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Abstract

:

The aim of this project is to investigate the photocatalytic activity of ZnO/TiO2 composite films for the gas-phase oxidation of ethanol. Pure TiO2, pure ZnO, and their composites were formulated using a sol-gel synthesis method, and the resulting powders were cast and dried as thin films in a flat-plate ultraviolet light-emitting diode (UV LED) reactor. P25 TiO2 and commercially available ZnO were also used for comparison. The structural, morphological, and optical characteristics of the materials were characterized. The photocatalytic oxidation of ethanol vapors in air after 24 h of reactor operation was used to assess the relative photocatalytic activity of the ZnO/TiO2 composite films. Our results show that as ZnO content increased in the coupled semiconductor materials, the apparent photocatalytic activity decreased. In this study, pure ZnO (both sol-gel and purchased) had the least photocatalytic activity for vapor-phase ethanol oxidation in our test apparatus. For gas-phase photocatalysis, surface area was shown to be a critical feature for photocatalytic activity. However, the inherent photocatalytic activity of the materials was not decoupled from the effects of surface area in this study.
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1. Introduction


Both titanium dioxide (TiO2) and zinc oxide (ZnO) are semiconductor materials that have been researched as photocatalysts for over 50 years [1,2,3]. TiO2 has been extensively researched as a photocatalyst due to its unique and beneficial properties, including its optical and electronic properties, chemical stability, low cost, and non-toxicity [3,4,5]. ZnO has also been researched as a photocatalyst, and reviews of ZnO as a photocatalyst have been published [6,7,8,9]. It has similar optical properties as TiO2, but ZnO has a higher light absorption efficiency across a larger fraction of the solar spectrum compared with TiO2. In addition, ZnO has antifouling and antibacterial properties [6,9]. The research question that this study addresses is whether TiO2 and ZnO can be coupled into composite materials to combine the benefits of each of the semiconductors and ultimately enhance their apparent photocatalytic activities for gas-phase applications.



1.1. Photocatalysis


Photocatalysis is a process in which light activates a catalyst. The mechanism for photocatalysis is described by many researchers [10,11,12,13,14,15], and it is pictorially described in Figure 1 and in Equations (1)–(13).



In photocatalysis, the absorption of light by photocatalysts at sufficient energy to overcome its bandgap will generate an electron-hole pair (Equation (1)).


  T i   O   2   + h ν →     h   v b   +   +   e   c b   −    



(1)







The electron,     e   c b   −    , jumps to the conduction band (cb), whereas the hole,     h   v b   +    , is left in the valence band (vb) of the electronic structure of the photocatalyst. These charges migrate to the surface of the photocatalyst, where they undergo redox reactions.



The hole (    h   v b   +   )   will oxidize adsorbed water or a hydroxyl group at the surface, forming a hydroxyl radical, as shown in Equations (2) and (3).


    h   v b   +   +   H   2   O →   O H · +   H   +    



(2)






    h   v b   +   + O   H   −   →   O H ·    



(3)







The hole (    h   v b   +   )   can also react with adsorbed organic compounds (RH), forming an organic radical, as shown in Equation (4).


    h   v b   +   + R H →   R · +   H   +      



(4)







The hydroxyl radicals subsequently react with adsorbed organic compounds (RH), ultimately resulting in carbon dioxide and water, as shown in Equation (5).


  O H + R H →   · R +   H   2   O → b y _ p r o d u c t s →     C O   2   +   H   2   O  



(5)







The electron (    e   c b   −   )   will reduce an adsorbed oxygen molecule or other electron scavenger at the surface of the photocatalyst to produce a superoxide anion, as shown in Equation (6).


    e   c b   −   +   O   2   →   O   2   −   ·  



(6)







The superoxide anion,     O   2   −   ·  , can further react to form a peroxy radical and ultimately hydrogen peroxide, as shown in Equations (7)–(9) [17,18,19,20].


    O   2   −   · +   H   +   →   H O   2   −   ·  



(7)






    H O   2   −   · +   H O   2   −   ·   →     H   2     O   2   +   O   2    



(8)






    H O   2   −   · +   H   +   ·   →     H   2     O   2    



(9)







Hydrogen peroxide, however, can adsorb back onto the photocatalyst and be either reduced (Equation (10)) or oxidized (Equations (11) and (12)) [17,18,19,20].


    H   2     O   2   +   e   −     →   · O H +   O H   −      



(10)






    H   2     O   2   +   h   +   + 2   O H   −   →     O   2   −   · + 2     H   2   O  



(11)






    H   2     O   2   + ·   O H +   O H   −   →     O   2   −   · + 2     H   2   O  



(12)







The recombination of generated electrons and holes is depicted in Equation (13) and accounts for the inefficiency in the photocatalysis process.


    h   v b   +   +   e   c b   −   → h e a t  



(13)








1.2. Comparison of TiO2 and ZnO Photocatalysts


Both TiO2 and ZnO are wide-bandgap semiconductors, such that ultraviolet light (λ < ~380 nm) must be used to activate the photocatalysts. TiO2, in its anatase crystal form, is an indirect bandgap semiconductor that has a band gap of ~3.2 eV; the bandgap of the rutile crystal structure is ~3.0 eV [21]. ZnO is a direct bandgap semiconductor, which has a similar bandgap that can range from 3.1 eV to 3.37 eV [22]. Due to the differences in electronic energy structure, direct bandgap materials tend to have stronger light absorption properties and higher rates of electron-hole recombination than indirect bandgap semiconductors [23]. Therefore, ZnO, as a direct bandgap material, has stronger light absorption properties across a larger fraction of the solar spectrum compared with anatase TiO2 [6], but it also has a higher rate of electron-hole recombination than anatase TiO2 [7]. In both TiO2 and ZnO, the recombination of photo-generated electrons and holes within the semiconductor particles significantly lowers the efficiency of the photocatalytic process. The similarity between TiO2 and ZnO photocatalysts and their relative advantages with respect to photocatalysis motivated this study.




