Dongwon Shin 
  
Jiseon Kim 
  
Sungjun Choi 
  
Giljoo Song 
  
Aline Rougier 
  
Caroline Sunyong Lee 
  
Evaluation of Low-Voltage-Driven Multi-Colored Electrochromic Device based on Dry-Deposited V2O5

Keywords: Electrochromic device, Vanadium oxide, Opaque gel electrolyte, Multi-color chromic, Dry deposition

A V2O5 film fabricated by a nanoparticle deposition system (NPDS) was used to demonstrate a highly durable electrochromic device (ECD). The V2O5 film deposited on both the electrodes functioned as a complementary layer during the redox reaction to balance the charge inside the device. Thereby, it mitigated the load applied to the ECD by enabling its electrochromic reaction within the range of ±1 V.

The fabricated ECD showing different colors at opposite voltages were applied to both the electrodes.

Meanwhile, a TiO2-based opaque electrolyte was used to show different colors of V2O5 thin films independently. The fabricated ECD can display three colors: yellow, green, and blue. Furthermore, each color variation is completed within 10 s. According to the International Commission on Illumination (CIE) data, the color differences (ΔE) between yellow and green, green and blue, and yellow and blue were measured to be approximately 27, 17, and 44, respectively. Meanwhile, the fabricated ECD showed almost a similar level of electrochromic performance even after 500 repeated runs. Moreover, the charge capacity of the ECD after a 10,000-cycle cyclic voltammetry (CV) analysis was 49.01 mC/cm 2 (the initial charge capacity was measured to be 47.31 mC/cm 2 ). This verified the high durability of the device. Thus, an ECD capable of coloration under a low voltage range of ± 1 V was fabricated using a dry deposition method with a TiO2-based opaque electrolyte, to vividly display different colors at both sides of the device simultaneously. The unique device can independently display different colors on both the electrodes. The dry deposition method was applied to deposit an identical V2O5 electrochromic film on the electrodes and an opaque electrolyte. The device has potential applications in functional electrochromic displays.

Introduction

Electrochromism is a phenomenon in which the color or opacity of a material is reversibly changed by the application of a voltage, associated with a redox reaction. An electrochromic device (ECD) can operate even at low activation voltages (1-5 V). This enables a stable dynamic optical control, and a high switching speed that yields high performance with low energy [START_REF] Pittaluga | 17 -Electrochromic glazing and walls for reducing building cooling needs[END_REF]. ECDs are used in various applications, such as smart glasses/windows, anti-glare mirrors, wearable devices, and low-voltage displays. Moreover, ECD can be integrated with dye-sensitized solar cells (DSSC) so that it can be used as photoelectrochromic cell which changes color in response to sunlight [START_REF] Fagiolari | Photoanodes for Aqueous Solar Cells: Exploring Additives and Formulations Starting from a Commercial TiO2 Paste[END_REF][START_REF] Lavagna | Platinum-free photoelectrochromic devices working with copper-based electrolytes for ultrastable smart windows[END_REF][START_REF] Dokouzis | Photoelectrochromic devices with cobalt redox electrolytes[END_REF][START_REF] Bella | A New Design Paradigm for Smart Windows: Photocurable Polymers for Quasi-Solid Photoelectrochromic Devices with Excellent Long-Term Stability under Real Outdoor Operating Conditions[END_REF]. Recently, Chang et al., introduced polyaniline/reduced graphene oxide (PANI/rGO) nanocomposite with high optical transmittance and good electrocatalytic performance to replace conventional Pt-based counter electrode for the pplication of photoelectrochromic device [START_REF] Chiang | Designing highly transparent electropolymerized PANI/rGO nanocomposite as a Pt-free electrocatalytic layer in photoelectrochromic device for self-powered green building[END_REF]. Moreover, Kim et al, developed photoelectrochromic capacitive window (PECW) by fabricating Bi-doped system of redox ionic liquid with its stability over 4,000 cycles and the photocoloration efficiency of 65 cm 2 /W•min [START_REF] Kim | Transparent photo-electrochromic capacitive windows with a Bi-dopant redox ionic liquids[END_REF]. Therefore, ECD can not only change color reversibly upon application of voltage but also in response to sunlight.

