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In this work, WO3 and TiO2 thin films have been obtained by the sol-gel spin coating method. The as-deposited samples were annealed at different annealing temperatures in the range between 100°C and 500°C. Micro-Raman spectroscopy confirmed that WO3 thin films annealed at 100°C and 300°C are amorphous while the crystallization process occurred at 500°C as established by the typical Raman modes of γ-WO3. Amorphous thin films of TiO2 have been obtained using annealing at 100°C and 300°C. The crystalline phase of the anatase-TiO2 has been obtained after the thermal treatment conducted at 500°C. The electrochromic devices were characterized by cyclic voltammetry and UV–Vis–NIR spectroscopy and it has been shown that the best configurations of the electrochromic devices studied in this work can be obtained by using the WO3 thin films amorphous, which means annealed at 100°C and 300°C, and TiO2 thin films crystalline, that is annealed at 500°C. The higher coloration efficiency values in the visible region (λ = 550 nm) and in the near-infrared region (λ = 1020 nm) support the idea that such devices could be used in order to control the light flux but also heat flux. It means that such electrochromic devices can be usefully employed as smart windows promoting energy and economic savings.
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INTRODUCTION
Tungsten trioxide (WO3) and titanium dioxide (TiO2) thin films are promising layers to be used as electrodes in electrochromic devices and also in photochromic devices, chemical sensors, superconductors, and photocatalysts (Palgrave and Parkin, 2004; Wang et al., 2016; Yuksel et al., 2016; Tang et al., 1995; Karunagaran et al., 2007; Yu et al., 2001). Such layers can be obtained by different techniques such as sputtering, chemical or physics vapor deposition, sol-gel synthesis, and others. Among the different techniques, to obtain large-area electrodes, the sol-gel process results to be the best one because it can be done in a large tub, whereas the other techniques required that the substrates have to fit in a box chamber, usually with a controlled atmosphere. Moreover, the sol-gel synthesis allows obtaining transparent metal oxide thin films, with good homogeneity and optical properties also on different substrates including glass (Kim et al., 2002). Electrochromic devices exhibit low power consumption (Wen-Cheun Au et al., 2020; Wen-Cheun Au et al., 2019).
Amorphous-WO3, the working electrode in the electrochromic device, is a cathodic electrochemical material and it has specific optical properties that switch from transparent state to blue state (OFF/ON states) under double injection of ions and electrons under an applied voltage (Leftheriotis et al., 2007; Castriota et al., 2005; Patel et al., 2017). From a chemical point of view, the electrochromic coloring of tungsten trioxide is a synchronous uptake of electrons and ions into the film.
During this work, the counter electrode of the electrochromic device is made of titanium dioxide. Titanium dioxide (TiO2), the electrode is high transparent, with a high refractive index and chemical durability and is suitable in both visible and near-infrared regions. Various methods can be used for its synthesis including sol-gel, sputtering, chemical vapor deposition, e-beam evaporation processes application (Kim et al., 2002). The main phases of TiO2 are anatase (tetragonal), rutile (tetragonal), and brookite (orthorhombic) (Chrysicopoulou et al., 1998; Bakri et al., 2017). Titanium dioxide in anatase phase, for its physical-chemical properties, is generally favored when it is obtained by sol-gel process. Among the different metal oxide which can be used as a counter electrode, the titanium oxide electrode seems to increase the contrast of the electrochromic device.
The main aim of this work is to find the best thermal process to which to subject the metal oxide electrodes to make the electrochromic device with the best performance in terms of electro-optical properties and energy-saving promotion. Such aspects together with the use of the sol-gel synthesis could allow the scale-up of such technology and could have reals fallouts in the industrial environment with energy and economic benefits.
In this work, the sol-gel method has been used to obtain WO3 and TiO2 thin films which have been subjected to the annealing process at three temperatures (100°C, 300°C, and 500°C) for 1 h. After the annealing process, the working electrode (WO3) and the counter electrode (TiO2) have been assembled to obtain electrochromic devices made with electrodes annealed at different temperatures. The structural order and the thermodynamic phases, the electrochemical and optical properties of electrodes and devices have been studied by Raman spectroscopy, cyclic voltammetry, and UV–Vis–NIR spectroscopy, respectively. The physical chemistry properties shown by electrodes and electrochromic devices have been related to the annealing temperatures to which the metal oxide thin film has been subjected.
