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Eco-friendly redox mediator gelatin-electrolyte for simplified TiO2 -viologen based electrochromic devices

Introduction

In recent years, the number of articles and patents on electrochromic materials and devices, ECDs, known for the modulation of their optical properties under an applied voltage, have significantly increased in the literature [START_REF] Granqvist | Handbook of Inorganic Electrochromic Materials[END_REF][START_REF] Niklasson | Electrochromics for smart windows: thin films of tungsten oxide and nickel oxide, and devices based on these[END_REF][START_REF] Smith | Green nanotechnology: solutions for sustainability and energy in the built environment[END_REF][START_REF] Granqvist | Electrochromics for Energy-Efficient Buildings: Nanofeatures, Thin Films, and Devices[END_REF][START_REF] Pacheco-Torgal | Nanotechnology in Eco-Efficient Construction[END_REF][START_REF] Llordes | Tunable near-infrared and visible-light transmittance in nanocrystal-in-glass composites[END_REF][START_REF] Danine | Room Temperature UV treated WO3 thin films for electrochromic devices on paper substrate[END_REF][START_REF] Beaujuge | Color Control in π-Conjugated Organic Polymers for Use in Electrochromic Devices[END_REF][START_REF] Palenzuela | Flexible Viologen Electrochromic Devices with Low Operational Voltages Using Reduced Graphene Oxide Electrodes[END_REF]. Indeed, ECDs are widely investigated in different commercial applications [10-13] such as displays, rearview mirrors and smart windows for buildings [START_REF] Andersson | Electrochemical device[END_REF][START_REF] Copeland | Advanced electrode structures and electrochromic devices[END_REF]. Among all materials, the most common electrochromic material remains WO3 [START_REF] Deb | Optical and photoelectric properties and colour centres in thin films of tungsten oxide[END_REF][START_REF] Vernardou | Low pressure CVD of Electrochromic WO3 at 400 °C[END_REF][START_REF] Psifis | Effect of O2 flow rate on the electrochromic response of WO3 grown by LPCVD[END_REF]. As a matter of fact, close to fifteen years ago Granqvist et al. [START_REF] Azens | Flexible foils with electrochromic coatings: science, technology and applications[END_REF] incorporated an EC foil containing WO3 as the cathodic EC material and NiO-based as ion storage thin films in helmet visors with variable transmittance from dark state in sunlight to clear state in the dark [START_REF] Buyan | Facial warming and tinted helmet visors[END_REF]. However, as a general trend, the electrochromic performance of ECDs based on oxides suffer from a non-negligible operating voltage and a switching time considered as too slow for various applications. Nowadays, the development of ECDs technology is largely focused on π-conjugated polymers [START_REF] Dai | Electrochemistry, Electrochromic and Color Memory Properties of Polymer/Copolymer Based on Novel Dithienylpyrrole Structure[END_REF][START_REF] Chotsuwan | Investigation of the electrochromic properties of tri-block polyaniline-polythiophene-polyaniline under visible light[END_REF][START_REF] Yang | A Free-standing electrochromic material of poly(5,7-bis(2-(3,4-ethylenedioxy)thienyl)-indole) and its application in electrochromic device[END_REF][START_REF] Pai | Green-to-Red Electrochromic Fe(II) Metallo-Supramolecular Polyelectrolytes Self-Assembled from Fluorescent 2,6-Bis(2pyridyl)pyrimidine Bithiophene[END_REF][START_REF] Chang | Photopolymerization of electroactive film applied to full polymer electrochromic device[END_REF] such as polyaniline and poly (3,4ethylendioxythiophene) PEDOT [START_REF] Monk | Electroactive Conducting Polymers[END_REF][START_REF] Heinze | Electronically conducting polymers[END_REF][START_REF] Evans | The Electrochemistry of Conducting Polymers[END_REF][START_REF] Mastragostino | Electrochromic devices[END_REF][START_REF] Roncali | Conjugated poly(thiophenes): synthesis, functionalization, and applications[END_REF][START_REF] Higgins | Conjugated polymers incorporating pendant functional groups-synthesis and characterisation[END_REF] or chromophore molecules such us bipyridilium derivatives and viologen [START_REF] Bird | Electrochemistry of the viologens[END_REF][START_REF] Bard | Formation, Properties and Reactions of Cation Radicals in Solution[END_REF][START_REF] Sliwa | Chemistry of viologens[END_REF]. Hence, high coloration efficiency and fast optical switching time at low operating potentials, including reasonable cost of preparation, are the reasons for which they are classified among the most promising electrochromic materials in the future. The viologens have gained much attention due to their reversible, fast and dramatical optical change between the dication state (V 2+ , bleached) to the radical cation state (V +• , colored). However, those materials suffer from agglomeration during operation due to the poor solubility of V +• , resulting in irreversible bleaching [START_REF] Lu | An electrochromic device based on Prussian blue, self-immobilized vinyl benzyl viologen, and ferrocene[END_REF].