Representative electrochromic materials are the oxides of transition metals, such as tungsten, iridium, rhodium, ruthenium, manganese, cobalt, nickel, and vanadium [START_REF] Shchegolkov | Overview of Electrochromic Materials and Devices: Scope and Development Prospects[END_REF][START_REF] Zhang | Nanostructured inorganic electrochromic materials for light applications[END_REF]. The color, transmittance, and reflectivity can be adjusted according to the structure, characteristics, and electrolyte type of each material. Electrochromic materials are generally divided into cathodic electrochromic materials (discolored by negative voltage) and anodic electrochromic materials (discolored by positive voltage).

Exceptionally, vanadium oxide (V2O5) is a bifunctional electrochromic material that can function as both cathodic and anodic electrochromic materials [START_REF] Shchegolkov | Overview of Electrochromic Materials and Devices: Scope and Development Prospects[END_REF][START_REF] Zhang | Nanostructured inorganic electrochromic materials for light applications[END_REF]. Owing to its exceptional catalytic, electrical, optical, and magnetic properties, V2O5 is a promising candidate for applications in solar cells [START_REF] Hasannezhad | Influencing parameters on the electrochemical growth of V2O5 nanorods on ITO as interfacial layer in bulk heterojunction polymer solar cells[END_REF][START_REF] Luo | Improving open-circuit voltage and short-circuit current of high-efficiency silicon-based planar heterojunction solar cells by combining V2O5 with PEDOT: PSS[END_REF], energy storage devices [START_REF] Cho | Oxygen-Related Defect Engineering of Amorphous Vanadium Pentoxide Cathode for Achieving High-Performance Thin-Film Aqueous Zinc-Ion Batteries[END_REF][START_REF] Jang | Novel 2D sulfur-doped V2O5 flakes and their applications in photoelectrochemical water oxidation and high-performance energy storage supercapacitors[END_REF][START_REF] Sharma | Recent advancement in doped vanadium pentoxide for energy storage devices[END_REF][START_REF] Tite | Pulsed laser deposited V2O3 thin-films on graphene/aluminum foil for micro-battery applications[END_REF], and ECDs [START_REF] Sun | V2O5 nanobelts via a facile waterassisted strategy boosting electrochromic performance[END_REF][START_REF] Kim | Minimized optical scattering of MXene-derived 2D V2O5 nanosheet-based electrochromic device with high multicolor contrast and accuracy[END_REF]. V2O5 has a layered structure in which a series of (0 0 1) planes formed by connecting VO5 pyramids are stacked. Vanadium can exist in various oxidation states of V 3+ , V 4+ , and V 5+ depending on the number of ions intercalated by the redox reaction [START_REF] Le | Recent advances in vanadium pentoxide (V2O5) towards related applications in chromogenics and beyond: fundamentals, progress, and perspectives[END_REF].

Depending on the oxidation state of vanadium, the color of V2O5 can change from yellow to green and then to blue, enabling a V2O5-based device to produce multicolored electrochromic displays. However, it is essential to overcome several reported limitations of V2O5 (low charge storage characteristics, electrical conductivity, low ion diffusion coefficient, and low cyclic stability) [START_REF] Wu | Fe-doping enabled a stable vanadium oxide cathode with rapid Zn diffusion channel for aqueous zinc-ion batteries[END_REF][START_REF] Liu | Vanadium Pentoxide Nanofibers/Carbon Nanotubes Hybrid Film for High-Performance Aqueous Zinc-Ion Batteries[END_REF]. Moreover, according to previous studies on V2O5-based ECDs, a large voltage range (-2 to +2 V) was applied to vary the color, causing the device to be overloaded with repeating redox reactions [START_REF] Wu | Flexible Electrochromic V2O5 Thin Films with Ultrahigh Coloration Efficiency on Graphene Electrodes[END_REF][START_REF] Liu | Analysis of structural morphological changes from 3DOM V2O5 film to V2O5 nanorods film and its application in electrochromic device[END_REF]. This large voltage range generates bubbles in the electrolyte, which significantly affects the lifetime of the device.

To overcome this problem, several previous studies have reported the doping of films with various transition metals, such as W, Fe, and Mo, for improving the performance of V2O5 films [START_REF] Bae | Fe doping effect of vanadium oxide films for enhanced switching electrochromic performances[END_REF][START_REF] Mjejri | Mo addition for improved electrochromic properties of V2O5 thick films[END_REF][START_REF] Panagopoulou | Tungsten doping effect on V2O5 thin film electrochromic performance[END_REF].

