time required to reach 90% of the optical modulation. At present, the recognized EC mechanism is the ion and electron injection/extraction process into/from the active EC materials. Therefore, the faster ions and electrons transfer, the faster the switching speed. Generally, the EC materials with an ultrafast switching speed (millisecond class at least) are suitable for scenes that require fast color switching, such as energy efficient displays, car’s rearview mirrors, electronic books, smart eyewear glasses, and so on. Third, coloration efficiency can comprehensively reflect the quality of EC materials. It can be defined as the change of optical density (∆OD) at certain wavelengths (λ) caused by the amount of charge (∆Q) embedded per unit area of the EC film. We can calculate the coloration efficiency (CE) with the following formula:
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where Tb and Tc represent transmittance in bleached and colored states, respectively. Usually, the high value of coloration efficiency means that the EC material or device shows large optical modulation with low energy consumption. Last, cycling stability is an important parameter to estimate whether an ECD can be commercialized. Generally, it can be evaluated by comparing the EC performance after thousands or even tens of thousands of electrochemical cycles. Ultimately, optical memory is the ability of an ECD to maintain its optical properties in a colored or bleached state after voltage-off, which is also called bistability. In a word, excellent EC materials should possess large optical modulation, fast color switching speed, high coloration efficiency, and long-term optical memory.
Although a few excellent reviews have been published about the development of organic EC materials in the optoelectronic field, most primarily focus on traditional conducting polymers or organic small molecules (Lahav and van der Boom, 2018; Yen and Liou, 2018; Wang et al., 2019c). For example, Hung et al. introduced synthetic approaches to triphenylamine-based polymers and their potential applications (Yen and Liou, 2018). Ho and co-workers summarized recent advances of viologen-based derivatives and their corresponding ECD performances (Madasamy et al., 2019). Mei et al. discussed the material development of each functional layer and the reasonable design as well as fabrication strategies for high-performance ECDs (Li X. et al., 2019). However, few reviews focus on the development of pyridine-based CPs EC materials. Herein, this review comprehensively summarizes the latest developments of pyridyl-based CPs in the EC field. The effect of the bond, order, and structure of the ligand on the properties of EC materials are discussed in detail. In addition, it also introduces the construction methods and principle of multicolor EC materials. Then, the effect of different film coating methods on the EC performance is summarized. Finally, the challenges and prospects for further development of CPs in this booming field are outlined. We further provide an outlook concerning trends and issues in this field. We hope that this review will provide fundamental theoretical guidance for the design of EC materials or devices with better performance in the future.
SYNTHESIS, MECHANISM, STRUCTURE OF COORDINATION POLYMERS, AND FUNCTIONALIZED DEVICES
Synthesis of Coordination Polymers for EC Application
An advantage of CPs is that their structures and properties can be tunable through rational design and component selection (Kung et al., 2013; Duan et al., 2019). Because of these exciting properties and flexibility in molecular-level structural design, CPs are considered as one of the most promising candidates in EC materials (Cai et al., 2020a; Mondal et al., 2020a; Zhang J. et al., 2020).
The Synthetic Methods
There are many methods to synthesize CPs, such as solvothermal (Rubio-Gimenez et al., 2018), liquid-liquid interfacial synthesis (Takada et al., 2015), and reflux under inert atmosphere (Bera et al., 2020). Among them, liquid-liquid interfacial synthesis and reflux are widely used. Liquid-liquid interfacial synthesis is a method in which the ligand and the metal ion complexed at the interface of the two liquid phases in an orderly manner. The unique design principle of this liquid-liquid interfacial synthesis method can enable the formation of a long-range ordered microstructure and homogeneous interface properties (Dey et al., 2017). Another commonly used method is reflux of the mixed solution of ligand and metal ion under an inert gases atmosphere. This facile method can control the degree of polymerization during the reaction process. The representative synthetic methods of CPs are shown in Scheme 1.
[image: Scheme 1]SCHEME 1 | The representative synthetic diagrams of CPs.