MATERIALS AND METHODS
Materials
Tungsten (VI) oxychloride (WOCl4, 98% purity Aldrich), isopropanol anhydrous (99.5% purity), titanium (IV) isopropoxide (99,999% purity), and glacial acid acetic (99,99% purity) were purchased from Sigma-Aldrich Company. All the above-listed compounds were preserved inside the glove box, in an argon atmosphere, to avoid any reaction with moisture or oxygen present in the air. The other reagents such as polymethylmethacrylate, or PMMA (Mw = 120,000), lithium perchlorate (LiClO4), and propylene carbonate (PC), bisphenol-A glycerolate diacrylate (BA), and 2, 2-dimethoxy-2-phenyl acetophenone (Irgacure 651) were supplied by Sigma-Aldrich Company, too. BA was kept refrigerated. The used spacers of 200 μm of diameter were made by silica.
Thin Films Preparation
The tungsten trioxide mother solution was prepared in Ar atmosphere in a glove box (MBRAUN-Unilab) by dissolving tungsten (VI) oxychloride (WOCl4, 98% purity) in isopropanol anhydrous (99,5% purity). The WO3 mother solution was left to stir for 24 h and, then, deposited on indium tin oxide (ITO)-coated glass with spin coater (SC10 CaLCTec S.r.l.) at 1200 rpm for 30 s.
The titanium dioxide mother solution was prepared in an Ar atmosphere in a glove box (MBRAUN-Unilab) by dissolving titanium (IV) isopropoxide (Ti[OCH(CH3)2]4), 99,999% purity) in isopropanol anhydrous (99,5% purity Aldrich) and glacial acid acetic (99,99% purity, Aldrich). The TiO2 mother solution was stirred for 24 h and then deposited on indium tin oxide (ITO)-coated glass with spin coater (SC10 CaLCTec S.r.l.) at 1200 rpm for 30 s. The WO3 and TiO2 thin films obtained as said above have been annealed at 100°C, 300°C and 500°C for 1 h in air.
Fabrication of Electrochromic Devices
Electrochromic devices have been assembled by using the combination of WO3 and TiO2 electrodes annealed at 100°C, 300°C, and 500°C, in the followed sandwich configuration:
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where glass-ITO is the transparent electrodes (TEs) used to apply the external voltage. The gel electrolyte has been made by dissolving polymethylmethacrylate, PMMA (Mw = 120,000, Sigma Aldrich), and LiClO4 (1M) in propylene carbonate (PC). Such gel has been injected by capillarity between the two electrodes. To prevent the short circuit of the systems, silica spacers of 200 μm diameter were introduced inside each device. All devices were sealed using an epoxydic resin composed of bisphenol-A glycerolate diacrylate and 2, 2-dimethoxy-2-phenyl acetophenone (Irgacure 651) as photo-initiator.
Characterization of Electrochromic Devices
Raman spectra of WO3 and TiO2 thin films were collected by using a Jobin Yvon micro-Raman LABRAM equipped with a CCD (256 × 1,024 pixels) detector cooled at −70°C, an Nd:YAG (λ = 532 nm emission, 50 mW power) and a 50 X Olympus objective long working distance. The spectral resolution was 2 cm−1. All the Raman spectra have been collected at room temperature. WO3 representative Raman spectra have been collected range between 300 and 1400 cm−1 while the representative Raman spectra of TiO2 thin films have been collected in the range between 100 and 1,000 cm−1.
Cyclic voltammetry measurements were carried out on the electrochromic devices with a potentiostat/galvanostat, model 2059 low instrument interfaced with an Amel instrument-model 7800 interface (Amel Instruments). The tungsten trioxide electrode has been used as a working electrode in the electrochromic devices.
