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To improve the sunlight transmittance and infrared reflectivity, different membrane compositions are designed to realize self-cleaning and low emissivity of the membrane. The WO3/Mo/CrNi/TiO2 composite film was prepared by magnetron sputtering technology, and the complementary effect of these films with four different argon/oxygen ratios of TiO2 layer and different film thicknesses was analyzed. The microstructure characterization proves that the self-cleaning function of the composite film is determined by the photocatalytic properties and superhydrophilic properties of the TiO2.
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INTRODUCTION
Solar energy is a continuous source of renewable energy. Human beings mainly live by the thermal radiation provided by the sun. For ordinary glass, more than 89% of the infrared emissive energy is absorbed by the glass, resulting in the rise of the glass temperature, and then a large amount of heat is dissipated through the heat exchange between the glass and the surrounding air, resulting in a large amount of outdoor heat brought by sunlight entering the room or a large part of indoor heat escaping to the outside (Granqvist, 2007; Dalapati et al., 2018). These conditions have seriously increased the burden of air conditioning and wasted a lot of energy. In the standard atmospheric spectrum, the energy in ultraviolet, visible, and infrared bands accounts for about 3, 44, and 53% of the total solar radiation energy, respectively. Based on the standard atmospheric spectral radiation energy distribution, the ideal solar insulation film is able to completely reflect 0.3–0.38 µm ultraviolet light, transmitted 0.38–0.78 µm visible light, and well reflected 0.78–2.5 µm infrared light. In the standard atmospheric spectrum, most of the heat radiated to the surface of earth is concentrated in 0.78–2.5 µm infrared band. Although the radiant heat in the visible light band of the range of 0.38–0.78 µm is also large, to ensure sufficient visible light indoors or in the vehicle, its transmittance in the visible light region is generally controlled at 70–80%. In daily life, solar insulation film can protect indoor or car objects and people from ultraviolet radiation by isolating ultraviolet light, prolong the aging of indoor objects, and reduce glare by adjusting the intensity of visible light entering the car, effectively avoiding traffic accidents. The composite film is an engineering film that can prevent ultraviolet light, adjust the visible light entering the room or vehicle, and well prevent infrared thermal radiation (Frank et al., 1981).
The self-cleaning, hydrophilicity, and low-emissivity properties are very useful in the application as architectural window and automotive glazing. The self-cleaning behavior of a solid surface refers to its ability to remove pollutants under natural conditions. On a hydrophilic surface [water contact angle (WCA) <90°], water forms a thin sheet and washes away impurities, whereas on a hydrophobic surface (WCA >90°), water droplets roll on the surface. However, hydrophilic materials are generally vulnerable to organic compounds, especially compounds with polar functional groups. Hence, to overcome this problem, surface-coated glass is endowed with hydrophilic and photocatalytic properties (Oladipo et al., 2019); thus, the self-cleaning behavior of surface-coated glass becomes more prominent.
At present, the common preparation methods are chemical bath deposition, hydrothermal method, magnetron sputtering, and so on. Physical magnetron sputtering technology has attracted extensive attention due to its advantages of simple process, strong adhesion of film layer, and large area coating (Gong et al., 2019; Gudmundsson, 2020). Sputtering multifunctional film material can not only improve infrared reflectivity but also has the effect of reflection reduction and self-cleaning.
According to the needs of low emissivity, we designed the WO3/Mo/NiCr/TiO2 multifunctional film structure, determined an optimized thickness and antireflection characteristics to enhance the visible transmittance, and carried out specific characterization analysis from the aspects of low emissivity and self-cleaning. Otherwise, we investigated the effect of TiO2 film with different argon oxygen ratios on photocatalysis.
Method
The soda-lime glass with 300 × 300 mm2 area was applied as the substrates. WO3/Mo/NiCr/TiO2 multilayer film was deposited using direct-current magnetron sputtering system in Ar (99.99%) atmosphere. Before deposition, the glass substrates were sequentially ultrasonically cleaned with a detergent solution, deionized water, acetone, and alcohol. Before sputtering, the base pressure of the sputtering chamber was pumped down to 10 × 10−5 Pa by a turbo molecular pump, and the target was pre-sputtered in pure argon for 4 min to remove contaminants on the target surface. The deposition conditions of each layer for samples of different film thicknesses (samples a–f), and TiO2 layer with four different argon/oxygen ratios of 1:1, 2:1, 3:1, and 4:1 are listed in Table 1.