The Naming Rule of Coordination Polymers
Because the metal ions possess positive charges, CPs synthesized by complexation ligands with metal ions are polycations (Leem et al., 2015). To maintain electrical neutrality, the counter anions will surround the area nearby the polymer skeleton. Therefore, a complete CP unit consists of metal ions, counter anions, and ligands; each of them may affect the EC performance. In addition, the ligands widely used in EC fields are listed and numbered to rename the subsequent CPs conveniently (Figure 1). The naming rules are as follows:
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where M is metal ion that is involved in coordination, X corresponds to the numbered ligand as shown in Figure 1, and N refers to the counter anions. Therefore, Fe-CP(1)-OAc represents the CP produced by the coordination between ferrous acetate and ligand 1 (Figure 1).
[image: Figure 1]FIGURE 1 | Bipyridine-based (the first row) and terpyridine-based (the second row) ligands for EC field.
Electrochromic Mechanism
CPs often display metal center electronic transitions including d-d* transitions (transition metal-based CPs) and d-f* transitions (lanthanide metal-based CPs). In addition, both metal-to-ligand charge transfer (MLCT) and ligand-to-metal charge transfer (LMCT) absorption usually exist in CPs. The MLCT refers to the charge transfer process from the d orbital of the metal to the π* orbital of the organic ligand within the CPs molecule, while the LMCT denotes the charge transfer from the π orbital of the organic ligand to the d* orbital of the metal (Higuchi, 2014). The color of the CP can be changed reversibly with the redox reaction of the M2+/M3+ couple under the applied alternating potential (Figure 2A); this phenomenon is called electrochromism. However, it should be noted that the CP-8 exhibits distinct multicolor EC performances because both parts of triphenylamine and [M(terpyridyl)2] possess unique EC properties. The possible electronic transitions of most CPs corresponding to the EC process are summarized in Figure 2B.
[image: Figure 2]FIGURE 2 | (A) EC mechanism of bipyridine-based CPs (the first row) and terpyridine-based CPs (the second row) (M: Metal ion). (B) The possible electronic transitions in CPs (MC: metal center, LC: ligand center, TM: transition metal, OL: organic ligand).
The Effect of Structure on Electrochromic Performance
The Effect of Structure on Initial Color and Solubility
To date, the typical ligands used to synthesize EC materials are bipyridine-based (L1-L4 in Figure 1) and terpyridine-based ligands (L5-L9 in Figure 1). Numerous studies have been conducted to investigate the effects of metal ions, counter anions, and ligands on EC performances. The initial color of a CP can be adjustable by changing the metal species or modifying the organic ligands. According to this assumption, a CP with the same ligand but different metal ions (Fe2+, Co2+, Ru2+, Os2+) shows different colors. For example, red-, pink-, orange-, and blue-color was obtained in the corresponding CP(5) based on Ru(II) (Muronoi et al., 2013), Os(II) (Bera et al., 2019), Co(II) (Hsu et al., 2016), and Fe(II) (Hu et al., 2013), respectively. Similarly, the CP with different ligands complex with the same ion (Ⅱ) also presents different colors. For instance, the sample synthesized by complexation 1,3,5-tris(1,10-phenanthrolyl)benzene (L1) (Mondal et al., 2020b) and different bond order pyridine-bipyridine ligands (H2C-CH2(L2), HC = CH(L3), C≡C (L4)) with the same iron (II) can achieve bluish gray, pinkish, gray, and red color, respectively (Shankar et al., 2015). In addition, the source of ion (II) does not influence the initial color of CPs, but affects the materials solubility and EC performances. As a typical CP material, Fe-CP(5) exhibits an outstanding EC performance. Hence, we choose the representative Fe-CP(5) as an example to elaborate on the effect of counter anions on its solubility in the following part. For example, the Fe-CP(5)-Cl, Fe-CP(5)-BF4 and Fe-CP(5)-PF6 can be respectively obtained by complexation of FeCl2, Fe(BF4)2, or Fe(PF6)2 with L5. Fe-CP(5)-Cl and Fe-CP(5)-BF4 are both insoluble in methanol (MeOH) and CH3CN. Nevertheless, Fe-CP(5)-PF6 is insoluble in MeOH but soluble in CH3CN. On the contrary, Fe-CP(5)-OAc is soluble in MeOH but not CH3CN (Bera et al., 2020). It is convenient to prepare the EC film by spraying the EC materials on the substrate, as the EC materials can be dissolved in a low-boiling solvent (such as methanol or ethanol). Meanwhile, since Fe-CP(5)-OAc is insoluble in CH3CN, this could enable it to act as the EC layer in the ECD which CH3CN is an electrolyte component. If the EC material is soluble in CH3CN, EC performances of the device will be greatly affected (Bera et al., 2020). Hence, Fe-CP(5)-OAc is a promising candidate to fabricate EC film and devices.