UV–Vis–NIR spectra have been collected by UV–Vis–NIR Spectrophotometer AvaSpec-2048-Avantes, in the range between 400 and 1200 nm. The equipment included also, a Deuterium-Halogen light source (DH-2000 UV–Vis–NIR Light source Avantes) and Agilent E3632A DC Power Supply (0–15 V, 7 A). Analyses were conducted at room temperature.
RESULTS AND DISCUSSION
Micro-Raman Spectroscopy
Raman spectroscopy has been used to study the effect of the annealing temperatures on the structural phases of the WO3 and TiO2 thin films. Figure 1 shows the representative Raman spectra collected on the tungsten trioxide thin films subjected, for 1 h, to three different annealing temperatures which are 100°C, 300°C, and 500°C. The as-deposited films contain some organic residues that are removed by the thermal treatments and, therefore, the metal oxide network is not completely done before the annealing process.
[image: Figure 1]FIGURE 1 | Representative Raman Spectra collected on WO3 thin films annealed, for 1 h, at 100°C (A), 300°C (B) and 500°C (C).
The Raman spectra collected on the tungsten trioxide thin film annealed for 1 h at 100°C (Figure 1A) show broad bands at about 793 and 941 cm−1 ascribed to the stretching modes W-O and terminal W=O bonds. The presence of such modes indicates that such films are in amorphous state (a-WO3) (Caruso et al., 2014). As it is possible to see in Figure 1B, the annealing treatment at 300°C does not change the structural phase of the tungsten trioxide thin film. In fact, the bands at 789 and 948 cm−1 (Figure 1B) are still due to the stretching modes W-O and terminal W=O bonds confirming that such films are in amorphous state (a-WO3) (Caruso et al., 2014). A great effect on the structural phase of the tungsten trioxide thin films has been obtained when the as-deposited thin films were subjected to the highest annealing temperature, 500°C (Figure 1C). The two bands at 715 and 806 cm−1 shown in the representative Raman spectra of Figure 1C are due to the presence of crystalline tungsten trioxide and in particular of γ-monoclinic phase (γ-WO3) (Cazzanelli et al., 1999a; Kuzmin et al., 1998). In this case, the band at 788 cm−1 above assigned to the stretching mode of W-O bonds results to be split into two components at 715 and 806 cm−1 ascribed to the O-W-O stretching modes of the bridging oxygen in WO3. The other Raman modes that fall at about 452 cm−1 and 560 cm−1 detected on all the samples have been ascribed to the ITO-glass substrates, where the tungsten trioxide thin films have been deposited.
The representative Raman spectra collected on TiO2 thin films annealed, for 1 h, at 100°C, 300°C and 500°C are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Representative Raman Spectra collected on TiO2 thin films annealed, for 1 h, at 100°C (A), 300°C (B) and 500°C (C).
As shown in Figure 2, the Raman spectra collected on the titanium dioxide thin films annealed at 100°C and 300°C do not show any detectable Raman features ascribable to the titanium dioxide thin films. The only modes at about 455, 562, and 564 are assigned to the glass substrates. The no detectability of Raman features of the TiO2 is due to the very low Raman cross-section of the amorphous phases with respect to the crystalline ones. In fact, the as-deposited samples annealed at 500°C, as shown in Figure 2C , show Raman peaks, some of them quite sharp representative of the crystalline phases. The Raman peaks at 141, 199, 393, 399, 515, 519, and 634 cm−1 are assigned to TiO2 in the anatase phase in its tetragonal coordination with space group D19 (An-TiO2). In particular, the peaks at 141 and 199 cm−1 are due to the Eg modes, the peaks at 393 and 399 cm−1 are representative of the B1g mode. The Raman bands at 515 and 519 cm−1 are attributed to the A1g and B1g vibrational modes and the peak at 634 cm−1 is assigned to the Eg vibrational mode (Karunagaran et al., 2005). The peak at 555cm−1 is ascribed to the glass substrate (Djaoued et al., 2012; Daniel et al., 1987; Gotić et al., 2000; Cazzanelli et al., 1999b; Ohsaka et al., 1978; Balaji et al., 2009; Balachandran and Eror, 1982; Rezaee et al., 2011; Yazid et al., 2018; Alam and Cameron, 2002; Dinh et al., 2003; Judeinstein et al., 1992; Huang et al., 1997).