TABLE 1 | Deposition conditions of each layer to produce the multilayer film
[image: Table 1]The surface morphology of the thin films was investigated by field-emission scanning electron microscopy (FESEM; ZEISS GeminiSEM300). The crystal structures of the thin films were examined by X-ray diffraction (XRD) with Rigaku X-ray diffractometer under Cu-Kα radiation (1.5406 Å) at 2θ = 30–90°. The surface roughness of the films was measured by atomic force microscopy (AFM; NT-MDT solverp47). The optical transmittance, reflection, and absorbance spectra of the films were recorded by a UV–vis–NIR spectrophotometer (Agilent Cary3500). The hydrophilic properties of the films were evaluated by measuring their water contact angles (WCAs) using a contact angle measuring instrument (KRUSS DSA25). The photocatalytic activities of the thin films were investigated by measuring the degree of decomposition of methylene blue in a glass beaker (50 ml of MB solution, 10 mg/L) under visible light illumination for 2 h. The photocatalytic degradation efficiency of MB was evaluated using the following equation, according to the decrease in the absorption intensity of MB at 664 nm using the following equation:
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where C0 is the initial concentration of the MB solution and Ct is the concentration of the MB solution under visible light irradiation at time t.
RESULT AND DISCUSSION
The structure of the multifunctional membrane layer is shown in Figure 1A, B. The outermost layer of TiO2 has photocatalytic performance and hydrophilicity. This layer mainly provides self-cleaning and photocatalytic function, and prevents the covering of external impurities and dust from affecting the absorption of sunlight by the film layer. Being placed in the outermost layer can also effectively improve the absorption range of visible light. NiCr alloy with better mechanical properties, as the barrier layer, which has good chemical resistance, can prevent the Mo layer from oxidation corrosion at high temperature, guaranteeing the stability of Mo layer and playing its role. Mo layer, as an infrared reflector, increases the range of visible light transmittance and infrared emissivity in the range of the rate, and Mo is hard and tough, has high thermal conductivity, and can effectively improve the use efficiency of solar energy. Mo is easy to be corroded by oxygen in the air, which affects its function of reflecting infrared spectrum; therefore, a dielectric layer should be added on both sides of the Mo layer for protection. Considering the refractive index and stability at high temperature, TiO2 with high refractive index and stable performance can be selected as the dielectric layer. It not only has small absorption of visible light but also can absorb, scatter, or reflect a large amount of ultraviolet rays harmful to people and objects. At the same time, to prevent corrosion of Mo layer caused by oxygen and other substances at high temperature, tungsten trioxide, an N-type semiconductor metal oxide that has stable properties and excellent photoelectric conversion performance and photocorrosion resistance, can make more effective use of solar radiation energy (Álvarez-Fraga et al., 2014; Lelis et al., 2019; Firat, 2021).
[image: Figure 1]FIGURE 1 | (A) Multifunctional membrane layer structure, (B) FESEM image of a membrane layer structure, (C) XRD patterns, (D) absorption spectra, and (E) Tanc’s plot for multifunctional membrane of TiO2 layer with different argon oxygen ratios.
Effect of Oxygen Partial Pressure and Thickness of TiO2 on Photocatalysis
The crystal structures of the thin films detected by XRD are shown in Figure 1C. The characteristic diffraction peaks of the (210) typical crystal plane of rutile phase appear in TiO2 films with four different argon/oxygen ratios of 1:1, 2:1, 3:1, and 4:1 (samples g–j), among which the diffraction peak of TiO2 film with argon/oxygen ratio of 2:1 was the most obvious. The TiO2 diffraction peaks (204) and (303) of anatase phase also appeared in the TiO2 film XRD pattern with argon/oxygen ratio of 2:1, and the weak (303) diffraction peak appeared in the TiO2 film XRD pattern with argon/oxygen ratio of 3:1 and 4:1. However, there was no anatase diffraction peak in the TiO2 film XRD spectrum of 1:1 argon/oxygen ratio. On the one hand, sputtered metal particles could have more opportunities to fully react with oxygen ions to produce stoichiometric oxides and reduce the appearance of oxide films with intermediate chemical valence. On the other hand, the sufficient reaction with oxygen ions enabled the deposited particles to have sufficient relaxation time to exchange their own energy to the lowest energy position after reaching the substrate surface, resulting in lower XRD diffraction intensity. When the argon/oxygen ratio was higher than a critical value, the target surface would be poisoned and be covered by an oxide layer.