In order to reach high optical contrast in EC displays and avoid agglomeration, Grätzel et al. [START_REF] Bonhôte | Nanocrystalline electrochromic displays[END_REF] developed viologen anchored on TiO2 nanoparticles via a phosphoric acid group. This innovative EC material has been rapidly exploited by several research groups such as NTERA [37] in all-printable and flexible EC displays for segmented alpha-numeric and graphical data applications [START_REF] Corr | Coloured electrochromic "paper-quality" displays based on modified mesoporous electrodes[END_REF]. (TiO2) viologen is mostly used in combination with Prussian blue (PB) [ [START_REF] Rong | New effective process to fabricate fast switching and high contrast electrochromic device based on viologen and Prussian blue/antimony tin oxide nano-composites with dark colored state[END_REF][START_REF] Fan | A high contrast solid-state electrochromic device based on nano-structural Prussian blue and poly(butyl viologen) thin films[END_REF][START_REF] Alesanco | Plastic electrochromic devices based on viologen-modified TiO2 films prepared at low temperature[END_REF][START_REF] Kuo | All-solid-state electrochromic device based on poly(butyl viologen), Prussian blue, and succinonitrile[END_REF] as counter electrode but also with other viologens [START_REF] Li | Highly contrasted and stable electrochromic device based on well-matched viologen and triphenylamine[END_REF], triphenylamine/triarylamine [START_REF] Li | Highly contrasted and stable electrochromic device based on well-matched viologen and triphenylamine[END_REF][START_REF] Ah | Optical and Electrical Properties of Electrochromic Devices Depending on Electrolyte Concentrations and Cell Gaps[END_REF] derivatives or transparent conductors [START_REF] Kim | Formation of ultrafast-switching viologen-anchored TiO2 electrochromic device by introducing Sb-doped SnO2 nanoparticles[END_REF][START_REF] Eymin-Petot-Tourtollet | Dispositif électronique d'authentification[END_REF] in a traditional five layers structure (transparent conductor/EC1/ion conductor/EC2/transparent conductor), reaching high contrast values, nevertheless associated sometimes to high operating voltages (2-3V [START_REF] Rong | New effective process to fabricate fast switching and high contrast electrochromic device based on viologen and Prussian blue/antimony tin oxide nano-composites with dark colored state[END_REF][START_REF] Alesanco | Plastic electrochromic devices based on viologen-modified TiO2 films prepared at low temperature[END_REF][START_REF] Li | Highly contrasted and stable electrochromic device based on well-matched viologen and triphenylamine[END_REF][START_REF] Kim | Formation of ultrafast-switching viologen-anchored TiO2 electrochromic device by introducing Sb-doped SnO2 nanoparticles[END_REF][START_REF] Gao | Preparation of UV curing crosslinked polyviologen film and its photochromic and electrochromic performances[END_REF]).

The idea of using EC technology for applications like anti-counterfeit packaging [START_REF] Eymin-Petot-Tourtollet | Dispositif électronique d'authentification[END_REF][START_REF] Danine | Electrochromic Device Comprising Three or Four Layers[END_REF] or light control for increased comfort in transport [49] industry, has driven the request for low energy, even user-powered, lightweight and simplified devices. Different strategies have been exploited in viologen devices, like the use of a liquid electrolyte for a faster ionic diffusion and improved electrolyte penetration into the EC layer [START_REF] Ah | Optical and Electrical Properties of Electrochromic Devices Depending on Electrolyte Concentrations and Cell Gaps[END_REF][START_REF] Kim | Formation of ultrafast-switching viologen-anchored TiO2 electrochromic device by introducing Sb-doped SnO2 nanoparticles[END_REF] or the use of viologen itself in a liquid state (device simplification to 4 layers) [START_REF] Lin | A complementary electrochromic system based on a Prussian blue thin film and a heptyl viologen solution[END_REF], implying supplementary constraints for assembly and sealing, with negative effects on the device mechanical and cycling stability.