1.3. Methods to Improve Photocatalytic Efficiency


Numerous approaches to improving the photocatalytic efficiencies of ZnO and TiO2 have been investigated, including doping the semiconductor photocatalysts with metals and non-metals, incorporating the photocatalysts on supports, and coupling semiconductors [5,6,15,24]. All of these photocatalyst modification methods have the potential to enhance the photocatalytic activity by increasing the charge separation, decreasing the rate of electron-hole recombination, and shifting the light absorption range towards visible light [5,6,15,24].



Focusing on one approach here, the coupling of semiconductors has been investigated by researchers to reduce electron-hole recombination [3,5,25,26,27]. According to Ramírez-Ortega et al. (2014), an appropriate combination of the semiconductor materials can promote the transfer of photogenerated electrons from the conduction band of one semiconductor to that of the other and photogenerated holes from the valence band of one semiconductor to that of the other, which ultimately acts to enhance the charge separation and reduce the rate of electron-hole recombination [27]. Serpone et al. (1995) demonstrated that photogenerated electrons and holes can transfer from one semiconductor to another in coupled semiconductor systems [28]. The coupling of many different types of semiconductors has been investigated to improve photocatalytic efficiency [5,26,28], including the coupling of ZnO and TiO2 [29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56].



The coupling between TiO2 and ZnO semiconductors has been extensively researched, including for photogenerated charge formation and separation [40,41,44,45], for water splitting and hydrogen generation [47,48], for disinfection [32], and for removing dyes and other organic contaminants from water [29,35,36,37,38,43,46,49,50,55]. In most published studies, the ZnO/TiO2 composites have shown higher activity than that observed for pure ZnO and pure TiO2 [35,36,37,38,39,43], and the enhanced activity has been correlated with enhanced charge separation and lower rates of electron-hole recombination. However, very few articles have researched ZnO/TiO2 composite materials for gas-phase photocatalysis applications.




1.4. Photocatalysis in Gas-Phase Applications


TiO2 has been extensively studied for gas phase photocatalytic oxidation of volatile organic carbon compounds (VOCs) [15,24,57,58,59,60,61]. As stated by Zhong and Haghighat (2015), problems associated with gas-phase photocatalysis include photocatalyst deactivation, moderate removal efficiencies of VOCs, and partial oxidation by-products [57].



Photocatalyst deactivation occurs due to a buildup of by-products on the surface of the photocatalyst. The process is reversible if the by-products can be oxidized further by photocatalytic mechanisms (e.g., by hydroxyl radical attack). However, irreversible deactivation may also occur when non-oxidizable compounds build up on the surface, thus blocking adsorption and active sites on the photocatalyst [58].



According to Xu et al. (2022), the low quantum efficiency of photocatalysts restricts their practical application [24]. Therefore, strategies to improve the efficiency of the photocatalyst or to enhance charge separation to reduce the rate of electron-hole recombination have been researched, as described in Section 1.3 above. In addition, the surface area, morphology, and crystallinity of the photocatalysts also impact the efficiency of photocatalysis due to their roles in electron-hole generation and active site availability, in the adsorption of water vapor and VOCs, in mass transport processes, and in the desorption of by-products [24].



Studies on the use of ZnO or ZnO/TiO2 composite photocatalysts for gas-phase photocatalytic applications are relatively few [15,52,62,63,64]. In a review by Almaie et al. (2022), ZnO nanoparticles are one of the most promising candidates for VOC removal [15]. However, most of the cited studies in which ZnO was investigated as a gas-phase photocatalyst included those in which ZnO was doped with metals, coupled with or supported on a carbon-based material, or a metal oxide [15]. They concluded that more research is required to develop ZnO-based photocatalytic materials for the removal of VOCs [15]. A study by Liqiang et al. (2004) found that the photocatalytic activity of TiO2 is superior to that of ZnO with respect to activity and lifetime for the gas-phase photocatalytic oxidation of heptane [62]. Interestingly, Saucedo-Lucero and Arriaga (2015) investigated the deactivation of ZnO photocatalysts during the continuous degradation of hexane vapors and found that the accumulation of water vapor as well as by-product accumulation could be a reason for deactivation [63]. For both TiO2 and ZnO, photocatalyst deactivation is observed over time due to the buildup of partial oxidation by-products on the catalysts [15,24,59].




1.5. Photocatalytic Oxidation of Ethanol


The photocatalytic oxidation of ethanol vapors was used in this study to assess the apparent photocatalytic activity of the ZnO/TiO2 composite materials. The gas-phase photocatalytic oxidation of ethanol has been extensively investigated and published [65,66,67,68,69,70,71]. Muggli et al. (1997) used isotope labeling to identify reaction pathways for ethanol oxidation. They found that ethanol is oxidized to acetaldehyde, which either desorbs from the photocatalyst or is further oxidized to form acetic acid, formaldehyde, formic acid, and carbon dioxide [65]. This is supported by Coronado et al. (2003), who concluded that ethanol reacts with the surface of TiO2 to yield ethoxide complexes, and that acetates and formates are adsorbed on the photocatalyst surface as intermediates in the production of CO2 [66]. Takeuchi et al. (2010) found that ethanol and water vapors compete for photogenerated holes on TiO2, while adsorbed acetaldehyde and acetic acid oxidation rates are enhanced by the addition of water vapor, suggesting that they are oxidized predominantly by the hydroxyl radical [69]. Verbruggen et al. (2012) investigated factors that drive the photocatalytic oxidation of acetaldehyde. They note that acetaldehyde is readily oxidized to carbon dioxide and water when there are high concentrations of photogenerated holes available. In contrast, under low concentrations of photogenerated holes, acetic acid is found as an intermediate [72].