Cyclic Voltammetry
Cyclic voltammetry has been performed to investigate the reversibility of the electrochromic behavior, the cathodic and anodic current peaks and how those could be related to the annealing temperature of the WO3 and TiO2 electrodes used to build the electrochromic devices. (The electrochromic device studied will be indicated as WxTiy where W and Ti indicate the WO3 and TiO2 electrodes, respectively; indeed, the subscripts x and y indicate the annealing temperature expressed in hundreds of the WO3 and TiO2 electrodes, respectively.) Of course, since the WO3 and TiO2 electrodes have been annealed at three different temperatures each, then the possible combinations of them to make electrochromic devices are nine. The voltammograms acquired on the nine kinds of electrochromic devices with scan rate of 50 mV/s and after five cycles are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Cyclic voltammetry from −3.5 to 3.5 V (scan rate of 50 mV/s) of the nine following electrochromic devices: (A) W1Ti1, (B) W1Ti3, (C) W1Ti5, (D) W3Ti1, (E) W3Ti3, (F) W3Ti5, (G) W5Ti1, (H) W5Ti3 and (I) W5Ti5. (WxTiy where W and Ti indicate the WO3 and TiO2 electrodes, respectively and the subscripts x and y indicate their annealing temperature expressed in hundreds, respectively.)
As shown in Figure 3, the nine kinds of electrochromic devices assembled show similar electrochemical behavior during cyclic voltammetry investigation. Both the electrodes, WO3 and TiO2, are cathodic electrochromic materials: become colored for negative applied voltage when the lithium ions dissolved in the polymeric gel are inserted in the metal oxide layer. This insertion is associated with a reduction reaction of the oxidation state of the metal. In Eqs 1 and 2 are reported the reactions of the WO3 and TiO2, electrodes used in the studied electrochromic devices (Granqvist, 1995):
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In the beginning, each system was colorless and the devices become blue during the negative potential cycle and bleaching during the positive potential cycle. As described in Eq. 1, the coloration is associated with the simultaneous and reversible injection of lithium cations and electrons inside the oxide network and it is due to the reduction process which promotes the formation of tungsten atoms in a reduced oxidation state (W(V)) which are responsible for the blue color of the films. In this electrochromic device, the titanium dioxide works as described in Eq. 2 but since its change of color it is not appreciable its function is of the ions storage. In such a way, when the electrochromic devices are blue, it means that Eq. 1 it is shifted on the right while Eq. 2 it is shifted on the left: state ON. When the devices are transparent then Eq. 1 it is shifted on the left while Eq. 2 it is shifted on the right: state OFF.
As shown in Figure 3, not all voltammograms show the same profile and some of the results are deformed and shifted with respect to the center. Such differences in cyclic voltammetry curves could be due to different ion migrations and electron trapping/de-trapping, at the interface of the metal-oxide thin film and gel electrolyte, in the redox process (Heckner and Kraft, 2002), the possible degradation of gel electrolyte subjected to an external applied voltage and the probable presence of some impurities as, for example, water. Nevertheless, the specific cathodic potentials which turn ON the electrochromic devices have been collected and are summarized in Table 1.
TABLE 1 | Cathodic potentials which turn ON the following electrochromic devices: a) W1Ti1, b) W1Ti3, c) W1Ti5, d) W3Ti1, e) W3Ti3, f) W3Ti5, g) W5Ti1, h) W5Ti3 and i) W5Ti5. (WxTiy where W and Ti indicate the WO3 and TiO2 electrodes, respectively and the subscripts x and y indicate their annealing temperature expressed in hundreds, respectively) (see Figure 3).
[image: Table 1]The different values of potentials observed are ascribed to the different order degree (phase), due to the different annealing processes, which the working electrode (WO3) and counter electrode (TiO2) used to build the nine electrochromic devices studied were subjected.