From this point of view, the device stability has been shown to be improved by using gel or membrane electrolytes instead of liquid ones [START_REF] Rong | New effective process to fabricate fast switching and high contrast electrochromic device based on viologen and Prussian blue/antimony tin oxide nano-composites with dark colored state[END_REF][START_REF] Fan | A high contrast solid-state electrochromic device based on nano-structural Prussian blue and poly(butyl viologen) thin films[END_REF][START_REF] Kuo | All-solid-state electrochromic device based on poly(butyl viologen), Prussian blue, and succinonitrile[END_REF] or by crosslinking viologen with polymer molecules to form a gel or membrane composite (device simplification to 4 layers) [START_REF] Lu | An electrochromic device based on Prussian blue, self-immobilized vinyl benzyl viologen, and ferrocene[END_REF][START_REF] Gao | Preparation of UV curing crosslinked polyviologen film and its photochromic and electrochromic performances[END_REF]. Focusing on the electrolyte layer, ionic liquids have the advantage to form an electrolytic membrane in the presence of various acrylic polymers [START_REF] Scrosati | Laminated electrochromic displays and windows[END_REF][START_REF] Hagenmuller | Application Prospects of Solid Electrolytes, Solid Electrolytes[END_REF] or even better solid or condensed electrolyte layer [START_REF] Deroo | Second International Symposium on Polymer Electrolytes[END_REF] while still keeping their high ionic conductivity (10 -5 S/cm) at room temperature [START_REF] Wasserscheid | Outlook, Ionic Liquids in Synthesis[END_REF]. In the meantime, biopolymers such as gelatin and Agar-Agar because of their biodegrability, low production cost, good physical and chemical properties, and higher ionic mobility compared to membranes have received significant attention. These kind of materials are widely utilized in the food industries, cosmetic and medical products but can also be used to prepare gel and electrolyte membranes suitable for ECDs [START_REF] Tambelli | Nuclear magnetic resonance and conductivity study of HEC/polyether-based polymer electrolytes[END_REF][START_REF] Pawlicka | Electrochromic Devices with Starch Based Solid Polymeric Electrolytes[END_REF][START_REF] Osman | Conductivity enhancement due to ion dissociation in plasticized chitosan based polymer electrolytes[END_REF].

Furthermore, in order to achieve a fast switching and device simplification, redox couples like I -/I 3 - [START_REF] Orel | Development of sol-gel redox I3-/I-electrolytes and their application in hybrid electrochromic devices[END_REF][START_REF] Georg | Electrochromic device with a redox electrolyte[END_REF][START_REF] Čolović | Structural studies of alkoxysilylfunctionalised ionic liquid and its application in a hybrid electrochromic device[END_REF] and tetramethylthioureea [START_REF] Bogati | Tetramethylthiourea (TMTU) as an alternative redox mediator for electrochromic devices[END_REF] were used in WO3 based ECDs as mediator and counter electrode, incorporated in the electrolyte. Likewise, the benefits of using ferrocene (Fc + /Fc) as redox mediator in viologen based ECDs, has also been reported [START_REF] Lu | An electrochromic device based on Prussian blue, self-immobilized vinyl benzyl viologen, and ferrocene[END_REF][START_REF] Lu | Achieving Low-Energy Driven Viologens-Based Electrochromic Devices Utilizing Polymeric Ionic Liquids[END_REF], allowing device simplification to 3 [START_REF] Lu | Achieving Low-Energy Driven Viologens-Based Electrochromic Devices Utilizing Polymeric Ionic Liquids[END_REF] and 4 [START_REF] Lu | An electrochromic device based on Prussian blue, self-immobilized vinyl benzyl viologen, and ferrocene[END_REF] layers.

These studies have driven our work to investigate the possibility of using edible gelatin in mixture with I -/I 3 -redox ionic liquid at room temperature (RT), as counter electrode and electrolyte in TiO2-viologen based ECDs. Long-life device is shown (over 20,000 cycles),

proving that this electrolyte is a successful candidate for preparing ECDs on heat sensible substrates like plastic or paper.