In this study, pure TiO2, pure ZnO, and ZnO/TiO2 composites were formulated and synthesized using a sol-gel method, and the resulting powders were used as thin films in a UV LED photocatalytic reactor. Commercially available Evoniks P25 TiO2 photocatalysts and Fisher Scientific ZnO were also used for comparison. The photocatalytic oxidation of ethanol vapors in air after 24 h of continuous reactor operation was used to assess the relative photocatalytic activity of the ZnO/TiO2 composite films. The effects of ethanol vapor flow rate, concentration, residence time, and ZnO/TiO2 compositions on the rate of ethanol vapor oxidation were investigated.





2. Results


2.1. Photocatalyst Characterizations


2.1.1. X-ray Diffraction (XRD)


XRD patterns of the TiO2-based and ZnO-based photocatalysts used in this study are shown in Figure 2a,b, respectively. As shown in Figure 2a, Evonik P25 TiO2 has a crystal structure that contains both anatase and rutile, reported to be in a ratio of approximately 4 to 1 [73,74,75,76,77,78]. The sol-gel TiO2-based photocatalysts are predominantly anatase, as indicated by the predominant peaks in Figure 2a at Bragg angles of 25.4°, 37.9°, 48.1°, 54.2°, 55.0°, and 62.9°. In 100T0Z, there appears to be a small peak at 30.8°, which represents the brookite crystal phase of TiO2. In 90T10Z, there appears to be a small peak at 27.6°, indicating the presence of rutile TiO2. The 75T25Z photocatalyst, however, appears to be a mixture of crystal phases, with predominantly ZnTiO3 and smaller amounts of anatase and rutile TiO2. Interestingly, none of the ZnO/TiO2 composite materials prepared for this study have peaks in their XRD profiles that are representative of ZnO. This suggests that ZnO in the composite materials was either amorphous or the ZnO crystal structures were below the detection limit of the XRD. As shown in Figure 2b, both 0T100Z and the commercially available ZnO used in this study have a similar zincite crystal structure, as indicated by the predominant peaks at 31.7°, 34.4°, 36.2°, 47.5°, 56.6°, 62.8°, and 67.9°.



The crystallite sizes of all photocatalysts were calculated based upon the predominant peaks in the XRD profiles (25.3° for anatase TiO2, 32.7° for ZnTiO3, and 36.2° for ZnO) and using the Scherrer equation, which is provided in Equation (14) [77,78].


  D =   K λ   β cos ⁡ ( θ )    



(14)







In Equation (14), D is the diameter of the crystal (nm), K is a shape factor near unity (assumed to be 0.9), λ is the wavelength of the X-ray used for the XRD (0.154 nm for Cu X-ray emission source), β is the full width of the peak at half maximum (in radians), and θ is the Bragg angle of the peak. As summarized in Table 1, the crystal size for P25 TiO2 was approximately 23 nm, whereas the sol-gel TiO2-based photocatalysts that were predominantly anatase were smaller (<20 nm). The crystal sizes of ZnTiO3 in 75T25Z and ZnO in 0T100Z were much larger at approximately 41 nm. The crystal size of the purchased ZnO photocatalyst was approximately 70 nm, the largest crystal size of the photocatalysts used in this study.




2.1.2. Scanning Electron Microscopy (SEM) and Energy Dispersion Spectrometry (EDS)


SEM images of the sol-gel samples are provided in Figure 3. All SEM micrographs were taken at magnifications of 30,000×. The TiO2-based catalysts have similar morphologies, which are agglomerations of partially sintered spherical particles. The spherical particles are less than 400 nm. There is very little difference in appearance between the particles in 100T0Z, 95T5Z, 90T10Z, and 75T25Z. However, the dispersion of “debris” increased as the ZnO content in the photocatalysts increased. The morphology of 0T100Z is much different than that of TiO2-based photocatalysts, as it contains micro-sized plate-like flower structures.



The elemental compositions (mass ratios of Zn/Ti) of the photocatalysts were obtained using EDS, and a comparison with the intended Zn/Ti mass ratios is made in Table 1. The proximity of the measured and intended Zn/Ti mass ratios supports the conclusion that the photocatalyst compositions were prepared as intended.




2.1.3. Bandgap Analyses


The bandgap analyses were conducted using diffuse reflectance UV-Vis spectrometry on powder samples of the photocatalysts. These data are shown in Figure S1 in the Supplementary Materials. The analysis methods described by Makuła et al. (2018) [79] were used to create Tauc plots from the diffuse reflectance data using Equations (15) and (16). For these analyses, all photocatalysts were treated as indirect semiconductors, except for 0T100Z and ZnO, which are direct semiconductors. The Tauc plots for the photocatalysts are shown in Figure 4 and Figure 5. The resulting bandgaps for the photocatalysts are summarized in Table 1.


  F (   R   ∞   ) =       1 −   R   ∞       2     2   R   ∞      



(15)






      F     R   ∞     h ν       1   γ     = B ( h ν −   E   g   )  



(16)







In Equations (15) and (16), h is the Planck constant (4.1357 × 10−15 eV s), ν is the photon’s frequency (s−1), Eg is the band gap energy (eV), and B is a constant. The γ factor depends on the nature of the electron transition and is equal to 1/2 or 2 for the direct and indirect transition band gaps, respectively [79].




2.1.4. BET Surface Area


The BET surface area analyses of the photocatalysts used in this study are summarized in Table 1. They are based on adsorption isotherms of nitrogen at 77 K, which are provided in Figure S2. The specific surface areas generally decrease with increasing ZnO concentration in the ZnO/TiO2 composite photocatalysts, from nearly 50 m2/g for 100T0Z to 9 m2/g for 0T100Z. 100T0Z and P25 have similar specific surface areas of nearly 50 m2/g. The purchased ZnO has the smallest surface area at 3.5 m2/g.