As it is possible to see from Table 1, the highest absolute value of the cathodic potentials which turn ON the electrochromic device is that of the W5Ti5 electrochromic device which is made by using WO3 and TiO2 electrodes annealed at the highest temperature (500°C) which induces the transformation of the amorphous films in crystalline films, which show a prevalent electronic conduction with respect to the ionic conduction. It means that the ionic conductivity responsible for the insertion reaction at the basis of the electrochromic effect is disadvantaged and for this reason, it is needed a higher potential for switching ON the working electrode.
It fit very well with the coloring process described above where the WO3 layer becomes blue after the insertion of the lithium ions which is favored in systems with prevalent ionic conductivity as the amorphous state with respect to the crystalline ones.
Transmittance
UV–Vis–NIR spectroscopy has been performed on the electrochromic devices made, as mentioned above, with WO3 and TiO2 thin films annealed at different temperatures (100°C, 300°C and 500°C) to study the optical properties of such devices and their energy-saving applications on buildings.
The transmittance modulation (%) of each electrochromic device was monitored at fixed potential values equal to 0 V, −1.6 V, −1.8 V, −2 V and −2.8 V in the wavelength region from 400 to 1200 nm when the systems are put in the condition of bleached state (state OFF) and in the colored state (state ON). The transmittance curves of all electrochromic devices are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Optical transmittance curves, in the range between 400 and 1200 nm, of the nine following electrochromic devices: (A) W1Ti1, (B) W1Ti3, (C) W1Ti5, (D) W3Ti1, (E) W3Ti3, (F) W3Ti5, (G) W5Ti1, (H) W5Ti3 and (I) W5Ti5. (WxTiy where W and Ti indicate the WO3 and TiO2 electrodes, respectively and the subscripts x and y indicate their annealing temperature expressed in hundreds, respectively.) The black line corresponds to the 0.0 V (no voltage applied, state OFF). The red, blue, green and magenta lines correspond to the following states ON at −1.6 V, −1.8 V, −2.0 V and −2.8 V applied voltage, respectively.
As it is possible to see in Figure 4, not all nine kinds of the electrochromic devices show the same behavior of the optical transmittance. In particular, it is possible to see that the transmittance curves of the electrochromic devices made with WO3 films annealed at 500°C (W5Ti1, W5Ti3, and W5Ti5) seems do not change under the action of the applied voltage used during this work: all the optical transmittance curve, collected at a different voltage, are the same of the curve collected when no voltage is applied and are superposed (Figures 4G–I). This behavior is in agreement with the previous considerations about the nature of the WO3 annealed at 500°C, which results to be crystalline with a prevalent electronic conduction, which disadvantages the electrochromic effect due to the insertion of the small lithium ions in the WO3 lattice. The transmittance curves of the following electrochromic devices, W1Ti1, W1Ti3, W3Ti1, and W3Ti3 show a detectable change of the transmittance curve just when the devices are subjected to the highest (in absolute value) (−2.8 V) applied voltage (Figures 4B,D,E). It can be explained just considering that the amount of the lithium ions inserted in the WO3 layer for applied voltage lower than −2.8 V (in absolute value) is not enough to switch ON the electrochromic devices. A very interesting decrease of the transmittance curves as a function of the applied voltage has been seen for the following electrochromic devices: W1Ti1, W1Ti5, and W3Ti5. The transmittance curves of the W1Ti1 device are almost close to each other while the curves collected on the other two devices, W1Ti5 and W3Ti5, are quite far from each other and so they can offer a bigger change in the transmittance when the device is switched ON. Therefore, the devices which show the maximum change of the transmittance are those made with WO3 electrode annealed at lower temperatures (100°C and 300°C) which let the layer in amorphous state with prevalent ionic conduction, with respect to the electronic conduction, that promote the electrochromic effect and the TiO2 film annealed at 500°C that are quite crystalline with a prevalent electronic conduction with respect to the ionic conduction, that supports the electrochromic effect by the electrons injection in the WO3 films to balance the lithium ions inserted.