Absorption is one of the most important indexes to evaluate the light utilization efficiency of photocatalysts. The absorptivity of the thin films was analyzed by UV–vis spectroscopy in the wavelength range of 200–800 nm, and their optical bandgaps were calculated according to the following equation (Tauc, 1966):
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where α, v, Eg, and A are the absorption coefficient, the optical frequency, the bandgap energy, and a constant, respectively. Figure 1D shows the absorbance spectra of films with different TiO2 argon/oxygen ratios. In the ultraviolet and visible wavelength range, 2:1 film had the highest light absorption rate, followed by the film with 1:1 film. According to Eq. 2, the band gap can be estimated by calculating the intercept (Loka and Lee, 2021). According to Figure 1E, the band gap of the 2:1 film is 2.68 eV and that of other films is over 3.1 eV (Ahn et al., 2007), whereas that of pure TiO2 is 3.0–3.2 eV. It is observable that fine crystalline structures reduced the band gap and increased the absorption wavelength range. During photocatalytic degradation, the degradation efficiency of the composite films was higher than that of the pure WO3 film, indicating that the TiO2/WO3 composite films followed a type-Ⅱ electron transfer mechanism. The holes of WO3 are transferred to the TiO2 valence band, and the electrons move from the TiO2 conduction band to the WO3 conduction band, improving the redox capacity of the catalyst and conducing the separation of electrons and holes (Kim et al., 2015). In addition, Mo and NiCr in the catalyst could produce free electrons due to the LSPR effect, and these free electrons were transferred to the conduction bands of WO3 to promote interfacial electron transfer.
It is noticeable from Figure 2A that the concentration of MB decreased continuously with the increase of reaction time under ultraviolet and visible light irradiation; thus, compound functional groups of MB were degraded (Mageshwari et al., 2013). After 2 h of reaction, the degradation rate of 2:1 film reached over 93.1%, whereas those of 3:1 and 4:1 film reached 83.2 and 81.3%. The degradation rate was affected by the band gap and crystallization of films. Similarly, for different thicknesses of TiO2 layer (Figure 2B), degradation rate of TiO2 layers sputtered in 3,600 s (sample a) was highest, and that of the film sputtered in 1,800 s (sample b) was 84.3%. As can be seen from Figure 2C–F, the roughness of sample a was the largest, which was due to the formation of metal oxides and the tendency of metal grains to agglomerate, resulting in grain stacking and roughness increase. The contact area is one of the factors determining the photocatalytic efficiency. Higher roughness is conducive to the increase of the contact area, which means that the catalyst has more active sites available for photocatalysis.
[image: Figure 2]FIGURE 2 | Photocatalytic degradation of methylene blue by multifunctional films (A) of TiO2 layer with different argon oxygen ratios and (B) with different layer thicknesses. (C–F) AFM images and average roughness of samples a, b, and c (different samples divided by sputtering time; a = 1800sWO3,3sMo,4sNiCr,3600sTiO2; b = 1800sWO3,5sMo,4s,NiCr,1800sTiO2; c = 1800sWO3,5sMo,4sNiCr,3600sTiO2; d = 1800sWO3,45sMo,4sNiCr,3600sTiO2; e = 1800sWO3,70sMo,4sNiCr,3600sTiO2, f = 1800sWO3,95sMo,4sNiCr,3600sTiO2).
Effect of Thickness of TiO2 on Hydrophilicity
The main mechanism of self-cleaning is as follows: 1) under the irradiation of sunlight, organic pollutants are degraded due to the photocatalytic action of nano-TiO2; 2) the photoinduced superhydrophilicity of nano-TiO2 makes the water spread almost completely on the surface of the substrate, separating the pollutants from the substrate, and the pollutants will be taken away with the spread of the water film (Saraswati et al., 2019; Wang et al., 2019).
A well-distributed pore structure is formed on the surface. The surface area and roughness of the film surface are increased by improving the micromorphology of the material surface, so as to achieve the effect of hydrophilicity. As mentioned previously, the roughness of sample c was very large. When the liquid is in contact with a material containing a fine gap, in the case of infiltration, the liquid infiltrates or rises along the gap. The thinner the gap, the higher the rise of the liquid, which means liquid rises on the inner side of the thin tubular material due to the difference of cohesion and adhesion to overcome the gravity.