Panagopoulou et al. reported a W-doped V2O5 thin film fabricated by a radio frequency (RF) sputtering, which exhibited a higher coloration efficiency, higher optical contrast, and enhanced cyclic performance owing to the disturbed V2O5 crystal structure caused by W, increasing its electrochemical reaction area. Doping methods can utilize the ion intercalation into the microstructure of V2O5 to improve its electrochemical performance. However, the intrinsic color of V2O5 changes after doping. Moreover, a target or precursor is required for doping the transition metal into the V2O5 film. Therefore, we introduced a simple method of improving the performance of V2O5-based ECD using a V2O5 film as a complementary cathodic and anodic electrochromic material.

In this study, we introduce a novel approach for depositing a V2O5 thin film on both electrodes to fabricate a multicolored ECD. The application of an identical electrochromic material for both the films circumvented the need for an additional process for manufacturing different electrochromic films. Most importantly, the number of electrons involved in the redox reaction that occurred during coloration was equal because the materials for both cathodic and anodic electrochromic layers, are identical.

Consequently, the charge balance could be more stabilized than for any other complementary layer. This, in turn, improved the stability and durability of the device. Moreover, studies to achieve multiple colors using inorganic color-changing materials were performed by introducing intermediate electrodes in addition to color-changing thin films [START_REF] Jarry | Elucidating Structural Transformations in Li x V2O5 Electrochromic Thin Films by Multimodal Spectroscopies[END_REF][START_REF] Li | Ultrafast, Stable Electrochromics Enabled by Hierarchical Assembly of V2O5@ C Microrod Network[END_REF][START_REF] Zhang | Electrochromic Displays Having Two-Dimensional CIE Color Space Tunability[END_REF]. Zhang et al. reported a multicolor display device obtained by depositing electrochromic films on the working counter electrodes, to control the color of each thin film independently using a separate intermediate electrode. Therefore, this device was fabricated to overcome the limitations of displaying colors that can be shown with only one electrochromic film by controlling two colors independently using color-changing thin films.

Overall, the multi-color chromatic device reported earlier is a complex structure that uses three electrodes to implement color chromic devices with transparent electrolytes. Meanwhile, in this research, an opaque white electrolyte was developed and injected into the device (whereas V2O5 was used for both the electrodes) to develop a device that can independently display different colors on the two sides of the electrodes, rather than using three electrodes. An opaque electrolyte that can separate the colors of the electrochromic films on both electrodes within the electrochromic device has not yet been reported. V2O5 films are manufactured using various methods, such as sputtering [START_REF] Jain | Sputter deposited crystalline V2O5, WO3 and WO3/V2O5 multi-layers for optical and electrochemical applications[END_REF][START_REF] Becker | Phase Control of Multivalent Vanadium Oxides VO x by Ion-Beam Sputter-Deposition[END_REF], spray pyrolysis [START_REF] Mouratis | Annealing effect on the properties of electrochromic V2O5 thin films grown by spray deposition technique[END_REF], hydrothermal [START_REF] Margoni | Hydrothermally grown nano and microstructured V2O5 thin films for electrochromic application[END_REF], and sol-gel [START_REF] Carolin Amala | Electrochromic behavior of vanadium pentoxide thin films prepared by a sol-gel spin coating process[END_REF]. The spray pyrolysis process is rapid and can easily control the film thickness. Nanostructured films, such as nanorods and nanoflowers, can be produced using the hydrothermal method. However, spray pyrolysis and hydrothermal methods require process temperatures higher than 200 ℃. The sol-gel process is feasible to manufacture a thin film at a reasonable process cost within a short time. However, the solvent is hazardous, and shrinkage can cause cracks owing to the evaporation of the solvent. Conversely, sputtering is the most widely used method for producing V2O5 thin films. It has the advantages of easy scaling up and good thickness control within thin films. Since sputtering methods are mainly used for fabricating very smooth thin films, modifying the surface roughness of a thin film is difficult in a single step. The nanoparticle deposition system (NPDS) is another method of fabricating dry-deposited V2O5 thin films (Fig. S 1) [START_REF] Chun | Multilayer deposition of ceramic and metal at room temperature using nanoparticle deposition system (NPDS) and planarization process[END_REF][START_REF] Chun | Deposition mechanism of dry sprayed ceramic particles at room temperature using a nano-particle deposition system[END_REF][START_REF] Chun | Nano-particle deposition system (NPDS): Low energy solvent-free dry spray process for direct patterning of metals and ceramics at room temperature[END_REF]. NPDS can easily control the surface roughness and thickness of films based on the sprayed particle size and process conditions [START_REF] Kim | Evaluation of a surface roughness-dependent trimodal switchable mirror using a dry deposition method[END_REF][START_REF] Son | Facile fabrication of trimodal switchable mirror device with zero transmittance in the black state[END_REF]. Moreover, NPDS does not require a binder or solvent because the powder is kinetically deposited by the pressure difference within the chamber through a supersonic nozzle. In this study, NPDS was used for depositing V2O5 thin films. The detailed deposition mechanisms and information regarding the process variables of the NPDS are explained in the supplementary section.