The Effect of Structure on EC Performances
The assembled CPs film based on pyridine-bipyridine with different bond order complexes and the same ion (II) can deliver different colors and electrochemical cycling stability. Boom et al. illustrated the EC performances (optical modulation and cycling stability) can be adjusted by regulating the number of pyridine moieties and the pyridine-bipyridine bond order (H2C-CH2, HC = CH, C≡C) (Shankar et al., 2015). Bipyridine-based CP was also obtained by alternating deposition PdCl2 and pyridine-based monomolecular. Both Fe-CP(1) and Fe-CP(2) show larger optical modulation compared to that of the Fe-CP(3) and Fe-CP(4). Fe-CP(2) film exhibits superior electrochemical stability with 30,000 cycles, which is attributed to the conjugated structure of L2 facilitating carrier transportation. Hiroshi et al. fabricated submicron-thick three-fold symmetric iron (II)-terpyridine (tpy) (Fe-CP(6)-BF4, Fe-CP(7)-BF4) nanosheets using a mild liquid-liquid synthesis (Takada et al., 2015). Compared with Fe-CP(6)-BF4, the Fe3+/Fe2+ redox couple of Fe-CP(7)-BF4 shifted to a negative direction due to the strong electron-withdrawing ability of ethynylene linker. Furthermore, the MLCT band of Fe-CP(7)-BF4 (588 nm) exhibits a slight bathochromic shift by 10 nm due to the ligands with electron withdrawing groups leading to an increase of electron cloud density. Nevertheless, the non-conjugated structure of the ligand could lead to the degradation of stability. In addition, they further successfully designed and synthesized Co(II) complex nanosheets with branched tris(terpyridine)-based ligand (L6) (Takada et al., 2015) or two triphenylamine-based branched tris(terpyridine) ligands (L8, L9) (Liu et al., 2019). The Co3+/Co2+ and Co2+/Co+ redox peaks were located at around -0.14 and -1.15 V vs Fc+/Fc (Fc: ferrocene) for [Co(tpy)2]2+ unit of Co-CP(6)-BF4, respectively (Figures 3A,B). The peak current of Co3+/Co2+ was much smaller than Co2+/Co+, which is attributed to the slower electron transfer of Co3+/Co2+ (Takada et al., 2015). Therefore, the color of film changed from orange to deep purple due to the redox couple of Co2+/Co+ (Figure 3C). In addition, the oxidation potential of TPA/TPA (TPA: triphenylamine) in Co-CP(9)-BF4 (Figure 4C) is higher than that of the Co-CP(8)-BF4 (Figure 4A) because L9 possesses a stronger conjugation and electron delocalization relative to L8 (the inset in Figures 4B,D). Moreover, the amount of injected charge carriers exceeds the extracted charge carriers in the cyclic voltammetry (CV) graph (Figure 4), which may result in an unsatisfactory stability with 100 cycles (Liu et al., 2019). In conclusion, the structure of CPs has a great influence on the EC performances. We can optimize the EC performance by regulating the structure of CPs; for example, the optical properties would change by introducing electron-donating or electron-withdrawing groups into the ligand. And the study of the structure-property relationship will provide guidance for the furtherment of the field.