The characterization of cleaning performance is shown in Figure 3A. Because of the high proportion of TiO2 in the film composition of sample c, the WCA was the smallest, showing the self-cleaning performance of hydrophilic type. The surface of sample c has a multi-dimensional pore structure, which means that there will be large protrusions on the surface of the material, and a large number of small protrusions are distributed on each surface of protrusions. The pore size of different dimensions on the surface of sample c is less than its capillary height. Based on the capillary action, water droplets can infiltrate the surface of sample c, and the small holes on the large holes can further promote the infiltration and spreading of water. So, sample c has the best hydrophilicity than others.
[image: Figure 3]FIGURE 3 | (A) Contact angles for water with different film thicknesses. (B) Reflectivity and (C) transmittance of multifunctional films with different film thicknesses. (D) Curves of refractive index n and extinction coefficient k of metal Mo with wavelength (different samples divided by sputtering time; a = 1800sWO3,3sMo,4sNiCr,3600sTiO2; b = 1800sWO3,5sMo,4s,NiCr,1800sTiO2; c = 1800sWO3,5sMo,4sNiCr,3600sTiO2; d = 1800sWO3,45sMo,4sNiCr,3600sTiO2; e = 1800sWO3,70sMo,4sNiCr,3600sTiO2; f = 1800sWO3,95sMo,4sNiCr,3600sTiO2).
Effect of Thickness of High Ultraviolet Reflection Layer on Optical Properties
As shown in Figure 3C, when the deposition time of TiO2 was 3,600 s, the reflectivity of the low-emissivity film in the visible region was the lowest. This is because the thickness of TiO2 with 3,600-s deposition time might conform to that the spectrum of the optical path difference between the reflected light on its upper surface and lower surface is λ/2, so as to reduce reflection and increase spectral transmittance. When the deposition time of TiO2 was 1,800 s, the transmittance of low-emissivity film in near infrared was the lowest. According to the spectral analysis of the low-emissivity film in the ultraviolet, visible, and infrared regions, the suitable deposition time of TiO2 was 1,800 s. The low-emissivity film with this thickness can meet the requirements of low-emissivity film and high infrared reflectivity.
The refractive index of a thin film depends on its density, and its relationship is shown in the following formula (Shen et al., 2008):
[image: image]
where ns and nv are the refractive indices of solid of the film and the voids, and ρ is the film density. With the rise of the thickness of TiO2 layer, the migration energy and binding energy of particles on the glass surface increased, the binding between particles was strengthened, the number of pores in the films was reduced, the film density increased, and the refractive index became larger. The amorphous components and porosity of the film decreased and the density increased with the increase of the thickness and time (Ma et al., 2021). The reflectivity, refractive index, and incident angle of the films were calculated according to the Fresnel formula:
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where Rs and Rp correspond to the refractive indices of s polarization and p polarization, respectively; n1 and n2 are the vacuum refractive indices of the first and second media, respectively; and θi is the incident angle. According to Eqs 4, 5, the reflectivity of the films was positively correlated with their refractive indices at the same incident angle. Therefore, reflectivity increased with the increase of the thickness of TiO2 layer.
Effect of Thickness of High Visible Transmittance Layer and High Infrared Reflection Layer on Optical Properties
As mentioned in Table 1, the sputtering time of infrared reflection layer (metal Mo layer) of samples a, c, d, e, and f were 3, 5, 45, 70, and 95 s, respectively. It can be seen from Figure 3B that the Mo layer with 5-s sputtering time significantly improved the transmittance in the visible light range, and reduced the reflectivity in the visible light range. The average transmittance in the visible region was about 68%. With the sputtering time increased significantly, the thickness of Mo improved the reflectivity in the infrared light region and enhanced the thermal insulation performance. The Mo layer with 95-s sputtering time has the largest infrared reflectivity and the lowest infrared transmittance, but its visible light transmittance decreases. Compared with other samples, the visible light transmittance of sample e (Mo layer with 70-s sputtering time) was about 64%, and the infrared transmittance was 20%. The thin metal layer thickness means low cost. So, sample e has lower economic cost and competitiveness. A longer sputtering time can increase the surface roughness of Mo thin film, leading to an increase of light absorbance (Wen et al., 2012). It suggests that the Mo layer sputtered in 70 s has a combinative advantage to meet the optimal condition of optical properties because of an absorption threshold or continuous film limitation.