Experimental methods

1. Samples preparation

TiO2-viologen was purchased from NTERA as viscous pale green-white ink (d ~ 1.36 g.cm - 3 , η ~ 43. 5 Pa.s) which was diluted with ethanol (20 % in vol.) to achieve suitable viscosity (η < 30 Pa.s) for doctor blade coating. Subsequently, a few drops of the as-obtained solution were deposited on ultrasonically cleaned (Fluorine Doped Tin Oxide) FTO-coated glass substrates (Solems® 10 Ω/□) and spread over with a glass rod by using adhesive tape on the edges of substrate which allows to reach a film thickness of about 1.5 µm. The films were dried in air at 130 °C for 2 hours, to burn out the residual organic components.

The gel electrolyte was prepared by dipping eatable gelatin in demineralized water (cosolvent) for 10 min and then adding it, after water soaking, in 0.3 n eq. of lithium iodide (LiI) in 1-Butyl-3-methylimidazolium iodide (BMII) (Solvionic, purity > 99.99% ) [64] under stirring at 80 °C for 15 min. The corresponding weight ratio LiI : BMII was optimized as 0.15 : 0.85. The gel electrolyte was stored in a close beaker for many months in order to ensure its long term stability before devices assembly.

Characterization

The optical transmittance was recorded in the visible range using a spectrophotometer UviLine 9400. The ionic conductivity was deduced from electrochemical impedance spectroscopy (EIS) at room temperature. A gel electrolyte was studied in sandwiched configuration between two stainless steel blocking electrodes. Both alumina ceramic rings of 1.5 mm thickness and double adhesive tape were used as separator and to stick the two steel plates on the separator, respectively. All impedance measurements were carried out on a VSP-Biologic (Biologic Science Instruments) multichannel potentiostat recorded from 1 MHz to 1

Hz as frequency range with 20 mV a.c. signal.

3. Electrochromic measurements and device

For single layers, cyclic voltammetry (CV) and chronoamperometry (CA) measurements were performed at room temperature using a Voltalab PG201 potentiostat in three electrodes cell configuration using platinum foil as counter electrode and Hg/HgO as reference electrode (E vs SHE/V = 0.098 at 25 °C) and 0.2 eq. lithium Iodide in 1-Butyl-3-methylimidazolium iodide (purity # 98%) (purchased from solvionic®) as liquid electrolyte. CVs for single layers and devices were recorded at a 10 mV.s -1 scan rate.

The biodegradable gelatin was used as plasticizer in order to build the full ECDs. ECDs were assembled by dropping the gel redox electrolyte on TiO2-viologen film. Using its sticky character, the electrolyte layer was pressed, at room temperature, in between TiO2-viologen and bare FTO-glass substrate with an optimized thickness estimated in between 5 to 10 µm. For the cathodic electrochromic material, the viologen molecules were modified to contain a phosphate anchor group which allowed fixing them on the surface of the nanostructured TiO2. ECDs can be simply described as a laminated two-layer structure based on TiO2-viologen and redoxgelatin electrolyte.

In-situ reflectance was measured on a Varian Cary 5000 spectrophotometer equipped with a φ = 10 cm integrating sphere at a wavelength of 550 nm. The optical contrast was also determined in CIE*L*a*b* (defined by the CIE, International Commission on Illumination) colorimetric space by Konica Minolta CM-700D spectrophotometer. The contrast ΔE*

Results and discussion

1. LiI/BMII-gelatin electrolyte

The electrolyte has a transparent-colorless appearance with a transmittance value of about 80 % in the visible range (The transmittance spectra of the electrolyte pressed between to microscope glass slides is shown in Fig. S1 in supplementary information). Basically, the most important electrolyte property is its ionic conductivity that can be evaluated using electrochemical impedance spectroscopy (EIS). Figure 1 shows the Nyquist curve of LiI/BMII-15 wt. % gelatin. The absence of a depressed semicircle, at high frequency, suggests a diffusion process more than a capacitive one [START_REF] Lu | Achieving Low-Energy Driven Viologens-Based Electrochromic Devices Utilizing Polymeric Ionic Liquids[END_REF]. In inset of Fig. 1 the inductance contribution of the wires is visible. The electrolyte resistance (R) resulting from the intercept of the straight line with the real axis exhibits a low value (~ 15 Ω) as expected for high ionic conductivity value.