2.1.5. FTIR Analyses


FTIR analyses were conducted on new and used photocatalysts in an effort to assess the functional organic groups that remain on the surface of the photocatalyst after use. Figure 6 compares new and used catalysts for 100T0Z after 28 days of use and ZnO after approximately 7 days of use. In both cases, the used catalysts have organic functional groups remaining on them after use, including C-H stretches at 2900–3000 cm−1, C-O stretches at 1260 cm−1, C-O stretches between 1000 and 1100 cm−1, and C-H stretches at 790 cm−1. In addition, there appear to be lower concentrations of adsorbed hydroxyl groups on the used photocatalyst surface, as indicated by the relative peaks between 3000 cm−1 and 3500 cm−1. While both photocatalysts had adsorbed species on their surfaces following use in the UV LED reactor, 100T0Z still had photocatalytic activity and was degrading more than 95% of ethanol vapor, whereas ZnO had very low activity overall in our test system for the photocatalytic oxidation of ethanol vapor.





2.2. Photocatalytic Performance for the Gas-Phase Oxidation of Ethanol


2.2.1. Adsorption of Ethanol Vapors and Initial Reactivity


Figure 7 shows breakthrough curves for the adsorption of ethanol vapor on newly prepared photocatalytic films. The CO2 concentration was obtained at the end of the experimental trial using an Amprobe CO2 meter. Figure 7a,b show the experimental results for P25 TiO2 and purchased ZnO, respectively.



A summary of the breakthrough trials is shown in Figure S3, and similar data for all photocatalysts are provided in the Supplementary Materials, Figure S4a–g. These trials demonstrate that all TiO2-based photocatalysts have initial photocatalytic activity, as indicated by the strong acetaldehyde formation and degradation with time after the UV LEDs were turned on. Table S1 summarizes the breakthrough times for all photocatalysts used in this study. Figure 8 compares the ethanol adsorption breakthrough times with the total surface area of the photocatalyst in the UV LED reactor, where breakthrough is defined as the time required for the outlet ethanol concentration to reach 30% of the inlet ethanol concentration. While we did not decouple the effects of surface area and surface chemistry, Figure 8 shows a strong correlation between the surface area of the photocatalyst and the adsorption of the ethanol in the reactor.




2.2.2. Photocatalytic Oxidation of Ethanol after 24 h on Steam


The gas-phase photocatalytic oxidation of ethanol after at least 24 h of reactor operation was used as a measure of the gas-phase photocatalytic activity of ZnO/TiO2 composite materials. P25 TiO2 and purchased ZnO were used for comparison. Figure 9, Figure 10 and Figure 11 graphically summarize the 24-h experimental data acquired in this study. Figure 9a–c show the ethanol conversion at three different ethanol flow rates into the reactor and at three different residence times. The three key results are as follows: (1) as ZnO content in the ZnO/TiO2 composite materials increases, their photocatalytic activity generally decreases for gas-phase ethanol oxidation; (2) as the ethanol flow rate into the reactor increases, the ethanol % conversion for lower-activity materials decreases; and (3) residence time has only a minor impact on the percentage of ethanol degraded under the conditions studied.



As the photocatalytic activity of the composite materials decreased, acetaldehyde and acetic acid concentrations in the reactor effluent increased. This is shown in Figure 10 for 95T5Z and in Figure S4a–f, in which ethanol conversions for each photocatalyst and their corresponding acetaldehyde and acetic acid selectivities are shown. These data support the reaction scheme proposed by Nimlos et al. (1996), where ethanol is oxidized sequentially to acetaldehyde, acetic acid, formaldehyde, formic acid, and ultimately carbon dioxide [67]. However, formaldehyde and formic acid were not detected in the reactor effluent stream in this study. The presence of acetic acid is also supported by Verbruggen et al. (2012), who indicated that lower concentrations of photogenerated electron-hole pairs on the photocatalysts would favor the formation of acetic acid as a partial oxidation product of ethanol [72].



Figure 11a,b show the ethanol conversion rate as a function of the ethanol flow rate into the reactor. Figure 11a represents the rate of reaction per illuminated area (the area of the reactor base covered by photocatalyst), which depends upon the reactor design. Figure 11b represents the rate of reaction per surface area of the photocatalyst in the reactor (the product of the mass of the photocatalyst and its specific surface area). In Figure 11a, the plots are linear for P25 and 100T0Z because the catalysts degraded ~100% of the ethanol vapor that entered the reactor. However, similar plots for the other photocatalysts had a Langmuir-Hinshelwood type of form [17,55,67,70]. Therefore, the experimental data were fit to a Langmuir-Hinshelwood kinetic expression, shown in Equation (17), using the sum of least squares method.


  r =   k   K   e     C   e     1 +     K   e     C   e      



(17)







In Equation (17), r is the rate of ethanol oxidation (µmoles ethanol/min/m2), k is an apparent reaction rate constant (µmoles ethanol/min/m2), Ke is an adsorption equilibrium constant (m3/µmole), and Ce is the ethanol concentration in the reactor (µmoles ethanol/m3).



The model parameters used for each material are provided in Table 2. In Table 2, k′ is the apparent reaction rate constant when normalized to the illuminated area, whereas k″ is the apparent rate constant when normalized to the surface area of the photocatalyst in the reactor. Noted is that as ZnO composition increases in the ZnO/TiO2 composites, the apparent reaction rate constants (k′ and k″) decrease while the equilibrium coefficients, Ke, increase. In Figure 11b, it appears as if ZnO has the highest photocatalytic activity per unit surface area of catalyst. This result is similar to the results of Saucedo-Lucero and Arriaga (2013), who concluded in their study that ZnO had a higher hexane vapor degradation velocity than TiO2 when normalized to surface area [64]. However, as shown in Table 2, the apparent rate constant, k″, for ZnO, which is normalized to surface area, is quite low compared with those of pure TiO2 and ZnO/TiO2 composite materials.






