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Abstract

:

WO3 nanostructured thin films were grown using spray deposition on FTO coated glass. The effect of the precursor concentration and the solution quantity, which determines the deposition time, on the electrochemical, electrochromic and optical properties of the WO3 films was investigated. The films were found to exhibit a good electrochromic activity with a reasonably good durability of charge exchange and optical modulation under harsh electrochemical cycling in Li-ion-conducting electrolyte. Associated compositional and structural characteristics were probed by several techniques, indicating that the observed improved durability may be due to the unique WO3 thin films’ structuring, the surface of the films consisting of wall-like structures combined with bubble-like islands on a polycrystalline WO3 granular background, that requires further study in greater detail.
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1. Introduction


Electrochromic materials are a topic of intense research around the world due to their intriguing practical uses in architectural applications (i.e., smart windows), electronic displays, and variable-reflective mirrors, among a larger number of applications [1,2,3,4,5,6,7,8,9,10,11]. Tungsten oxide (WO3) has been methodically examined for its use in applications such as electrochromic (EC) windows [12,13], switchable mirrors, displays, and gas sensors, and some of these applications are finding commercial use presently [6]. Regarding electrochromic applications, WO3 is a nontoxic n-type wide band gap semiconductor material, with a fast response time, good intercalation properties (H+, Li+, Na+ and K+), favorable coloration efficiency and necessary optical properties. Its band gap energy has been mostly estimated from optical absorption experiments and varies from about 2.6 to 3.0 eV. [14] Nonetheless, regarding the deposition techniques, the deposition parameters have been proved to have a major influence on the structure and morphology of the thin films, with direct attestations of their electrical and optical properties [13]. Films with high porosity or large grain boundaries are preferred for EC applications because they allow for faster ion insertion–extraction, which results in improved coloring efficiency and faster switching rates between the bleached and the colored phases [13]. Consequently, to ensure a high performance of the EC films, thickness, porosity reproducibility and crystallinity over a large area are crucial [13].



Spray pyrolysis is frequently a desirable alternative for the development of thin films, since affordable precursor materials and low-cost equipment can be employed in order to assist large-area industrial applications [13]. In the case of this technique, the composition of the initial solution, the substrate temperature and the growth rate can determine the final outcome regarding the basic characteristics of the grown films. [13]. The rate of evaporation of the solvent can be affected by the precursor in use and pressure of the carrier gas, while changes in surface tension can speed up the droplets’ formation [13]. WO3 EC thin films have been fabricated using various deposition techniques, including thermal evaporation [15], thermal reactive evaporation [16], DC magnetron sputtering [17], RF magnetron sputtering [18], chemical vapor deposition [19], electrodeposition [20], sol-gel [21], pulsed spray pyrolysis [1,22], direct thermal oxidation of W metal films [23], physical vapor deposition [24], hydrothermal methods [25], etc. Spray deposition assortments have not been frequently used, and when used the results are polycrystalline films with granular or porous morphology, more or less compact. Among the publications regarding spray deposition, only a very small number concern simple spray deposition of air carrier type [4,6] or other spray forms [26,27,28,29,30,31] of pure WO3 films with good electrochromic properties.



Based on the limited number of studies on the deposition of EC thin WO3 films using air carrier spray deposition, the present study was performed in order to investigate the possibility of achieving good EC WO3 coatings by using this facile deposition method, so that this can then be transferred to large scale applications. WO3 nanostructured thin films were grown using spray deposition on FTO coated glass, employing as precursor tungstic acid (H2O4W) powder dissolved in distilled water. Deposition was performed in air at 250 °C. These preliminary results showed that EC WO3 coatings with unique morphology and very good stability can be obtained.




2. Materials and Methods


2.1. Materials


Tungstic acid (H2WO4), ≥99.0% (calcined substance, T) powder (Sigma-Aldrich, St. Louis, MO, USA), was diluted in distilled water so that the precursor solution could be obtained. Lithium perchlorate LiClO4 (Sigma-Aldrich ACS reagent, ≥95.0%) was employed as electrolyte, the respective solvent being propylene carbonate (Sigma-Aldrich anhydrous, 99.7%). As substrates, Fluorine-doped Tin Oxide FTO –F:SnO2 (Pilkington UK) coated glass was used.