Experimental details

Fabrication of V2O5 electrochromic films

Indium-doped tin oxide (ITO, FINE CHEMICAL, Korea) glass with a size of 20 × 25 × 1 mm 3 was used as a substrate. It was cleaned by sonication in ethanol for 3 min to remove any residues. V2O5 thin films of 1 × 1 cm 2 were fabricated by NPDS using commercially available vanadium pentoxide (V2O5, 99.6%, Sigma-Aldrich, USA) powder on cleaned ITO substrates. Before deposition, V2O5 powder was dried at 60 ℃ in a drying oven (OF-12GW, JEIO TECH, Korea) to remove moisture and agglomeration.

ITO substrate was attached to the top of the stage. The stage moved twice at its scan speed of 40 µm/s at room temperature while V2O5 powder was sprayed by a nozzle. The stand-off distance (SoD) was set to 1 mm, and the gas flow rate, jet pressure, and chamber pressure were set to 27.5 L/min, 3 bars, and 0.1 MPa (gauge pressure), respectively.

Preparation of the opaque gel electrolyte

The liquid electrolyte for V2O5 coloration was prepared by mixing LiTFSI (TCI, Japan) and EMIMTFSI (Aldrich, USA) in the ratio 1:9 (mol%). The gel electrolyte used in this study was prepared by stirring (for 24 h) the previously prepared liquid electrolyte with a polymer gel, in which PMMA and butanone were mixed in the ratio 16.7 (wt%) at an optimized ratio of 5:4 (wt%). Then, commercial TiO2 (p25) nanopowder was added to the transparent gel electrolyte to impart the electrolyte with an opaque white color. This helped the colored electrochromic devices to achieve more vivid colors than the devices using the transparent electrolyte. Furthermore, this opaque gel electrolyte enabled the separation of the colored V2O5 film on both sides of the device.

Assembly of the electrochromic device (ECD)

An ECD was developed using a V2O5 film and an opaque gel electrolyte by the following steps. First, a 900 nm-thick V2O5 film was deposited onto an ITO glass substrate by an NPDS. Then, a 300 μmthick 1 × 1 cm 2 square-shaped spacer was attached thereto. Subsequently, 150 µl of fully-opaque gel electrolyte was applied over the V2O5 film. Thereafter, the substrate applied with the gel electrolyte was heat-treated on a hot plate at 80 °C under an ambient atmosphere for 90 min to remove butanone from the electrolyte. Finally, after covering the opposite side of the electrolyte with an ITO glass substrate and a V2O5 film, the device was sealed with a silicone adhesive product to complete the ECD (Fig. 1). 

Evaluation of the V2O5 film

The surface morphologies of the V2O5 powder and fabricated V2O5 film used in this study were measured using field emission scanning electron microscopy (FE-SEM, Hitachi, Japan). The thickness and surface roughness of the V2O5 films were measured by a surface profiler (Surfcorder ET200, Kosaka, Japan) with a scan rate of 0.5 mm/s and tip radius of 2 μm. The crystal structure by the coloration state of the deposited film was obtained by X-ray diffraction (XRD, Rigaku, USA) using Cu-Kα radiation (2θ = 10-80°). The variation in the vanadium quantum number ratio in the thin film was characterized using Alpha X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific, USA).

The VersaSTAT 4 potentiostat (Princeton Applied Research, USA) was used to apply an external voltage for electrochemical analysis. The transmittance and reflectance of the EC device were measured by UV-Vis spectroscopy (V-650, Jasco, Japan) with a 60 mm integrating sphere (Jasco, Japan) in the spectral wavelength range of 300-900 nm. The time required for the device to change color is defined as the switching speed. It was measured by applying a voltage to the device and measuring the time from the start of the variation in the color of the film to the point where 90% of the difference in reflectance (ΔR) was changed until saturation of the reflectance was attained. Therefore, we evaluated the coloration performance of the device by observing the variations in its reflectance. To ensure reproducibility, three devices were used for repeating the transmittance and reflectance measurements.