The latter was determined for three samples using the formula σ = d / R * S where d is the thickness of the electrolyte layer and S is the contact area between the electrolyte and the stainless steel plate, as shown in Table 1. Thus, an average high ionic conductivity value of 3.6

× 10 -3 S.cm -1 was calculated.

2. Electrochromic results

Figure 2 shows the first ten cyclic voltammogramms of the TiO2-viologen single electrode measured in a three electrode configuration (TiO2-viologen/0.3 eq. LiI-BMII/Pt vs Hg/HgO) at a scan rate of 10 mV/s by starting on reduction. TiO2-viologen films exhibit a reversible electrochemical response associated with a faradic behavior involving both reduction and oxidation waves, located at -0.40 V and -0.26 V, respectively. Simultaneously, a coloration change occurs from whitish to blue associated with a mechanism described by the injection/extraction of TiO2 conduction band electrons to the viologen LUMO (Lowest Unoccupied Molecular Orbital) band in presence of Li + [START_REF] Hagfeldt | Fast Electrochromic switching with nanocrystalline oxide semiconductor films[END_REF] as illustrated in the inset of Fig. 2.

This implies that the TiO2-viologen electrode behaves as a conductor rather than as a semiconductor. The position of the conduction band edge of TiO2 is mainly governed by the solvent-electrolyte system [START_REF] Campus | Electrochromic devices based on surface-modified nanocrystalline TiO2 thin-film electrodes[END_REF]. The electrochemical capacity Q, governed by lithium ion insertion/deinsertion, is about 1.8 mC.cm -2 (recorded in oxidation).

Figure 3a shows the second cycle of in-situ reflectance/cyclic voltammetry measurements of the "Glass/FTO/LiI-BMII 15 wt. % gelatin/FTO/Glass" device cycled at 10 mV/s in the -1.5 V to 0 V potential window. Despite the flat shape of the CV, the reduction peak at -1.35 V can be clearly associated with the optical change (R = 37%) at -1.15 V vs. FTO corresponding to the beginning of the coloration process till a stable reflectance value (R = 18%) is reached at around -1.5 V. Thus, a reflectance modulation of ΔR ≈ 19% is recorded whereas the narrow width of the optical cycle indicates a fast coloration process. Indeed, the EC display exhibits color change from blue at -1.5 V to milky white at 0 V resulting from 1 mC.cm -2 as electrochemical capacity (inset of Fig. 3). Figure 4 shows the architecture with the illustration of the charge transfer taking place inside the EC device. From the in situ reflectance measurement (Fig. 3), the device starts to color when -1.15 V are applied with report to FTO (-1.05 V with report to NHE, since FTO is at 0.1 vs.

NHE [START_REF] Alemu | Investigation on regeneration kinetics at perovskite/oxide interface with scanning electrochemical microscopy[END_REF]). Boschloo et al. [START_REF] Campus | Electrochromic devices based on surface-modified nanocrystalline TiO2 thin-film electrodes[END_REF] claimed that the I 2 -• radicals are not stable and disproportionate to give I 3 -and I -(eq. 2) leading to a potential drop. The standard potential of the iodide/triiodide, I -/I3 -, redox couple is 0.35 V (vs. the normal hydrogen electrode) [START_REF] Boschloo | Characteristics of the Iodide/Triiodide Redox Mediator in Dye-Sensitized Solar Cells[END_REF].The reduction and thus coloration of viologen is then possible through the oxidation of I -to 2I 2 -• (eq. 3) which occurs at 0.8 V [START_REF] Robson | Cycloruthenated sensitizers: improving the dye-sensitized solar cell with classical inorganic chemistry principles[END_REF] vs. NHE. It corresponds to 0.7 V bias needed to transfer the electrons from the the I -/I 2 -• level to the FTO and then to the external circuit at the TiO2, which further injects the electrons into viologen, which level is situated at 0.35 eV vs. NHE [START_REF] Jiang | Synthesis and photocurrent responsive properties of CdS/Se clusters integrated with methylviologen[END_REF][START_REF] Sydam | Enhanced electrochromic write-erase efficiency of a device with a novel viologen: 1,1′-bis(2-(1H-indol-3-yl)ethyl)-4,4′-bipyridinium diperchlorate[END_REF].