2.2. Preparation of WO3 Samples


A custom-made air carrier flow static spray pyrolysis device was employed for WO3 thin films’ deposition. The films’ growth was carried out at a vertical position and at a 30 cm distance between the spray gun and the substrate, which was kept at a temperature of 250 °C. The precursor solution was prepared by dissolving the required amount of tungstic acid H2WO4 in distilled water. For the parametric study, 0.1 M and 0.05 M solutions were employed at three different quantities (5, 10 and 15 mL), since the thickness of the films can be controlled by the volume of the solution, which could be measured to an accurate level due to the complex surface morphology of the films. The growth time increased with increase in the volume of solution, while the flow of the air carrier remained constant to ensure a constant deposition rate.




2.3. Characterization Methods


X-ray diffraction (XRD, Rigaku, Tokyo, Japan) was performed using a Rigaku ultra high-resolution triple axis multiple reflection SmartLab X-ray Diffraction System, Tokyo, Japan. Scanning electron microscopy (SEM) characterization took place using a field emission Nova NanoSEM 630 (FEI Company, Hillsborough, OR, USA) and a field emission scanning electron microscope (FE-SEM). Raman spectroscopy took place using a Witec Raman spectrometer (Alpha-SNOM 300 S, WiTec GmbH, Ulm, Germany); and UV-Vis transmittance spectra with a UV−2401PC (Shimadzu Corporation, Kyoto, Japan) spectrophotometer. Electrochemical experiments were performed using a PGSTAT302N Autolab (Metrohm AG, Herisau, Switzerland) potentiostat/galvanostat in a three-electrode cell setup using as the working electrode the WO3 layer on the Fluorine-doped tin oxide (FTO) coated glass substrate, in similar conditions as those described in our previously reported work [32].





3. Results and Discussion


3.1. Electrochemical Characterization


The electrochemical performance of the samples was studied in a three-electrode cell, by cycling the potential between −1 V and +1 V at a scan rate of 10 mV s−1, using 1 M LiClO4 in propylene carbonate as electrolyte (Figure 1a,b). As the concentration and the precursor volume changes, the shape of the respective curves also changes. In particular, in the samples made with the 0.1 M solution, as the precursor volume increases, the current density also increases, while, the opposite behavior was observed with the samples of the 0.05 Μ solution. Regarding the shape of the electrochemical curves, the lowest precursor volume samples (5 mL) in both series exhibit small peak values in the cathode, in contrast to the samples made with larger precursor volumes. The coatings in all series exhibit one large anodic peak and two smaller cathodic peaks, which are attributed to ions’ intercalation and deintercalation, respectively, accompanying the gain and the loss of an e−. In the case of films grown from the higher precursor concentration, the anodic peak occurs at −0.345 V (5 mL) and −0.096 V (10 and 15 mL), while for the films grown from the 0.05 M precursor concentration, at −0.37 V (5 mL), −0.086 V (10 mL) and −0.128 V (15 mL), respectively. On the other hand, the cathodic peaks for the films of the 0.1 M series are at approximately −0.732 and −0.322 V (5, 10, 15 mL) for all precursor volumes, while for the films grown from the 0.05 M precursor concentration, the cathodic peaks occur at: −0.733 and −0.298 V (5 mL), −0.762 and −0.361 V (10 mL) and −0.763 and −0.347 V (15 mL).