Identification of the color displayed by the ECD

It is difficult to define the coloration performance of a V2O5-based ECD by its transmittance and reflectance. This is because the coloration state is not distinguished between transparent and opaque. According to Table 1, when the ΔE value between two colors is at most 3.5, these are identified as an identical color when observed with the naked eye. When ΔE is at least 5, these are distinguished into different colors within the system color range. Therefore, in this research, we used CIE to distinguish colors objectively to enable the numerical comparison and observation of color variations.

Table 1

Criteria for ΔE identification [START_REF] Mokrzycki | Color difference Delta E -A survey[END_REF].

Electrochemical analysis of the V2O5 electrochromic device

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) analysis were performed to demonstrate the stability of the electrochemical reactions within the fabricated device. The ionic conductivity of the electrolyte and diffusion coefficient of the device were measured using a VersaSTAT 4 potentiostat (Princeton Applied Research, USA). The ionic conductivities of the electrolyte were measured by EIS analysis. A standard cell was developed by injecting an opaque gel electrolyte between bare ITO glasses. Then, EIS analysis was performed under the conditions of a frequency range of 0.1-5 × 10 5 Hz, an amplitude of 10 mV, a voltage range of 0-1 V and a scan rate of 0.02 V/s. The ion conductivity of the electrolyte could be calculated based on the EIS analysis data by using Equation (3):

σ = 𝟏 𝑹 𝒃 𝒍 𝑨 [(Ω • cm) -1 = S/cm] … (3)
In Equation (3), σ is the ionic conductivity, Rb is the bulk resistance, l is the distance between the two electrodes and A is the area of the ECD. The diffusion coefficient of the device was calculated using the peak current of the CV curves measured at scan rates of 0.01, 0.02, 0.05, 0.10 and 0.20 V/s over the voltage range of -1-+1 V using the Randles-Sevcik equation (Equation ( 4)):

𝒊 𝒑 = 𝟐. 𝟕𝟐 × 𝟏𝟎 𝟓 × 𝒏 𝟑 𝟐 × 𝑨 × 𝑫 𝟏 𝟐 × 𝑪 𝑳𝒊 × 𝒗 𝟏 𝟐 … (4)
In Equation ( 4), ip is the peak current, n is the number of electrons transferred in the redox event, A is the reaction area, D is the diffusion coefficient, C is the concentration of Li ions and v is the scan rate.

The CV analysis was conducted at a scan rate of 0.2 V/s to evaluate the electrochemical stability of the device. The analysis was repeated 10,000 times to evaluate the cyclic stability of the fabricated ECD. The charge capacity for each cycle of the ECD was estimated based on the area under each CV curve.

Results and Discussion

Characterization of V2O5 powder and V2O5 film

As shown in Fig. 2(a), the V2O5 powder was in the form of angular grains with a size of approximately 1-2 m. This powder was sprayed onto the ITO glass substrate using an NPDS. The powder was deposited in the form shown in Fig. 2(b). The deposited film had a thickness of 937 nm and roughness of 28 nm (Fig. 2(d)). 

Ionic conductivity measurement results of the electrolyte

The gel electrolyte was prepared by mixing PMMA and TiO2 powders into the LiTFSI:EMIMTFSI liquid electrolyte. The ionic conductivity was measured by EIS analysis (Fig. 3). The X-intercept of the EIS analysis data graph represents the bulk resistance (Rb) value of the electrolyte. The Rb value of the liquid phase electrolyte to which PMMA and TiO2 were not added was measured to be 26.24 Ω.

Meanwhile, the Rb value of the white opaque gel electrolyte was 30.08 Ω. This indicated that no significant difference existed between the two values. Based on these calculated values, the ionic conductivity of the gel-and liquid electrolyte was 9.97 × 10 -4 S/cm and 11.43 × 10 -4 S/cm, respectively. This verified that the addition of TiO2 and PMMA marginally decreased the ionic conductivity of the electrolyte. However, its difference was inadequate to affect the performance. 

Optical properties of V2O5 film

After an electrochromic device was prepared using the fabricated V2O5 film, the optical properties were analyzed by applying a voltage in the wavelength range of -1-+1 V. Fig. 4 shows the transmittance data in the 300-900 nm wavelength band of the V2O5 films colored using different applied voltages. The V2O5 thin film was reduced according to the voltage applied (thereby altering its color to blue (-1 V) and green (-0.2 V)) or oxidized (thereby altering its color to yellow (+1 V)). With a high wavelength range at 800 nm, the ΔT value between the yellow and blue states was 51.24%. Meanwhile, the difference in transmittance (ΔT) in the low wavelength range of 450 nm was measured to be 20.26%.