In order to give a quantitative estimation of the efficiency electrochromic devices made during this work, it has determined the coloration efficiency (CE) of each device. The CE is defined as the change in optical density ΔOD at a particular wavelength (λ) per unit area (S) of charge (Q) intercalated or extracted from the electrochromic film. It can be calculated according to the following (Eq. 3) (Monk et al., 1995; Patel et al., 2009; Ren et al., 2015):
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where TOFF and TON represent the transmittance in the OFF state (bleached) and ON state (colored).
The state OFF corresponds to the absence of applied voltage whereas the state is ON when the electrochromic device is subjected to the applied voltage equal to −2.8 V.
In order to evaluate the response of the electrochromic device in the visible range and in the NIR range the CE have been calculated at two wavelengths: 550 and 1020 nm. All the data and the results are summarized in Table 2.
TABLE 2 | Transmittances of the states Off (0.0 V) and On (−2.8 V) and coloration efficiency values in the visible region (λ = 550 nm) and Near Infrared region (λ = 1020 nm) of the following electrochromic devices: W1Ti1, W1Ti3, W1Ti5, W3Ti1, W3Ti3, W3Ti5, W5Ti1, W5Ti3, and W5Ti5 (WxTiy, where W and Ti indicate the WO3 and TiO2 electrodes, respectively and the subscripts x and y indicate their annealing temperature expressed in hundreds, respectively) (see Figure 4).
[image: Table 2]The CE values estimations confirm quantitatively what has been stated above qualitatively. In fact, as it is possible to see in Table 2, in the visible region the higher CE values, 179.10 and 139.93 cm2 C−1, are obtained for the W1Ti5 and W3Ti5 devices. Also in the near-infrared region the higher CE value, 234.81 and 209.03 cm2 C−1 are obtained for the W1Ti5 and W3Ti5 devices. Both the kinds of electrochromic devices are made by using amorphous WO3 and crystalline TiO2 electrodes, that as said above, represent the best device configurations studied during this work. The electrochromic devices made during this work, show values of CE quite competitive with respect to those obtained from systems described in the previous literature in which the optical properties are improved by common strategies such as metal oxide doping (Cai et al., 2013; Yun et al., 2019), composite formation (Prasad et al., 2022), and nanostructuring (Eyovge et al., 2021). Therefore, ours electrochromic devices are quite promising to be used as smart windows in saving energy applications.
CONCLUSION
In this work, electrochromic devices made by using as electrodes WO3 and TiO2 layers, obtained by sol-gel synthesis and annealed at three different temperatures (100°C, 300°C, and 500°C), have been studied. The WO3 and TiO2 thin films annealed at 100°C, 300°C, and 500°C have been investigated by Raman spectroscopy and it has been shown that both the metal oxide thin films are amorphous when subjected to the annealed temperatures at 100°C and 300°C whereas they become crystalline when treated at 500°C annealed temperature. The structural order of the metal oxide films is quite important because it is well known (Marino et al., 2005; Bruno et al., 2005; Castriota et al., 2014) that amorphous metal oxide thin films are better ionic conductors than electronic conductors while crystalline thin films show an opposite behavior; in fact, crystalline thin films are better electronics conductors than ionic conductor.
Such findings have been very useful to explain the voltammogram obtained on the nine kinds of electrochromic devices that are studied. The devices become colored when the lithium injection occurs in the WO3 lattice and this is favored in amorphous films where, the ionic conductivity is highest while, the highest cathodic potential (the potential at which the electrochromic devices begin to turn ON) has been obtained with WO3 and TiO2 thin films annealed at 500°C, which are both in crystalline states. The UV–Vis–NIR analysis has confirmed that the best configurations of the electrochromic devices studied in this work can be obtained by using the WO3 thin films amorphous, that means annealed at 100°C and 300°C, and TiO2 thin films crystalline, that is annealed at 500°C.
The higher CE values in the visible region (λ = 550 nm) and in the near-infrared region (λ = 1020 nm) support the idea that such devices could be used in order to control the light flux but also the heat flux and so, those devices could be used for energy-saving applications (Castriota et al., 2013).
In the near future, the chance to integrate the electrochromic device with photovoltaic technology seems to be quite promising for many different industrial applications, since, in this way, the voltage needed to turn ON/OFF the electrochromic device can be given by the photovoltaic device.
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