Chronoamperometry measurements were also performed in order to investigate the time evolution of the coloring/bleaching processes. Figure 1c,d depict the results of the chronoamperometry studies. The time constant has been calculated at 90% from the maximum to the final value at each chronoamperometric curve, separately. Based on these I-t measurements, the time response for the coloring of the films was found to be approximately 9 s, while, for bleaching, it was approximately 4 s. Table 1 presents in detail the response times as well as the charge densities for each type of developed sample, the respective charge density values being estimated by integrating the coloring and bleaching current densities. Comparing the results of Table 1, one can conclude that in samples made with the 0.1 M solution, the charge density increases as the precursor volume (thickness) increases, in contrast to the samples made with the solution of 0.05 M, where the opposite relation appeared. This may be due to the films’ formation onto the substrate during growth and their morphology. At lower precursor concentration, the films’ growth is slower, resulting in a more compact structuring and lower density of features on the surface compared to films grown from identical concentrated solution volume, as can be observed from the SEM characterization further on. Regarding the time constants, the range of their values presents small variations without any particular tendency, with respect to the variations of precursor concentration and volume. It should be mentioned here, that while the graphs of Figure 1 show the time constant to have a linear behavior in relation to the precursor volume, the actual values of the time constants are differentiated (as shown in Table 1) as their final values are also affected by the maximum values of the chronoamperometric diagrams. As can be seen in the results of Table 1, the samples bleach faster than they color. Moreover, it seems that the ions leaving the surface of the sample are not the same as those entering, therefore there is some ion retention in the sample. This is actually the reason why the samples do not recover their initial transparency and retain a greenish/bluish tint, a fact that can be attributed to WO3 hydration since the measurements are performed without any special dehydration conditions, as one can see from the color change of the samples (see Figure 2).




3.2. Electrochromic Characterization


As known, an electrochromic device consists of several thin layers including a transparent electrode, the electrochromic materials and an electrolyte layer, which are capable of changing the optical transmittance of the device on switching the voltage. The resulting optical transmittance changes back to the original state when the polarity of the voltage is reversed. This phenomenon pertains to the injection and extraction of electrons and ions, due to the oxidation and reduction mechanism after applying different voltages. In the case of our WO3 thin films, when a negative voltage (−1 V) was applied, the color of the WO3 coating changed from transparent to blue. When the applied voltage was reversed (+1 V), the film returned to a lighter blue shade state, less transparent than the as deposited ones. Below, in Figure 2, one can see all the shades that appeared in the samples under investigation, with the blue tint dominating at −1 V (colored phase) and the shades becoming very light blue to very light green at +1 V (bleached phase).



This behavior can also be seen in the graphs of Figure 3, where the initial phase (transparent) curve is different from the bleached one at +1 V; this behavior is attributed to the retention of some ions on the samples. In particular, the color difference increases as the wavelength increases above 500 nm, demonstrating that the electrochromic performance of the samples begins in the visible spectral region and peaks in the near infrared. Another feature that is evident from UV-Vis diagrams is the reduction of transmittance as the deposited precursor volume increases in both the initial, the colored and the bleached state, with small variations in the general behavior of the diagrams. This behavior initially confirms that as the precursor volume increases, the samples become thicker, and for this reason, we observe a decrease in their transmittance. Another observation regarding the optical characterization is the reduced transmittance of the low concentration compared to the higher one. This behavior may be due to the fact that at lower concentration, the films develop a more compact structure during deposition, as can be observed also from SEM characterization further on.



In order to quantify the electrochromic response of the films, their coloration efficiency (CE) factor was determined. This is defined as the change in the optical density (ΔOD) per unit of charge density (Q), and is an important electrochromic characteristic. It can be computed using the following equation:


  C E  λ  =   Δ O D  λ     Q i     



(1)




where ∆OD is the change in optical density (change in the transmission between the bleached and colored states of the film), that is:


  Δ O D  λ  = ln      T b     T c       



(2)




where Tb and Tc are the transmittances at bleached and colored states, respectively. Qi is the charge density and λ denotes a certain wavelength. Table 2 presents the results of the calculations of the coloration efficiency at 700 nm, which is a typical wavelength used to define this parameter. Comparing the results in this table, it seems that the concentration as well as the precursor volume can play an important role in the performance of the samples. In particular, the samples made with the lowest precursor volume (5 mL) of the solution with the highest concentration exhibit the highest coloration efficiency.