3. Discussion


Coupling of semiconductors has been one method for improving charge separation and reducing the rate of electron-hole recombination in photocatalyst research. The coupling of ZnO and TiO2 semiconductors attempts several benefits, including higher photo-generation efficiency of electron-hole pairs, higher electron mobility, greater absorption of light across a wider range of wavelengths, and lower electron-hole recombination rates, among others. The benefits of longer lifetimes of electron-hole pairs in ZnO/TiO2 composite materials have been realized in liquid-phase applications [35,36,37,38,43]. However, very few publications have reported on the same composites for gas-phase applications [52]. A few researchers have suggested their consideration for air cleaning applications [9,30]. For example, in a review by Dhiman et al. (2022), the authors concluded that ZnO-based catalysts should be considered for air cleaning applications [9]. Pant et al. (2020) recommended that ZnO/TiO2 on carbon nanofibers may be a suitable photocatalyst for air purification [30]. These and other recommendations by researchers were the motivation for investigating ZnO/TiO2 composite materials for the gas-phase photocatalytic oxidation of ethanol. Table 3 summarizes the results of selected studies in which ZnO-based photocatalysts were used for gas-phase applications. It is noted that there appear to be some discrepancies in the published literature regarding the application of ZnO-based materials in gas-phase photocatalytic applications.



The results of this study show that the addition of ZnO to TiO2-based photocatalysts was detrimental to the gas-phase photocatalytic activity of the composite materials. As ZnO content in the composite materials increased, the apparent photocatalytic activity decreased for the gas-phase photocatalytic oxidation of ethanol. Similar results were also found by Liao et al. (2012) for the gas-phase photocatalytic oxidation of formaldehyde [52]. In our study, we also found that as the ZnO content in the composite materials increased, the specific surface areas of the composites decreased. A decrease in the specific surface area of the photocatalyst correlates with a smaller number of active sites on which ethanol vapor can adsorb and fewer active sites on which ethanol can react with photogenerated holes and hydroxyl radicals. This result is supported by Verbruggen et al. (2012), who concluded that available surface area on the photocatalyst is a prevailing factor in gas-phase applications [72]. Purchased ZnO and 0T100Z had the lowest apparent photocatalytic activity for the vapor-phase oxidation of ethanol, and they also had the lowest specific surface areas of the photocatalysts used in this study.



In the composite ZnO/TiO2 materials, ZnO content up to a Zn/Ti mass ratio of 0.15 did not significantly alter the morphology, crystallinity, crystal size, or band gap energy, all of which could impact the apparent photocatalytic activity of the materials. The morphologies of 100T0Z, 95T5Z, and 90T10Z appear to be comprised of similar agglomerations of sintered spherical particles. Their crystal structures are predominantly anatase TiO2, and the addition of ZnO to these materials decreased the anatase crystal size slightly.



Although it is understood that small changes in surface and bulk properties and morphology could impact photocatalytic activity, the decrease in surface area among these three photocatalysts appeared to be the most significant property that correlated with ZnO content and a reduction in apparent photocatalytic activity. However, the inherent photocatalytic activities of the composite materials were not decoupled from the effects of surface area in this study. While surface area is just one key property of photocatalysts, other properties, including crystallinity and crystal structure, morphology, and surface properties with respect to water and VOC adsorption, can impact the apparent and inherent photocatalytic activity of the materials.



For 75T25Z, significant structural changes were observed compared with the other TiO2-based composites. While the morphology and bandgap were similar to those of the other TiO2-based composite materials, the crystal structure of 75T25Z was a mixture of predominantly ZnTiO3 and smaller amounts of anatase TiO2 and rutile TiO2. In addition, the crystal size of the ZnTiO3 was much larger than that of the anatase crystal sizes in the other composite photocatalysts used in this study. Interestingly, 75T25Z had a similar specific surface area and apparent photocatalytic activity as 90T10Z. This further supports the idea that the specific surface area is an important photocatalyst characteristic for gas-phase photocatalytic activity.



While the photocatalytic activity of the ZnO/TiO2 composite materials decreased with increasing ZnO for the gas-phase photocatalytic oxidation of ethanol, these same materials were shown to have photocatalytic activity in the aqueous-phase photocatalytic oxidation of ethanol (Supplementary Materials, Figure S6 and Table S2). In addition, the purchased ZnO used in this study rapidly decolorized a methylene blue solution and had apparent activity similar to P25 (Figures S7 and S8). Therefore, the ZnO/TiO2 composite photocatalysts used in this study have significant photocatalytic activity in the aqueous phase, but they have shown relatively lower activity in the gas phase. Reasons for this observation have been considered, and they include the adsorption of water to trap photogenerated holes, the desorption of photogenerated by-products, and the role of H2O2 in the photocatalytic activity of the composite materials.



According to published literature, the formation of the hydroxyl radical due to the oxidation of adsorbed hydroxyl groups on the photocatalyst is a key step in the photocatalytic oxidation of organic compounds. In addition, adsorbed organic compounds can react directly with a photogenerated hole at the surface of the photocatalyst. In the gas phase, there is competitive adsorption between water vapor and the organic compound. Organic vapors would have to be adsorbed to the photocatalyst in gas-phase photocatalysis in order to react with the photogenerated hole or hydroxyl radicals. Our data shows that the lower surface areas of the ZnO-containing composite photocatalysts were detrimental to the extent of adsorption of ethanol on the surface of the photocatalyst. In addition, as surface area decreases, electron-hole pairs would have less active surface area on which to react with adsorbed molecules, and recombination of the photogenerated electrons and holes would occur more readily. In the aqueous phase, the surfaces of the photocatalysts are saturated with adsorbed water. Therefore, the concentration of adsorbed water, and hence the rate of hydroxyl radical formation, would be relatively constant.