The ΔE value of the colored films was numerically compared using CIE coordinates. The ΔE values between yellow and blue, yellow and green, and green and blue were measured to be 42.83, 26.68, and 16.75, respectively (Table 2). Thus, it was verified that the V2O5 film fabricated in this study can attain distinct yellow, green, and blue coloring states. 

XPS analysis of V2O5 film and structural analysis

In the V2O5 structure, the electrons are intercalated by applying a voltage as shown in Equation ( 5). This, in turn, reduces the color of the V2O5 film. Thus, the colors that V2O5 can achieve are yellow (the ratio of V 5+ /V 4+ with V 5+ dominant), blue (the ratio of V 5+ /V 4+ with higher % of V 4+ than that of yellow state) and green (intermediate state of yellow and blue state).

V2O5 + xLi + + xe -↔ LixV2O5 …(5)

When V2O5 is reduced, the simultaneous insertion of Li + ions and electrons into V2O5 leads to reduction of pentavalent vanadium (V 5+ ) to lower valence state of V 4+ or V 3+ . On the other hand, when it is oxidized, the extraction of Li + ions and electrons from LixV2O5 leads to recover its origin state of pentavalent state V 5+ [START_REF] Mjejri | Crystallized V2O5 as oxidized phase for unexpected multicolor electrochromism in V2O3 thick film[END_REF][START_REF] Mjejri | From the Irreversible Transformation of VO2 to V2O5 Electrochromic Films[END_REF]. This allows for reversible color variation of V2O5. Therefore, the green color of the device in this study is produced by intermediate state of yellow and blue colors. Fig. 5 shows the V2p3/2 XPS spectra data of the V2O5 film [START_REF] Almeida | Formation of Li2O in a chemically Li-intercalated V2O5 xerogel[END_REF][START_REF] Światowska-Mrowiecka | XPS study of Li ion intercalation in V2O5 thin films prepared by thermal oxidation of vanadium metal[END_REF]. The V 4+ / V 5+ ratio in each film could be calculated using the peak intensity of the XPS data. As shown in Fig. 5, Vanadium exists in thin films in two oxidation states (V 5+ and V 4+ ). In the thin yellow film, the V 5+ oxidation state is more distributed, and the ratio of the V 4+ oxidation state increases as the color of the thin film changes from green to blue. 3 shows the results of calculating the ratio of V 5+ and V 4+ using the intensity of these data. V 5+ is dominant in both as-deposited state and yellow state. However, it can be verified that the V 4+ ratio in the yellow state is marginally higher than that in the as-deposited state. It can be considered that this difference is caused by a marginal amount of Li ions remaining in the V2O5 film during the oxidation/reduction reaction. The residual Li ions in the V2O5 film cause variations in the V2O5 structure.

For the blue thin film, the ratio of V 5+ to V 4+ decreased due to increasing V 4+ sine the amount of Li + ions insertion is increasing. The green thin film is the intermediate state of yellow and blue state where the ratio of V 5+ to V 4+ is lower than the yellow state but higher than the blue state (Table 3). Therefore, the change in valance state of Vanadium during yellow, green, and blue states upon insertion of Li + ions, was confirmed through XPS analysis (Figure 5).

Table 3 V 5+ / V 4+ XPS peak intensity ratio in each colored V2O5 film

As shown in Fig. 6, the (001) reflection located at 2θ = 20 ° shifted gradually to the left as the Li ions were inserted into the film [START_REF] Benmoussa | Electrochromism in sputtered V2O5 thin films: structural and optical studies[END_REF]. Moreover, the intensity of the (001) reflection decreased in the blue state compared with that in the yellow state. Moreover, the full width at half maximum (FWHM) parameter increased gradually from 0.452° in the yellow state to 0.471° in the green state and 0.621° in the blue state. These observations can be attributed to the insertion of Li ions into the crystal structure of V2O5, which leads to a reduction in crystallinity due to lattice expansion [START_REF] Gershinsky | Electrochemical and spectroscopic analysis of Mg2+ intercalation into thin film electrodes of layered oxides: V2O5 and MoO3[END_REF][START_REF] Santos | Structure and morphologic influence of WO3 nanoparticles on the electrochromic performance of dual-phase a-WO3/WO3 inkjet printed films[END_REF][START_REF] Wang | A three-dimensional TiO2-Graphene architecture with superior Li ion and Na ion storage performance[END_REF]. In addition, comparing the (001) peaks of the as-deposited and yellow state films in the XRD data, the (001) reflection of the yellow state film was more finely shifted to the left than that of the as-deposited film.