The overall electrochromic performance of the samples can be seen in Figure 4, which presents the variation of the coloration efficiency as a function of the wavelength. As can be observed, as the wavelength increases the coloration efficiency increases up to a maximum at around 900 nm (for the samples with 10 and 15 mL) and around 880 nm (for the samples with 5 mL). Therefore, it is clear that these samples have an electrochromic behavior which starts in the visible spectral region and peaks in the near-infrared. The maximum coloration efficiency of the WO3 films under investigation in the near-infrared region for the samples made with the 0.1 M concentration is 52.27 cm2 C−1 (5 mL), 36.64 cm2 C−1 (10 mL) and 29.38 cm2 C−1 (15 mL), respectively. For the samples made with the 0.05 M concentration, the coloration efficiency was found slightly lower, that is 46.61 cm2 C−1 (5 mL), 33.29 cm2 C−1 (10 mL) and 28.67 cm2 C−1 (15 mL).



According to the recorded results and the values in Table 2, the coloration efficiency of the samples depends on the precursor solution volume used in the deposition process as well as the concentration of the solution in use. Following these results, it seems that the lower the thickness, the better the electrochromic behavior of the samples, a fact that requires investigation.



Multiple scans of cyclic voltammetry were performed for each sample in order to verify their stability, where the applied voltage was scanned between −1 V and +1 V and at a scanning rate of 10 mV sec−1. Figure 5 presents the results of this study, where one can see that the samples maintain their original cyclic voltammetry curve without any particular obvious modification in the current density or the shape of the curve, even after 500 scanning cycles. The differences in the curves are so small that they reach the limits of statistical error of the instrument, as can be seen in Figure 5, where one curve overlaps the other. Based on these, one can conclude that these WO3 films have very good stability over time.



As mentioned in the introduction, as far as we know, there are not many reports in the literature regarding WO3 films grown by simple air-carrier spray for electrochromic applications, in order to compare results. One of the first reports on using air-carrier spray deposition for WO3 deposition was published in 2014 by Leftheriotis et. al. [6], who reported electrochromic films’ deposition using WO3 in H2O2 as precursor. Their as deposited films were amorphous, but after annealing were found to consist of nanorods. They exhibit favorable electrochromic properties, such as a coloration efficiency of 52.4 cm2 C−1 at 800 nm, but the films’ mechanical properties and adherence were not suitable for practical applications. In 2015, Park et. al. [4] presented the deposition of WO3 thin films on FTO and ITO glass substrates, using simple air carrier spray at room temperature under low-vacuum conditions. The WO3 film coated onto FTO glass exhibited an electrochromic contrast of 50% at 800 nm, with Tmin = 7% and Tmax = 57%. XRD and SEM study revealed that the WO3 formed polycrystalline granular compact thin films with monoclinic crystalline structure. Cyclic voltammetry measurements revealed that a small applied bias was required for color switching from slight yellow to dark blue. Pure WO3 electrochromic films deposited by other growth techniques were often reported in the literature and in all cases, a more or less similar correlation efficiency has been reported. In contrast, the information regarding stability is rather limited. [18,19,20,21,22,23,24,25,26,27,28]. Since the films’ structuring are very different, even if the electrochromic behavior may be comparable to the one reported by other works, direct comparison wouldn’t be useful.




3.3. Morphological Characterization


SEM characterization shows that the WO3 thin films have a unique micro-structured morphology consisting of wall-like structures combined with bubble-like islands randomly distributed on a polycrystalline WO3 granular nanocrystalline background. WO3 thin film morphology of the fabricated samples is shown in Figure 6. As far as we know, this structuring for WO3 films has never been reported in the literature and further detailed studies are required in order to understand the growth process and the effect of this morphology on electrochromic characteristics. Regarding the effects of thickness and concentration on the surface morphology and structuring, it was observed that only slight variations of size and feature density on the films’ surfaces are present. According to these preliminary SEM observations, it seems that increasing thickness at lower precursor concentration leads to films with more compact features. Then, following the results of Table 1 and Table 2, it seems that lower thickness films with a less compact morphology favor the electrochromic response. Therefore, more detailed studies regarding the evolution of the films’ morphology and texturing, as well as their relation with the electrochromic behavior of these materials, is required for both a better understanding of the underlying mechanisms and further improvement of the performance of the films.