[image: Figure 3]FIGURE 3 | (A)Structure of Co-CP(6)-BF4 (B) CV of Co-CP(6)-BF4 on ITO substrate in 1 M Bu4NClO4-CH2Cl2 solution. (C) Operation of the dual EC device with Fe-CP(6)-BF4 and Co-CP(6)-BF4. Adapted with permission (Zhang J. et al., 2020). Copyright 2015, American Chemical Society.
[image: Figure 4]FIGURE 4 | The structure of (A) Co-CP(8)-BF4 and (C) Co-CP(9)-BF4. The CV of (B) Co-CP(8)-BF4 and (D) Co-CP(9)-BF4 in 1 M dichloromethane solution of TBAPF6 with the scan speed of 0.1 V s−1. Adapted with permission (Liu et al., 2019). Copyright 2019, Royal Society of Chemistry.
EC materials with the ability to switch more than two colored states can provide ample color variations for multicolor display. Till now, two primary strategies have been employed to develop organic multicolor EC polymers. One is to coordinate the same ligand with different metal ions. In order to verify this theory, a multicolor ECD was fabricated using Ru(II)/Fe(II)-based CP (Ru/Fe-CP(5)) as the EC layer and Prussian blue as the ion storage layer (Hsiao et al., 2019). The redox reactions of Fe2+/Fe3+ and Ru2+/Ru3+occurred at 0.77/0.70 V and 0.93/0.84 V (vs. Ag/Ag+), respectively (Figure 5A). During oxidation, the color changes from initial purple to orange, and then to light green (Figure 5C), which is attributed to the oxidation of Fe(II)Ru(II)-CP to Fe(III)Ru(II)-CP and finally formed to Fe(III)Ru(III)-CP and vice versa (Hsiao et al., 2019; Bera et al., 2019). The strength of the coordination bond determines the structural stability of CP during the EC reaction. For instance, the order of complexation strength between the metal ion and the same ligand is Os2+ ≥ Ru2+ > Fe2+ > Co2+, and the reaction is irreversible once it occurs (Xie et al., 2014). Based on this theory, Higuchi’s group further precisely synthesized Fe(II)/Os(II)-based bimetallic CP (Figure 6).(Bera et al., 2020; Bera et al., 2019) The Fe(II)/Os(II)-CP(5)-OAc ECD exhibits multicolor changes upon the applied potential range from 0.0 to 1.0 V (vs. Ag/Ag+) with an optical modulation of 52% at 575 nm. Another strategy is to synthesize EC materials that combined other colored units into a terpyridine-based line. Zhang et al. employed a three-arm molecule “tris [4-(4′-2,2′:6′,2″-terpyridyl)-phenyl]amine (L8)” (TPA-YPY) with triphenylamine located in the central core connected with terpyridine as the peripheral arms to coordinate with ion (II), constructing a multicolor Fe-CP(8) EC material (Figure 4A). (Kuai et al., 2019) The CV curve shows two obvious reversible redox couples, located at 1.35/0.97 V and 1.49/1.27 V vs. Ag/AgCl, corresponding to the redox behaviors of the coordinated Fe(II)-terpyridine unit and the central triphenylamine group, respectively (Figure 7A). The color of film changes from red to orange along with the elevation of the potential from 0 to 1.4 V, accompanying the intensity of the absorption peak at 580 nm decreasing till it disappears and the intensity of absorption peak at 421 nm increasing obviously due to the oxidation of Fe(II)-terpyridine group. When the applied potential was further increased to 1.6 V (vs. Ag/AgCl), a new peak emerged at 780 nm together with the color change to green. Obviously, the redox-active Fe-CP(8) exhibits a color variation from magenta to orange and then to green by the two redox processes of Fe(II)-pyridine and triphenyl ammonium groups, respectively (Figure 7B). The fabricated ECD shows a similar EC performance to thin films (Figures 7C–E). In brief, molecular design strategy provides a new and effective way for the preparation of multicolor materials. Moreover, the development of multicolor ECDs would meet the requirements of different application areas. Multicolor ECDs are easily realized by assembling two electrode-coating EC materials in one cell, and the color of the device could be regulated selectively via the applied voltage.