Thus, it was verified that when the Li ions in the blue state were oxidized and return to the yellowcolored state, a marginal amount of Li ions remain in the V2O5 film (rather than completely returning to the initial state). 

Diffusion coefficient measurement result of ECD

CV analyses were performed at scan rates of 0.01, 0.02, 0.05, 0.10, and 0.20 V/s to compare the difference in the ion diffusion coefficient of the device with/without the presence of the V2O5 film on the counter electrode (Fig. 7). In the case of the ECD fabricated without the V2O5 ion storage layer, the cathodic and anodic diffusion coefficients were measured to be 1.61 × 10 -13 and 6.87 × 10 -14 cm 2 /s, respectively. Meanwhile, in the case of the device in which the V2O5 thin film was used as an ion storage layer for the counter electrode, the cathodic diffusion coefficient was measured to be 8.56 × 10 -9 cm 2 /s, whereas the anodic diffusion coefficient was 9.34 × 10 -9 cm 2 /s. Using the V2O5 thin film as the ion storage layer, the cathodic diffusion coefficient and anodic diffusion coefficient of the device increased by approximately 53,000 and 136,000 times, respectively. 

Electrochromic performance of ECD

The fabricated device changes color to yellow, green, and blue by the application of voltages of +1, -0.2, and -1 V, respectively. The device contains an opaque gel electrolyte. This hinders color comparison through transmittance measurements. Therefore, in this study, a reflectance measurement and CIE analysis were performed to compare the electrochromic performance of the devices. The reflectivity of each coloration state of the device was compared in a wavelength band of 680 nm, where the reflectance difference was maximum. As a result, the ΔR between the yellow and blue states was measured to be 17.10%, whereas that between the yellow and green states was measured to be 13.16%. The ΔR between the green and blue states was also measured (Fig. 8). The measurement of the switching speed of the device at the wavelength of 680 nm revealed that the time required for the device to transition from the blue to yellow state upon the application of +1 V was 8 s, and that for the transition from the yellow to green state upon the application of -0.2 V was 7 s. Finally, the transition from the green to blue state upon the application of a voltage of -1 V required 2 s (Fig. 9). Figure 9. Switching-speed measurement result of the fabricated ECD at a wavelength of 680 nm

Measurement results of color reproducibility of ECD

To analyze the reproducibility of colors displayed by the ECD, the color of the device was cycled repeatedly for approximately 10,000 times. Based on the switching speed verified earlier, the ECD was applied with +1, -0.2, and -1 V for 8, 8, and 2 s for displaying yellow, green, and blue, respectively. The colors were recorded in CIE color coordinates. The above steps were repeated for a total of 10,000 times. The color difference from the color coordinates measured at each cycle was calculated by considering the difference between measured color coordinate values at first and upon completion of the targeted cycles. The color difference (ΔE) between the yellow coordinates measured after each cycle was defined as ΔEy based on the initial yellow coordinate value. Similarly, the color difference between the green coordinates was defined as ΔEg, while that between the blue coordinates was defined as ΔEb.

The coloration state of the ECD for each cycle is shown in Fig. 10. The measured color coordinates and color differences (ΔE) are summarized in Table 4. The color difference between the first and 10,000th displayed color coordinates was measured to be 4.64, 4.86 and 4.76 for ΔEy, ΔEg, and ΔEb, respectively.

According to Table 1, if ΔE < 5, most people may observe a marginal difference between the two colors and perceive these as approximately the same color. The color difference (ΔEy, ΔEg, and ΔEb) measured in this study was less than five for the yellow, green, and blue states after 10,000 cycles. This verified that the fabricated ECD exhibits good color reproduction, even after 10,000 repetitive color variations. 