As many researchers have found, coupling semiconductors may enhance charge separation and reduce electron-hole recombination rates [35,36,37,38,39,43]. This should also be beneficial to photocatalysis in gas-phase applications if the mass transfer rates (adsorption and desorption) and surface coverage (extents of adsorption) of water vapor and organic vapors are sufficient to take advantage of the enhanced charge separation. In this study, the benefits of charge separation in the composite ZnO/TiO2 photocatalysts were not realized in the gas phase.



Deactivation of photocatalysts occurs when partial oxidation products do not readily desorb from the photocatalyst [71]. This was observed in this study, as organic functional groups on the used photocatalysts were present (Figure 6). In addition, the presence of acetic acid in the reactor effluent infers that it is also present on the surface of the photocatalyst. Since acetic acid is much less volatile than ethanol and acetaldehyde, it is likely that acetic acid would desorb much more slowly from the photocatalyst surface. Therefore, the rate of oxidation and desorption of acetic acid and other partial oxidation by-products on the photocatalyst surface may have limited the apparent photocatalytic activity of the ZnO/TiO2 composite materials. This is supported by Sola et al. (2016), who found evidence of acetate species buildup on TiO2 during the gas-phase photocatalytic oxidation of ethanol [68]. The buildup of partial oxidation products on ZnO has also been reported as a mechanism for deactivation [62,63].



In the liquid phase, desorption of the partial oxidation by-products is assisted by the water acting as a solvent for the by-products as well as acting to replace the adsorbed partial oxidation by-products on the photocatalyst surface. While deactivation in the water phase may still occur, photocatalyst deactivation is much more significant in gas-phase applications [15,24,59].



The role of hydrogen peroxide (H2O2) on photocatalytic activity was investigated by several researchers [17,18,19,20,54]. It was found that H2O2 formed in the photocatalytic oxidation mechanism (Equations (8) and (9)) adsorbs onto TiO2 to either scavenge the electron (Equation (10)) or react with the hole to form hydroxyl radicals (Equation (11)). However, H2O2 adsorbs onto ZnO to a much lesser extent compared with TiO2 [17,54], and the formation of H2O2 in the liquid phase appears to correspond to the rate at which organic compounds are oxidized [54]. Differences in H2O2 formation and adsorption may have contributed to the apparent decrease in photocatalytic activity of ZnO/TiO2 composites as ZnO content increased.




4. Materials and Methods


4.1. Materials and Chemicals


All reagents were of analytical grade and used without any further purification. Zinc acetate dihydrate (98–101% grade) was purchased from Alfa Aesar; sodium hydroxide (98%) was purchased from Sigma-Aldrich; ethanol (100%) was purchased from Decon Laboratory Inc.; titanium (IV) tetra-isopropoxide (97%) was purchased from Aldrich Chemicals; titanium dioxide (P25 TiO2) was purchased from Evonik Industries; and zinc oxide (ZnO) was purchased from Fisher Scientific.



The ultraviolet light emitting diodes (UV LEDs) were purchased from Waveform Lighting [80]. The UV LEDs were 365nm UV LED strips with 3 LEDs per 25 mm. The power draw is 15.7 W/m at 12 V DC, and the output power is 2.5 W/m [81].




4.2. Sol-Gel Synthesis of Pure and Composite TiO2 and ZnO Photocatalysts


A sol-gel synthesis method, depicted in Figure 1, was used to synthesize the ZnO and TiO2 photocatalysts and the composites in ZnO/TiO2 mass ratios of 0.05; 0.1; and 0.25. The ZnO sol was prepared by a modified procedure described by Lee et al. (2009) [82] and J.N. Hasnidawani et al. (2016) [83]. In brief, 26.95 g Zn acetate dihydrate was added to 100 mL deionized water. An amount of 9.87 g NaOH was dissolved in 20 mL deionized water. These two solutions were mixed and magnetically stirred for 1 h. The resulting solution was added to 50 mL ethanol, ultrasonically stirred for 30 min, and magnetically stirred for an additional hour. This final mixture was aged 24 h before use.



The TiO2 sol was prepared based on the procedure published by Cano-Casanova et al. (2018) [84]. In this procedure, 37 mL of titanium tetra-isopropoxide was mixed with 29.15 mL absolute ethanol. After magnetically stirring for 1 h, this solution was mixed with a solution containing 15 mL concentrated hydrochloric acid and 15 mL absolute ethanol dropwise. This final solution was ultrasonically stirred for 30 min, followed by magnetic stirring for 1 h.



The final TiO2 and ZnO solutions above were mixed in the appropriate ratios and stirred for 1 h to synthesize the composite photocatalysts. The mixtures were then dried for 12 h at 100 °C. The dried powders were washed with deionized water and dried again at 100 °C for 12 h. Finally, the powders were calcined at 550 °C for 2 h.



The samples prepared for this study are summarized in Table 1. The sample notation used in this study indicates the relative mass ratios of TiO2 and ZnO in the composite materials. For example, 90T10Z indicates a nominal ratio of 90 mass% TiO2 and 10 mass% ZnO in the composite material.