[image: Figure 5]FIGURE 5 | (A) CV of the RuFe-CP film in 0.1 M NaClO4/CH3CN. (B) UV-Vis spectra of the PolyRuFe film at potential range between 0 and 1.2 V (vs. Ag/Ag+). (C)In situ digital photograph of RuFe-CP at bleached state and colored state. (D) Images of the RuFe-CP based ECD at the bleached (2.2 V vs. Ag/Ag+) and colored (-1.3 V vs. Ag/Ag+) states. Adapted with permission (Hsiao et al., 2019). Copyright 2019, American Chemical Society.
[image: Figure 6]FIGURE 6 | Schematic representation of the preparation of Fe/Os-CP.
[image: Figure 7]FIGURE 7 | (A) CV of the Co-CP(8) nanosheet. (B) UV-vis spectra of the Co-CP(8) nanosheet at potential from 0 to 1.6 V vs Ag/AgCl in a solution of 0.1 M Bu4NClO4/CH3CN (Inset: The color of Co-CP(8) film corresponding to the applied different potentials.) (C) The structure of the solid-state device. (D) UV-vis spectrum of the solid-state device applied potential from 0 to 3.4 V vs Ag/AgCl. (E) The color of the solid-state device at 0 V vs Ag/AgCl, 2.2 V vs Ag/AgCl and 3.4 V vs Ag/AgCl. Adapted with permission (Kuai et al., 2019). Copyright 2019, Royal Society of Chemistry.
Optical memory is a distinct advantage of energy-efficient ECDs that do not require additional energy consumption to maintain the colored and bleached state after powering off. However, the conjugated structure of the ligand facilitates the transfer of ions and electrons, resulting in poor optical memory. Recently, Chakraborty and co-workers fabricated a non-conjugated 3tpy ligand to limit the electron transfer/hopping inside the EC film, which successfully enhanced the memory. It can be seen that it provided 50% retention of the bleached state till 25 min after powering off (Roy and Chakraborty, 2020). Both colored speed (1.15 s) and bleached speed (2.49 s) are slightly slower than that of conjugated 3tpy ligand, which stem from the limitation of electron transfer by non-conjugated ligands.
The ECD with the function of near-infrared range modulation can effectively regulate the heat flux of the device. Based on the above function, applications of ECD can be extended to infrared dynamic display, camouflage, thermal regulation, and other fields. Lots of inorganic materials, i.e., NiO (Cai et al., 2014), WO3 (Reddy et al., 2015), and so on, exhibit near-infrared EC properties, but few CPs have the ability to regulate near-infrared light. Recently, Zhong et al. prepared a Ru-CP film with a redox-active amine bridge using the electro-polymerization method (Figure 8A), (Cui et al., 2015a) which displays multistate NIR EC properties with low operational potential and good optical modulation. Moreover, the corresponding film successively displays four colors in different oxidation states (Figure 8D). (Cui et al., 2015a; Cui et al., 2015b) Park et al. recently synthesized an Fe-CP based on a line terpyridine-based ligand with phthalocyanine (Pc) as a spacer; it shows a color variation from blue to transparent green (Arockiam et al., 2019). Moreover, the Pc-based Fe-CPs have the ability to modulate light in the infrared region, which is mainly due to the presence of Pc spacer by delocalizing the charge throughout the CP. These studies will evoke intense interest in developing new EC materials for commercial applications.
[image: Figure 8]FIGURE 8 | (A) Demonstration for the reductive electropolymerization (B) AFM image of the obtained Ru-CP film. (C) CVs at100 mV s−1 of the Ru-CP film on ITO obtained at 15 (black line), 30 (red line), and 45 (blue line) electrochemistry cycles. (D) Absorption spectra and film picture of the Ru-CP film at different redox states. Adapted with permission (Cui et al., 2015). Copyright 2015, Wiley-VCH.