Cyclic stability results of the fabricated ECD

The durability and cyclic stability of the device were analyzed by an electrochemical method using a CV test (Fig. 11). The CV analysis was measured repeatedly 10,000 times at its scan rate of 0.20 V/s. Meanwhile, the variation in the charge capacity of the device according to repeated coloration was compared and analyzed by calculating the internal area of each CV curve. As a result, the initial charge capacity of the ECD was measured to be 49.01 mC/cm 2 . Table 5 lists the charge capacity values measured at the 100 th , 500 th , 1,000 th , 2,000 th , 5,000 th , and 10,000 th cycles (49.30, 49.04, 48.81, 47.54, 48.31, and 47.31 mC/cm 2 , respectively). The analysis verified that the fabricated device maintains its charging capacity even after 10,000 cycles. Thus, the electrochemical stability and durability of the device were demonstrated through the CV analysis and the measurement result of the variation trend of the charge capacity till 10,000 cycles. 

Conclusion

The V2O5 powder was deposited on an ITO glass substrate using an NPDS, a dry deposition method.

Meanwhile, a TiO2-based opaque gel electrolyte was used to manufacture an ECD capable of simultaneously implementing three colors (yellow, green, and blue) on both sides of the device independently. The fabricated ECD can alter its color rapidly (within 8 s) even under the application of a relatively low voltage (-1-+1 V). Moreover, a CIE color space coordinate comparison and data of repeated CV tests (till 10,000 cycles) revealed that a level of electrochromic performance similar to that of the initial state. This verified good durability. Therefore, a dry deposition system was used to deposit a V2O5 film on both the electrodes in conjunction with a TiO2-based opaque electrolyte to fabricate lowvoltage-driven ECD with high electrochromic durability. This unique device showing different colors independently on both electrodes is likely to be effective for functional electrochemical displays.

Figure 1 .

 1 Figure 1. Schematics showing fabrication of ECD.

  Therefore, CIE color space analysis was performed to verify the color change between states in this study. The CIE data were measured using a ColorReader CR3 (3nh, China). CIELAB color space was defined by the International Commission on Illumination (CIE) in 1976. According to Fig. S2, the L* axis represents the color brightness value, and the a* and b* axes represent the saturation value. L* is expressed as a numerical value ranging from 0 to 100. The closer it is to 100, the brighter the color. On the a* axis, a larger value indicates a redder color and a smaller value indicates a greener color. On the b* axis, a larger value indicates a yellower color and a smaller value indicates a bluer color. The measured color can be expressed in the form of (L*, a*, and b*) coordinates in the color space. A value obtained by numerically calculating the color difference between two colors is defined as a color contrast (ΔE) value. Meanwhile, ΔE is calculated by Equation (1): ∆𝑬 = √(𝑳 𝒐𝒙𝒊𝒅𝒂𝒕𝒊𝒐𝒏 -𝑳 𝒓𝒆𝒅𝒖𝒄𝒕𝒊𝒐𝒏 ) 𝟐 + (𝒂 𝒐𝒙𝒊𝒅𝒂𝒕𝒊𝒐𝒏 -𝒂 𝒓𝒆𝒅𝒖𝒄𝒕𝒊𝒐𝒏 ) 𝟐 + (𝒃 𝒐𝒙𝒊𝒅𝒂𝒕𝒊𝒐𝒏 -𝒃 𝒓𝒆𝒅𝒖𝒄𝒕𝒊𝒐𝒏 ) 𝟐 … (1)
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 2 Figure 2. SEM images of (a) V2O5 powder, (b) V2O5 film, (c) digital photo of V2O5 film deposited by

Figure 3 .

 3 Figure 3. EIS measurement result of the fabricated liquid electrolyte and gel with the electrical circuit

Figure 4 .

 4 Figure 4. (a) Transmittance measurement data of the V2O5 film for the wavelength range of 300-900

Figure 5 .

 5 Figure 5. XPS analysis result for each colored V2O5 film: (a) as-deposited, (b) yellow-colored, (c)

Figure 6 .

 6 Figure 6. XRD analysis result of V2O5 film upon varying different colors (red box indicates enlarged

Figure 7 .

 7 Figure 7. CV curve and peak current increasing/decreasing trend of (a) and (c) ECD without ISL, (b)

Figure 8 .

 8 Figure 8. Reflectivity measurement result of the fabricated ECD

Figure 10 .

 10 Figure 10. (a) Yellow, green, and blue states displayed by ECD for each cycle, (b) Trend of variation

Figure 11 .

 11 Figure 11. 10,000 repetitions of the (a) Cyclic voltammetry analysis result & (b) Charge capacity
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 4 CIE color coordinate values measured for each cycle
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 5 Charge capacity of ECD with varying repeated cycle
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