The experimental reduction potential (-1.15 V vs FTO and thus -1.05 V vs. NHE) is slightly higher than the theoretical value due to electrode polarization or parasitic reactions related overpotential. The bleaching practically needs no bias since the electron will be readily transferred from FTO or viologen to the I 3 -/I -level for regenerating the I -(eq. 4) and then to viologen. Once the bias is removed, the system will tend to regain the equilibrium, the transfer of electrons from viologen back to the redox couple will prevail, thus explaining the whitening of the device in open circuit. The transfer of electrons from the viologen back to the electrolyte is a parasitic reaction which can slow down the blue coloration and contribute to parasitic current.

I 3 -+ 2e - 3I -(2) 2I --e - 2I 2 -• (3) I 3 -+ 2e - 3I -(4)
The open-circuit memory effect was examined using an all-or-nothing relay coupled with reflectance measurements. Figure 5 shows the two first cycles of the resulting optical response between blue state at -1.5 V and white state in open circuit. After a plateau in coloration state (R~18%), the system returns immediately to the open circuit voltage OCV in less than 15 seconds.

One of the most important requirements for all EC devices is a lifetime as long as possible.

Figure 6 illustrates the result of a lifetime study between the white and blue colored states of the ECD by cyclic chronoamperometry for 20 000 cycles. In Fig. 6a four individual cycles, namely the 1 st , 1000 th , 10 000 th and 20 000 th are compared while Fig. 6b shows the corresponding evolution of the electrochemical capacity. At first glance, the highest current density value appears to decrease very slightly upon cycling and the cycle becomes smaller in intensity taking into account the progressive evolution of the current density in both cathodic and anodic parts. The repetitive cycling shows good reversibility and high stability in terms of capacity up to 20 000 cycles. The decrease in capacity of about 20 % in between the first and the 4 000 th cycle, may be ascribed to the evaporation of remaining water in the electrolyte or other non-identified phenomena, while no significant degradation is further observed. The electrochemical capacity of 0.81 mC.cm -2 remains stable upon cycling.

Figure 7(a,b) show the corresponding in-situ reflectance responses of cyclic chronoamperometry (Fig. 6a) and voltammetry for 20 000 cycles, respectively. The reflectance cycles of 1 st and 1000 th cycles appear quite identical while from the 10 000 th cycles, both reflectance modulation and the time in oxidation show some degradation. A loss of about 26 % of electrochromic performances in terms of ΔR was deduced while the time to whiten increases up to 10 seconds. A similar behavior was observed also for in-situ reflectance of voltammetry measurements illustrated by an increase in the width of the cycle and decrease in ΔR modulation (Fig. 6b). Indeed, the 1000 th cycle shows the smallest hysteresis with the highest ΔR value (~ 19 %). The 20 000 th shows the largest width and hysteresis linked to higher coloration High electrochromic performances with high electrochemical stability (over 20 000 cycles)

were successfully demonstrated.

Due to the non-toxic electrolyte as well as simple architecture, the developed electrochromic device can be a promising candidate for current commercialized displays. 

Figure captions

Figure 3b shows the

  Figure 3b shows the first ten cycles of the corresponding in-situ reflectance/CA measurements performed in between -1.5 V/20 s and 0 V/20 s. Both responses show a good reversible cycling behavior associated with very fast switching times (< 4 s) at 90 % of optical amplitude for 4 cm² display sized. Besides a similar reflectance modulation, ΔR≈19 % proportional to a high ΔE* CIE*L*a*b* contrast of around 59, calculated from the reflectance data is recorded.

(

  reduction) time (t ~ 10 s) while the de-coloration (oxidation) time (t ~ 5 s) remains almost stable upon cycling.Table2gathers the L*, a*, b* parameters and ΔE*, as well as the ΔR at blue (-1.5 V) and white (0 V) states as a function of cycle number. Upon cycling, the luminance L* at 0 V slightly decreases, the b* parameter goes negative during coloration switching from 21 at 0 V to -31 at -1.5 V, as a confirmation of bluish coloration formation. The optical contrast (ΔE*) reflects high electrochromic performances of this EC device with losses around 1/10 in ΔE* and 1/4 in ΔR between the first and 20 000 th cycle.4. ConclusionA simplified electrochromic device based on viologen anchored -nanostructured TiO2 as cathodic electrochromic material and I -/I 3 -based gelatin electrolyte as counter electrode has been developed. The novel electrolyte formulation consists of a gelatin based electrolyte of high ionic conductivity, high transmittance and physico-electrochemical stability which represents a cheap and eco-friendly alternative to polymer membrane electrolytes for ECD manufacturing.