4.3. Characterization Techniques


The catalysts were characterized for morphology, elemental composition, crystallinity and crystal phase, surface area, and bandgap. The morphology of each photocatalyst was investigated using a Zeiss Supra 35 VP FEG SEM. The images were taken at 30,000× magnification. The surface composition of each photocatalyst was analyzed using electron dispersive spectroscopy (EDS) (attached to Zeiss Supra 35 VP FEG SEM) taken at 20 KeV with an aperture size of 120 µm. Powder X-ray diffraction (XRD) analyses were conducted on all the photocatalysts using Bruker D8 X-ray diffractometer. Crystalline phases and space groups were investigated using the software Diffrac EVA. The band gap analysis was carried out on diffuse reflectance spectra collected between 200 nm and 700 nm for each sample using UV/VIS/NIR Lambda 750 S spectrophotometer. Brunauer–Emmett–Teller (BET) surface area and pore-size distribution were collected using nitrogen adsorption in a Micromeritics TriStar BET surface area analyzer. Fourier transform infrared (Nicolet 670 FTIR, Thermo Electron Corporation, Waltham, MA, USA) analyses were conducted on selected photocatalysts before and after use in the UV LED photocatalytic reactor to characterize organic functional groups remaining on the photocatalyst in the UV LED photocatalytic devices.




4.4. Photocatalytic Reactor and Test System


The photocatalytic test system consisted of a UV LED reactor, a DC power supply, a mass flow controller to control the flow rate of air through the system, and a diffusion cell vapor generator, as shown in Figure 12a. A UV LED plate reactor was used to compare the performance of the photocatalysts. The base of the reactor (Figure 12b) was made of aluminum and had internal dimensions of 11.4 cm × 11.4 cm and a depth of 1.91 cm. The base of the reactor was coated with 0.5 g photocatalyst, using ethanol as a dispersant. Once air dried, the aluminum base with the photocatalyst was further dried in an oven at 105 °C for over 1 h. After removing the reactor base from the oven and allowing it to cool, the reactor was assembled for experimental trials.



The top of the reactor, or cover, was made of methyl methacrylate. The cover contained five equally spaced strips of UV-LEDs, as shown in Figure 12c. Each strip consisted of eleven 365 nm wavelength UV LEDs (3 LEDs/25 mm), and the strips were spaced approximately 1.7 cm apart. The UV LEDs were powered with a 12V DC power supply, and the total power to each reactor was approximately 7 W. The light intensity at the surface of the photocatalyst was approximately 4.5 mW/cm2 (see Figure S9). Two test systems were run simultaneously, as shown in Figure 12d.



Two types of experiments were conducted: (1) dark adsorption experiments followed by initial photocatalytic activity; and (2) photocatalytic activity after 24 h of continuous reactor operation. Each is discussed in turn below.




4.5. Photocatalytic Performance


4.5.1. Dark Adsorption and Initial Photocatalytic Activity


Ethanol vapor (100 ± 15 ppm) at 100 cm3/min was introduced to the reactor with the UV LEDs off, and the effluent ethanol concentration was measured with time. After the ethanol concentration reached at least 30% of the inlet ethanol vapor concentration, the UV LEDs were turned on, and the concentrations of ethanol and acetaldehyde were tracked with time for approximately 1 h.




4.5.2. Photocatalytic Activity after 24 h of Continuous Reactor Operation


Air flow rates (compressed house air with relative humidity between 15% and 40%) were maintained at 25, 50, or 100 cm3/min, and the path lengths of the diffusion cell vapor generator were varied to achieve three different ethanol diffusion rates at each air flow rate. After at least 24 h of continuous operation at each set of test conditions, gas samples from the inlet and outlet of the reactor were taken manually using a 250 μL gas-tight syringe and analyzed using a calibrated gas chromatograph (HP 5890) with a flame ionization detector (GC/FID). Three samples of the inlet and outlet were made for each set of test conditions.






5. Conclusions


The overall aim of this project was to investigate the gas-phase photocatalytic activity of ZnO/TiO2 composite films in a flat-plate ultraviolet light-emitting diode (UV LED) photocatalytic reactor. The photocatalytic oxidation of ethanol vapors in air after 24 h of reactor operation was used to assess the relative photocatalytic activity of the ZnO/TiO2 composite films. Our results show that as the ZnO composition in the photocatalytic film increases, the apparent photocatalytic activity decreases, and pure ZnO (both synthesized and purchased) had the least photocatalytic activity for vapor-phase ethanol oxidation in our test apparatus. The specific surface area of the photocatalysts was shown to be an important photocatalyst characteristic for gas-phase photocatalytic oxidation of ethanol. ZnO has a lower surface area and a larger crystal size than TiO2-based photocatalysts. Both of these features of ZnO compared with TiO2 lead to lower photocatalytic activity due to fewer adsorption sites for ethanol vapors and higher rates of electron-hole recombination. Differences in the formation, desorption, and degradation of partial oxidation by-products of ethanol have also contributed to the decrease in the apparent photocatalytic activity of ZnO-containing photocatalytic films.
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Figure 1. Schematic of the photocatalytic process to form hydroxyl radicals [16]. 
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Figure 2. XRD profiles of photocatalysts. (a) TiO2-based photocatalysts. (b) ZnO-based photocatalysts. 
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Figure 3. SEM micrographs of sol-gel synthesized photocatalysts. (a) 100T0Z; (b) 95T5Z; (c) 90T10Z; (d) 75T25Z; (e) 0T100Z. 
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Figure 4. Tauc plots for bandgap analyses of TiO2-based photocatalysts (indirect semiconductor). (a) P25 TiO2; (b) 100T,0Z; (c) 95T5Z; (d) 90T10Z; (e) 75T25Z. 
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Figure 5. Tauc plots for bandgap analyses of ZnO-based photocatalysts (direct semiconductor). (a) 0T100Z; (b) ZnO (purchased). 
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Figure 6. FTIR Spectra of new and used photocatalysts. (a) 100T0Z after 28 days of operation. (b) ZnO after 7 days of operation. 
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Figure 7. Dark adsorption followed by initial UV LED photocatalytic degradation of ethanol vapors. (a) P25 TiO2; (b) ZnO (purchased). 
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Figure 8. Ethanol adsorption breakthrough time as a function of surface area of photocatalyst in the UV LED photocatalytic reactor. 
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Figure 9. Summary of ethanol % conversion after 24 h of reactor operation. Ethanol flow rate into the reactor was (a) 0.7 µmoles/min; (b) 1.3 µmoles/min; (c) 1.9 µmoles/min. 