3.4. Structural Characterization


In order to study the crystallinity of the WO3 films, grazing incidence X-ray diffraction was employed. The incidence angle was kept at 0.5°, while the X-ray pattern was recorded in the 2θ range of 20–60°, as shown in Figure 7, for two WO3 films’ cases and the substrate.



Each diffraction pattern of the WO3 samples presents a set of diffraction features with different intensities located at 23.1, 23.5, 24.2, 26.5, 28.7, 33.3, 34.1, 35.4, 41.7, 44.4, 45.6, 47.2, 48.3, 49.9, 50.7 and 55.8°, assigned with different (hkl) Miller indices, using ICDD database–International Center for Diffraction Data, that is (002), (020), (200), (−120), (112), (−202), (202), (122), (222), (320), (231), (004), (040), (400), (033) and (402). These are all attributed to WO3 with monoclinic crystal structure, belonging to the P21/n(14) space group with the following lattice parameters and angles: a = 0.73 nm; b = 0.75 nm; c = 0.76 nm;    α   = 90°;  β  = 90.9°;  γ  = 90°, according to card no. 05–0363. No impurity peaks were detected in the XRD patterns. Thickness variation and precursor concentration seem to affect only the peak intensities, the films exhibiting better crystallinity. Further studies of films’ structuring are ongoing so that these, in correlation with the SEM studies, can provide more information about the characteristics that can favor electrochromic performance and its stability.




3.5. Raman Analysis


Typical Raman spectra of the developed WO3 films can be observed from Figure 8, where the peaks at 269 and 326 cm−1 correspond to the O–W–O bending modes of binding oxygen of WO3, while those between 600–1000 cm−1 to the W–O stretching modes. The strong peaks in each spectrum at 269 cm−1 δ (O-W-O stretching), and at 711 and 803 cm−1 (W-O-W anti-symmetric stretch) are due to monoclinic structure WO3 (δ -WO3 only modes). Peaks associated with the ε phase appear at 326, 421 and 679 wavenumbers. A band corresponding to the lattice vibration is present at 120 cm−1.



These results are in good agreement with the XRD characterization observations. Following the structural and morphological characterization, it is clear that a more detailed study of the dependence of these basic characteristics on the growth conditions is necessary, so that the electrochemical and electrochromic behavior shown in these materials can be better understood. A deep understanding of growth-structuring functionality correlation would allow further tuning of growth, achieving enhanced functionality.