Figure 1 :

 1 Figure 1 : Impedance spectra of the 0.3 eq. LiI/BMII. 15 wt. % gelatin electrolyte. A zoom in the highfrequency region is shown in the inset.

Figure 2 :

 2 Figure 2: First ten cyclic voltammograms of TiO2-viologen film (S ≈ 1 cm 2 ) cycled in TiO2viologen/0.3 eq. LiI-BMII/Pt vs. Hg/HgO cells in between -0.5 V to 0 V with a scan rate of 10 mV/s. Inset: representation of the coloration and open circuit bleaching mechanism of the glass/FTO/TiO2viologen/0.3 eq. LiI-BMITFSI 15 wt. % gelatin/ FTO/glass device.

Figure 3 : 5 V

 35 Figure 3: (a) In-situ cyclic voltammogram (2 nd cycle)/reflectance at 550 nm of glass/FTO/TiO2viologen/0.3 eq. LiI-BMITFSI 15 wt. % gelatin/FTO/glass device, started on reduction in between -1.5V to 0 V with a scan rate of 10 mV/s. Inset : reversible color change from bluish (-1. 5 V) to whitish (0 V) state. (b) The corresponding in-situ chronoamperogramms/reflectance at 550 nm at -1.5 V for 20 s and 0 V for 20 s.

Figure 4 :

 4 Figure 4: Electrochromic device consisting of TiO2-viologen film on glass/FTO substrate as cathodic electrochromic material and I -/I 3 -redox couple electrolyte with 0.3 eq. LiI/BMI in 15 wt. % gelatin on

Figure 5 :

 5 Figure 5 : Memory effect evaluation by studying the variation of reflectance of the glass/FTO/TiO2viologen/0.3 eq. LiI/BMITFSI. 15 wt. % gelatin/FTO/glass device, by using an all-or-nothing relay, i.e. -1.5 V for 20 s and open circuit for 20 s, respectively (the first two cycles are shown).

Figure 6 :

 6 Figure 6: (a) Evolution of in-situ reflectance up to 20,000 cycles of glass/FTO/TiO2-viologens/0.3 eq.LiI/BMITFSI. 15 wt. % gelatin/FTO/glass device resulting from in-situ cyclic chronoamperometry in between -1.5 V for 20 s and 0 V for 20 s. (b) Evolution of in-situ reflectance up to 20,000 cycles resulting from in-situ cyclic voltammetry in between -1.5 V and 0 V with a scan rate of 10 mV/s.

Figure 7 :

 7 Figure 7 : (a) Evolution of the cyclic chronoamperograms for the glass/FTO/TiO2-viologen/0.3 eq. LiI/BMITFSI. 15 wt. % gelatin/FTO/glass device cycled up to 20,000 cycles at -1.5 V for 20 s and 0 V for 20 s. (b) Corresponding variation of the anodic capacity upon cycling.
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Table Captions :Table 1 :

 Captions1 Ionic conductivity of the 0.3 eq. LiI/BMII. 15 wt. % gelatin electrolyte (analysis performed for three parallel samples) as a function of resistances deduced from impedance spectra.

Table 2 :

 2 Reflectance

	modulation ΔR and optical contrast ΔE* (CIE*L*a*b*) of glass/FTO/TiO2-
	viologen/0.3 eq. LiI/BMITFSI. 15 wt. % gelatin/FTO/glass device between the bluish (-1.5 V) and
	whitish (0 V) state up to 20,000 cycles.

Table 2

 2 

	Cycle	L*		a*	b*		∆E*	∆R %
		-1.5 V	0 V	-1.5 V 0V	-1.5 V	0 V	
	1	40.69	59.49	-4.78 -10.00 -32.60	22.92	58.84	19,00
	1 000	40.89	58.52	-4.52 -9.88 -31.71	21.73	56.52	18.14
	10 000	40.74	58.15	-4.14 -9.22 -31.47	20.81	55.33	17.13
	20 000	40.58	57.87	-3.76 -9.01 -31.23	19.12	53.49	14.07
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