Figure 9. Summary of ethanol % conversion after 24 h of reactor operation. Ethanol flow rate into the reactor was (a) 0.7 µmoles/min; (b) 1.3 µmoles/min; (c) 1.9 µmoles/min.



[image: Catalysts 13 01203 g009]







[image: Catalysts 13 01203 g010 550] 





Figure 10. Conversion of ethanol, acetaldehyde, and acetic acid selectivities after 24 h of reactor operation for 95T5Z. 
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Figure 11. Ethanol reaction rate normalized to (a) illuminated surface area; (b) photocatalyst surface area. 
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Figure 12. Diagrams and photographs of test system. (a) Schematic of test system. (b) reactor base showing photocatalytic film. (c) UV LEDs on cover of reactor. (d) Photographs of UV LED photocatalytic reactors in practice. 
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Table 1. Summary of photocatalyst properties used in this study.
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	Catalyst ID
	ZnO/TiO2 Mass Ratio a
	Predominant Crystal Structure
	Intended

Mass Ratio (Zn/Ti)
	Measured Mass Ratio (Zn/Ti) b
	BET Surface Area (m2/g)
	Crystal Size

(nm) c
	Bandgap (eV)





	P25
	
	Anatase TiO2
	
	
	49.5
	22.9
	3.05



	100T0Z
	0
	Anatase TiO2
	0
	0
	49.8
	17.5
	3.08



	95T5Z
	0.05
	Anatase TiO2
	0.07
	0.085
	37.7
	14.2
	3.19



	90T10Z
	0.10
	Anatase TiO2
	0.15
	0.17
	20.6
	15.9
	3.05



	75T25Z
	0.25
	ZnTiO3
	0.44
	0.43
	22.5
	41.2
	3.05



	0T100Z
	1
	zincite
	---
	---
	9.15
	40.6
	3.18



	ZnO
	
	zincite
	
	
	3.5
	70.4
	3.35







a nominal mass ratio based upon material synthesis. b elemental composition based upon EDS data. c crystal size based upon XRD profiles and the Scherrer Equation.
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Table 2. Summary of model parameters used to fit experimental data.
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	Catalyst ID
	k′ (µmoles/min/m2

Illuminated Area)
	k″ (µmoles/min/m2

Surface Area)
	Ke

(µmoles/m3)
	R2





	P25
	4977
	2.08
	0.02
	0.9981



	100T0Z
	5006
	2.08
	0.02
	0.9944



	95T5Z
	562
	0.308
	0.21
	0.9816



	90T10Z
	106
	0.127
	1.3
	0.9666



	75T25Z
	104
	0.096
	2.6
	0.9454



	0T100Z
	13
	0.036
	2.1
	1 1



	ZnO
	21
	0.123
	10
	0.8967







1 Only 2 data points for this curve, so R2 = 1.
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Table 3. Summary of selected studies with ZnO-based photocatalysts in gas-phase applications.
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Gas-Phase Photocatalysis




	
Photocatalyst

	
Analyte

	
Conclusions

	
Reference






	
ZnO/TiO2

(Zn/Ti mass ratio = 0:1; 0.07:1; 0.15:1; 0.44:1; 1:0)

	
Ethanol

(Ranging from 180–1800 ppm)

	
Pure TiO2 and P25 TiO2 had the highest apparent photocatalytic activity under UVA illumination in a flow reactor. As ZnO content in the composite materials increased, the apparent photocatalytic activity also decreased. The surface areas of the composite materials also decreased with increasing ZnO content.

	
This study




	
ZnO/Activated carbon; TiO2/Activated carbon

ZnO/TiO2/Activated carbon

	
Xylene (100 ppm)

	
For up to 120 min of operation in a flow reactor, a composite 1ZnO/3TiO2/Activated carbon had a higher removal rate of xylene than AC/ZnO 5% and AC/TiO2 15%.

	
[30]




	
ZnO/TiO2

xZnO/(1 − x)TiO2

x = molar ratios: 1, 0.8, 0.6, 0.4, 0.2, 0

	
Formaldehyde

(50 ppm)

	
Pure TiO2 had the highest apparent photocatalytic activity under UVA illumination in a gas chamber. As ZnO content in the composite materials increased, the apparent photocatalytic activity decreased. The surface areas of the materials were not reported.

	
[52]




	
ZnO nanoparticles

TiO2 nanoparticles

	
Heptane, SO2

	
ZnO was more readily deactivated than TiO2 when oxidizing heptane under UVA illumination. Both ZnO and TiO2 were deactivated when oxidizing SO2. The surface areas of the materials were not reported.

	
[62]




	
ZnO on Perlite

	
Hexane

(284 ppm)

	
ZnO was deactivated in less than 14 h in a flow reactor illuminated at 254 nm wavelength. It was concluded that water content on the photocatalyst was responsible for photocatalyst deactivation.

	
[63]




	
TiO2 on Perlite

TiO2 on Poraver

ZnO on Perlite

ZnO on Poraver

	
Hexane

(~500 ppm)

	
Similar hexane degradation rates for ZnO and TiO2 were observed in batch tests (254 nm wavelength). For continuous experiments, the TiO2 catalyst supported on Perlite showed higher degradation velocities than ZnO. However, when normalized to BET surface area, the ZnO impregnated onto Poraver resulted in better performance than TiO2 and ZnO on Perlite.

	
[64]
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