Besides the species of the ligands and metal ions, the molecular structure of organic polymers, such as linear, hyperbranched, dendritic, and network, also have important effects on the electrochemical, electrochromic, and mechanical properties. Therefore, compared with the linear polymers, CP with a hyperbranched structure is expected to show excellent EC performance. For example, the three-dimensional structured Fe-CP showed a faster switching speed (colored time: 0.19 s, bleached time: 0.36 s) than that of the one dimensional linear polymer because the highly porous hyperbranched structure facilitates fast ion transport within the active materials (Figure 9). (Hu et al., 2014). However, the large holes and porous structure will disappear with increasing of the ratio of tris(terpyridine) ligand, resulting in poor EC performances. This phenomenon suggests that the porous microstructure is beneficial to obtaining high-performance EC films and devices.
[image: Figure 9]FIGURE 9 | Synthesis of the 3-D Fe-CP(L5 x% L6 y%).
Methods for Preparing Electrochromic Films
So far, extensive efforts have been made to develop facile and low-cost coating methods to fabricate high-quality and scalable EC films. Different film coating methods may lead to different morphologies, microstructures, and uniformity, which have a significant impact on the EC and electrochemical performances of ECDs. Therefore, it is of high importance to choose the appropriate film coating method for developing high-performance and large area ECDs in an economic way. The comparative analysis of different film coating methods is concluded and shown in Table 1. Up to now, the widespread EC film coating methods include spray coating, electrostatic spraying, electro-polymerization, chemical bath deposition (CBD), and inkjet printing. As an easy, economic, and high-efficiency solution-processing technology, spray coating is one of the most popular film coating methods. A semi-solid-state ECD can be constructed by assembling the spray coated Fe-CP(5) film onto ITO/glass. The obtained semi-solid-state ECD exhibits long-term durability and fast switching speed. The optical modulation remains at 95% after 1,000 cycles, indicating excellent cycling stability (Mondal et al., 2019c; Mondal et al., 2019d). Nevertheless, the chief drawback of the spray coating method is that it is hard to control the uniformity of the film thickness on a large scale, and it is also accompanied by weak adhesion between the active film and the substrate. Electrostatic spraying technology is a simple, accurate, and scalable film coating approach which can be used to fabricate large area EC films with controllable morphology (Ju et al., 2014; Xu et al., 2019). During the film coating process, electroactive materials can be directly deposited on conductive substrates under the electrostatic attraction during the coating process. Using the electrostatic spraying technique, Cai and co-workers fabricated large-area Fe-CP(5)-OAc film onto both FTO/glass and ITO/PET substrates (Figure 10). (Cai et al., 2020) ECD based on Fe-CP(5)-OAc achieved an ultrahigh coloration efficiency (750.3 cm2 C−1) and a robust electrochemical stability with 10,000 cycles. Moreover, functionalized CPs were prepared by in situ electro-polymerization and deposition without any additive simultaneously. Li et al. developed a bottom-up electro-polymerization method to fabricate uniform and sequence-controlled CPs films by accurately inserting C-C couplings of distinct monomers (Figure 11) (Zhang J. et al., 2020). This sequence-controlled electro-polymerization offered an accurate way to quantitatively analyze the structure-performance relationship of the EC materials. The molecular structures and degree of polymerization of a definite product can be precisely controlled. However, the film prepared by the above-mentioned methods requires ‘tailoring’ to obtain a complicated pattern, which may result in the waste of active materials. Inkjet printing, as a precise and direct digital film coating technology, has been emerging for preparation of high-quality EC film recently. This printing technology presents many advantages, such as high-resolution patterns, efficient use of materials, and applicability for a variety of substrates. Liao and coworkers fabricated a flexible EC film on a flexible ITO-polyethylene-naphthalate (PEN) substrate via inkjet-printed mixed Ru-CP and Fe-CP inks (Chen et al., 2015). By accurately adjusting the print dosages of each EC material, the color of the obtained EC film can be controlled directly without premixing materials. The flexible ECD using Ru-CP and Fe-CP possessed high coloration efficiency (445 cm2 C−1) and fast switching speed at both bendable and origin states. Therefore, the preparation method of thin films influences the microtopography, which in turn affects the EC performances and their commercial price. Developing ECDs with low cost, high performances, and a large-scale manufacturing method will promote rapid commercialization of this field. Electrostatic spraying will be a promising fabrication method due to its controllable morphologic and strong binding force between substrate and materials.