4. Conclusions


WO3 micro-structured thin films with a unique surface structuring morphology were successfully grown on FTO coated glass using spray deposition and the effect of precursor concentration and deposition time on the electrochemical, electrochromic and optical properties of the WO3 films was investigated. The films were found to exhibit a good electrochromic activity associated with a reasonably good durability of charge exchange and optical modulation under harsh electrochemical cycling in Li-ion-conducting electrolyte, even after 500 cycles. Associated compositional and structural characteristics were conserved in all the samples, indicating that the improved durability observed may be due to the unique WO3 thin films’ structuring. In particular, the surface of the films was found to consist of wall-like structures combined with bubble-like islands on a polycrystalline WO3 granular background, crystallized in the monoclinic crystal system structure. Since these are preliminary results, further research efforts are ongoing in order to explore in detail the films’ structuring and to tailor the growth parameters in order to improve the coloration efficiency and its stability.
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Figure 1. Electrochemical characterization of the 1st cycle of the WO3 films. (a) Cyclic voltammograms of WO3 films with 0.1 M at a scanning speed of 10 mV sec−1; (b) cyclic voltammograms of WO3 films with 0.05 M at a scanning speed of 10 mV sec−1; (c) chronoamperometry of WO3 films with 0.1 M at a step potential of +1 V (bleaching); (d) chronoamperometry of WO3 films with 0.05 M at a step potential of +1 V (bleaching); (e) chronoamperometry of WO3 films with 0.1 M at a step potential of −1 V (coloring); (f) chronoamperometry of WO3 films with 0.05 M at a step potential of −1 V (coloring). 
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Figure 2. Color shades of the initial, bleached and colored state of the WO3 coatings with an active area of 2 cm × 1.5 cm: (a) 5 mL with 0.1 M; (b) 10 mL with 0.1 M; (c) 15 mL with 0.1 M; (d) 5 mL with 0.05 M; (e) 10 mL with 0.05 M; (f) 15 mL with 0.05 M. 
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Figure 3. UV-Vis transmittance comparison of the initial, bleached and colored state of the 1st cycle of WO3 coatings: (a) 5 mL with 0.1 M; (b) 10 mL with 0.1 M; (c) 15 mL with 0.1 M; (d) 5 mL with 0.05 M; (e) 10 mL with 0.05 M; (f) 15 mL with 0.05 M. 
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Figure 4. Coloration efficiency comparison as a function of the measured wavelengths: (a) 5, 10 and 15 mL with 0.1 M; (b) 5, 10 and 15 mL with 0.05 M. 
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Figure 5. Multiple cyclic voltammetry experiments (scans) of WO3 film with 0.1 M (5 mL) at a scanning speed of 10 mV sec−1 (stability experiment). 
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Figure 6. Surface morphology of WO3 thin films studied in this work–FE-SEM images of WO3 coatings grown from precursors: (a) 5 mL with 0.1 M; (b) 10 mL with 0.1 M; (c) 15 mL with 0.1 M; (d) 5 mL with 0.05 M; (e) 10 mL with 0.05 M; (f) 15 mL with 0.05 M. 
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Figure 7. Typical XRD patterns for the WO3 thin films studied in this work. 
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Figure 8. Typical Raman spectra of WO3 thin films studied in this work. 
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Table 1. Electrochemical properties of WO3 films.
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Concentration

	
Precursor

Volume (mL)

	
Ip,a

(μA cm−2)

	
Ip,c

(μA cm−2)

	
Qd

(mC cm−2)

	
Qi

(mC cm−2)

	
tb

(sec)

	
tc

(sec)






	
0.1 M

	
5

	
77.82

	
−193.45

	
14.04

	
−15.23

	
4.22

	
9.22




	
10

	
84.68

	
−189.10

	
16.65

	
−18.47

	
3.75

	
6.84




	
15

	
115.43

	
−249.37

	
23.26

	
−25.76

	
5.20

	
9.77




	
0.05 M

	
5

	
112.99

	
−294.70

	
21.45

	
−23.14

	
4.66

	
11.58




	
10

	
102.61

	
−227.56

	
20.04

	
−22.29

	
5.25

	
8.40




	
15

	
69.89

	
−167.61

	
14.03

	
−16.84

	
4.26

	
8.05











[image: Table] 





Table 2. Optical and electrochromic properties of the WO3 films at λ = 700 nm.
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Concentration

	
Precursor

Volume (mL)

	
Tb(λ)

(%)

	
Tc(λ)

(%)

	
ΔΤ(λ)

(%)

	
ΔOD

(λ)

	
CE(λ)

(cm2 C−1)






	
0.1 M

	
5

	
40.65

	
22.74

	
17.90

	
0.580

	
38.11




	
10

	
26.77

	
18.04

	
8.73

	
0.394

	
21.37




	
15

	
10.35

	
7.12

	
3.22

	
0.373

	
14.48




	
0.05 M

	
5

	
28.39

	
14.19

	
14.20

	
0.693

	
29.95




	
10

	
25.42

	
17.77

	
7.65

	
0.358

	
16.06




	
15

	
10.78

	
8.31

	
2.47

	
0.260

	
15.49
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