The refractive index n and extinction coefficient k parameters of metal Mo layer are shown in Figure 3D (Werner et al., 2009). According to the Fresnel formula, with the increase of mental Mo thickness, the reflectivity of infrared region increases and the transmittance decreases. The thickness of Mo layer for sample b and c films is only 6.73nm, so the infrared transmittance is about 30% (Figure 3C). After the calculation, increasing the thickness of Mo layer can significantly improve the reflectivity in the infrared region of the films. This is because the thickness of Mo deposition time might conform to that the spectrum of the optical path difference between the reflected light on its upper surface and lower surface is λ/2, so as to the near infrared region curve decreases significantly when the thickness of Mo layer is greater than 10 nm.
According to Bruggeman’s aggregation microstructure theory (Bruggeman, 1935), with the increase of the volume fraction of metal particles in the film, the band gap width of the film gradually decreases, and the absorption capacity of light will increase. Due to the relatively large metal thickness, the band gap of sample c is small. With the increase of thickness of Mo layer, more long wave light will be absorbed and short wave light will be reflected, which explains that the absorption of infrared light with wavelength more than 1,000 nm is enhanced when the sputtering time of metal Mo increases from 3 to 95 s. The conductivity will also increase relatively with the increase of metal volume fraction, and the metal characteristics of the film layer will enhance, resulting in the reduction of the reflectance at the long wave, and more light will be transmitted. Therefore, the reflection of the film system to the visible region and the near-infrared region less than 1000 nm is enhanced.
CONCLUSION
In the present study, the WO3/Mo/CrNi/TiO2 composite film with different thicknesses and TiO2 layer with different argon oxygen ratios was prepared by magnetron sputtering technology. The crystallization effect of TiO2 layer with argon oxygen ratio of 2:1 is the best and the band gap is the smallest, so the degradation efficiency of MB is the highest. The best photocatalytic effect and hydrophilicity is the thin film with TiO2 layer thickness of 3,600-s deposition time affected by roughness. Mo layer with 5-s sputtering time significantly improves the transmittance in the visible light range. Compared with other samples, the visible light transmittance of sample e was about 64%, the infrared transmittance was 20%, and the cost was lower. According to the spectral analysis of the low-emissivity film in the ultraviolet, visible, and infrared regions, the suitable deposition time of TiO2 is 1,800 s. Therefore, this study provides new possibilities for the preparation of low infrared transmittance and self-cleaning thin films.
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Film composition Tio, NiCr Mo WO,
Working power (W) 150 50 50 50
Sputtering pressure (Pa) 15 05 05 15
A Time () 3,600 4 3 1,800
Thickness (nm) 6268 48 34 2975
A0, 2:1 Pure Ar Pure Ar 31
B Time () 1,800 4 5 1,800
Thickness (1m) 402 48 673 2975
ArO, 2:1 Pure Ar Pure Ar 31
c Time () 3,600 4 5 1,800
Thickness (1m) 62.68 48 673 2975
A0, 2:1 Pure Ar Pure Ar 31
D Time () 3,600 4 45 1,800
Thickness (1m) 62.68 48 363 2975
A0, 2:1 pure Ar pure Ar 31
E Time () 3,600 4 70 1,800
Thickness (1m) 62.68 48 49.54 2975
A0, 2:1 Pure Ar Pure Ar 31
F Time () 3,600 4 9% 1,800
Thickness (1m) 62.68 48 5052 2975
A0, 2:1 Pure Ar Pure Ar 31
TIO, layer with argon/oxygen ratio of 1:1 Time () 3,600 4 3 1,800
Thickness (1m) 62.68 48 6.4 2975
A0, 1:1 Pure Ar Pure Ar 31
TIO, layer with argon/oxygen ratio of 2:1 Time () 3,600 4 3 1,800
Thickness (1m) 62.68 48 6.4 2975
A0, 2:1 Pure Ar Pure Ar 31
TIO, layer with argor/oxygen ratio of 3:1 Time () 3,600 4 3 1,800
Thickness (1m) 62.68 48 6.4 2975
A0, 3:1 Pure Ar Pure Ar 31
TIO, layer with argon/oxygen ratio of 4:1 Time(s) 3,600 4 3 1,800
Thickness (1m) 62.68 48 6.4 2975
A0, 4:1 Pure Ar Pure Ar 31
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