TABLE 1 | comparison of coating films highlighting advantages and disadvantages.
[image: Table 1][image: Figure 10]FIGURE 10 | (A) Representation of ESD strategy to fabricate Fe-CP(5) film (B and C) Digital photograph of Fe-CP(5) film on rigid/flexible substrate. (D) Bendable demonstration of flexible Fe-CP(5) film. (E) UV-vis spectra of the Fe-CP(5) film at five points. (F) SEM of Fe-CP(5) film. Adapted with permission (Cai et al., 2020a). Copyright 2020, American Chemical Society.
[image: Figure 11]FIGURE 11 | Rapidly iterative electrodeposition of organometallic polymers at 1.0 V vs. Ag/Ag+ and −1.8 V vs. Ag/Ag+, respectively. Adapted with permission (Zhang J. et al., 2020). Copyright 2020, Nature Publishing Group.
Electrochromic and Multifunctional Devices
The multifunctional ECD which combines EC technology with other technologies, such as flexible, stretchable, energy storage, display, and sensing technologies, has received considerable attention recently. Moreover, the device with functions of EC and energy storage have been investigated extensively. Cai et al. reported a 1-dimensional π-d conjugated CP composed of metal ion (Ni2+) and organic linker (1,2,4,5-benzenetetramine (BTA)) (Cai et al., 2020b). This material can be directly grown on a transparent FTO substrate. In particular, the Ni-BTA nanowire film can maintain its electrochemical charge-discharge capacity and EC performance after 10,000 electrochemical cycles, verifying its excellent durability. Interestingly, energy-storage ECD can be constructed as an intelligent energy-storage indicator to detect the electric energy level through color. It is a unique perspective to estimate the states of energy-storage. The excellent EC properties and charge storage properties of Ni-BTA nanowire films provide a broad application prospect as electrode materials in EC devices, energy storage batteries, and multifunctional smart windows. In order to enrich its characteristics and expand its application range, more and more attention should be paid to the integration of ECDs with other functions. With the development of flexible transparent electrodes, wearable devices become the darling of the next generation of electronic devices. Novel ECDs with integration of EC technology with flexible and wearable technology have great potential for use in prospective smart clothes and implantable displays.
CONCLUSIONS AND OUTLOOK
CPs with the advantages of low cost, light weight, and flexibility have broad application prospects in energy efficient fields. This review has summarized various functional EC materials and devices fabricated via the supramolecular strategy based on metal-ligand coordination. Although great progress in experimental aspects has been achieved, some issues still need to be addressed. As we know, the key to the EC process is redox reaction, which is accompanied by the ion and electron injection/extraction process. However, current research mainly focuses on either the electron transport process or the ion diffusion process. Theoretically, simultaneously improving the electron and ion insertion/extraction process can effectively promote EC performances. Additionally, the detail process of the electron and ion transport would be further revealed by virtue of the combination of in situ and theoretical modeling, which will in turn provide effective guides for better molecular design and device fabrication. Further, benefiting from the development of flexible conductive substrate, the soft and flexible devices are fabricated. The same prototype devices are only realized under laboratory conditions. However, it is still a huge challenge to prepare large-area high-quality ECDs for practical application. At present, although EC technology has been used in high-end cars and Boeing 787 Dreamliner smart windows as well as smart phone shells, it is still a great challenge to utilize ECDs in our daily life. Therefore, the development of low-cost and high-performance ECDs shows great potential for the application of ECDs in the future.
In summary, CPs provide a promising approach for the development of functional materials in the EC field. However, in order to improve the optoelectronic performance of ECDs, more efforts are still necessary to design new CP molecules and microstructures. We believe this review will inspire more research on the development of functional CPs materials for EC in the future.
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