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In this work, anodization was utilized to synthesize highly ordered TiO2 nanotube arrays, and ZnO was successfully decorated onto the surface of as-prepared TiO2 nanotubes via a facile impregnation method. The gas sensing performance of a TiO2@ZnO composite was systematically studied. At a working temperature of 300°C, the response of TiO2@ZnO to 100 ppm H2 was ~340, 2.7 times larger than that of pristine TiO2. A power–law relationship between the response and H2 concentration was observed. In addition, the response time was significantly reduced by four times, and improved selectivity to H2 was achieved. The highly improved sensing performance of TiO2 nanotubes by ZnO decoration may be attributed to the enhanced oxygen adsorption and formation of n-n heterojunctions.
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INTRODUCTION

Hydrogen is widely used as an important energy carrier and chemical material. Rapid and accurate detection of hydrogen is highly important due to its risky properties such as low minimum ignition energy (0.017 mJ) and high heat of combustion (142 kJ/g H2) (Silva et al., 2012). Among the various types of hydrogen sensing technology (Hübert et al., 2011), the resistance-based semiconductor gas sensor has attracted considerable attention due to its high sensitivity, short response time, and long-term stability. On the one hand, using various nanostructures of large surface area, such as nanofibers, nanowires, and nanotubes, has been well demonstrated to favor high gas sensing performance (Li et al., 2015a; Zhang et al., 2016; Chen and Yi, 2018). On the other hand, modification of the materials' surface with noble metals and/or oxides is another simple method to improve the gas sensor performance (Miller et al., 2014).

Among various n-type semiconductors, TiO2 has been widely studied for gas sensing (Zhao et al., 2015; Wang et al., 2017). A TiO2 ordered nanotube was proved to have exceptionally high response to hydrogen owing to its unique hierarchical morphology (Varghese et al., 2003). Further improvement of its gas sensing performance was mainly achieved through (1) optimizing the microstructural parameters of the nanotubes such as pore diameter and tube length (Mor et al., 2006) and (2) decorating the surface with noble metals such as Pt and Pd as a catalyst (Joo et al., 2010; Şennik et al., 2010; Xiong et al., 2016). Recently, it was found that by decorating the TiO2 ordered nanotubes with nanoparticles of non-noble metal, i.e., SnO2, both the sensitivity and response/recovery speed can be significantly enhanced (Xun et al., 2018), which was ascribed to formation of heterojunctions. Similar heterojunction formation and its promoting effect may also occur when other gas sensing semiconductor oxides are employed as a modifier for TiO2, which is yet to be studied.

This work synthesized highly aligned TiO2 nanotubes by anodic oxidation and decorated the nanotubes with ZnO nanoparticles via an immersion–calcination method. The sensing performance of the nanotubes was systemically studied, and possible sensing mechanism was discussed.

EXPERIMENTAL SECTION

Synthesis

Chemical reagents were purchased from Sinopharm Chemical Reagent Co., Ltd, China. Ti foils were purchased from Tianjin Ida. Pretreatment of high-purity titanium foils (25-mm thickness, 10 × 20 mm) including cleaning and chemical polishing is similar to that of previous research. The anodization process of the Ti foil was conducted in a two-electrode configuration connected to the DC power supply (Querli, Shanghai) with a voltage of 30 V for 3 h, using electrolyte of ethylene glycol containing 0.3 wt% NF4F and 5 vol% DI water. The anodized titanium foil was cleaned with ethylene glycol and deionized water in sequence before it was annealed in ambient air at 450°C for 3 h to induce crystallization. For the preparation of TiO2@ZnO, 0.0652 g of zinc acetate [Zn(CH3COO)2·2H2O] was dissolved in 20 mL of ethanol as precursor. TiO2 nanotubes were immersed into the solution for 12 h before they were calcined at 450°C. Two similar samples were prepared for either composition, denoted as TiO2 and TiO2-2 for pristine TiO2 and as TiO2@ZnO and TiO2@ZnO-2 for TiO2@ZnO.

Sensor Test

The typical gas sensor fabrication process and measurement setup parameters can be found in other work (Xun et al., 2018). In brief, the sensor was attached to two electrodes using conductive paste (DAD-87, Shanghai Research Institute of Synthetic Resins) and placed in a testing apparatus with a ceramic heating plate. The temperature and gas-flow rate were controlled by a DC power supply and mass flow controller (CS200, Sevenstar Electronics, Beijing), respectively. Resistance variation was recorded by Keithley 6482. Sensor response was defined as S = Ra/Rg (or Rg/Ra in the case of NO2 as target gas), where Ra and Rg are the resistance of the sensor in air and test gas, respectively. The response (recovery) time was the time that the resistance variation reached 90% of the total value after introduction (removal) of the target gas.

Characterization

Crystal structure was analyzed by powder X-ray diffraction (XRD, TTR III) using Cu Kα radiation. The morphologies and microstructure of the nanotubes were investigated by scanning electron microscopy (FE-SEM, SU8220) equipped with an energy-dispersive spectrometer (EDS) and transmission electron microscopy (TEM, JEM-2011). X-ray photoelectron spectroscopy (XPS) was performed on an ESCLAB 250 spectrometer using Al Kα as an excitation source and C1s binding energy at 284.8 eV as energy reference.

RESULTS AND DISCUSSIONS

Material Analysis

Figure 1 shows the XRD patterns of the as-prepared samples. For the pristine TiO2 sample, all the peaks can be indexed to the anatase structure of titanium dioxide (JCPDS 01-089-4921) and Ti (JCPDS 044-1294). The XRD pattern of the as-synthesized TiO2@ZnO sample was similar to that of the pristine sample. The diffraction peak of zinc oxide was not observed, which may be due to the low loading amount of zinc oxide.
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FIGURE 1. X-ray diffraction (XRD) patterns of pristine TiO2 and TiO2@ZnO composites.



To illustrate the composition and chemical states of the elements in the samples, XPS studies were carried out, and results were presented in Figure 2. Ti and O were present in all the samples, and Zn was detected for the impregnated one (Figure 2A). No impurity element other than carbon contamination was observed. As shown in Figure 2B, two peaks at a binding energy of ~458.8 and ~464.6 eV could be attributed to Ti 2p1/2 and Ti 2p3/2, respectively, indicating that the Ti element was present in the form of Ti4+. The binding energy for both Ti 2p1/2 and Ti 2p3/2 remained almost invariant after ZnO decoration. Figure 2C demonstrates two peaks at a binding energy of ~1,045.3 and ~1,022.2 eV, corresponding to Zn 2p1/2 and Zn 2p3/2, respectively, implying the +2 oxidation state of Zn in the composite. Besides, the Zn/(Ti + Zn) ratio at the surface of the TiO2 nanotube was confirmed to be 25.2 at% by XPS analysis. The O 1s peak for both samples can be deconvoluted into two peaks at a binding energy of ~529.9 and ~531.4 eV, which corresponded to lattice oxygen (Olat) and absorbed oxygen (Oabs), respectively. The Oabs/(Oabs + Olat) ratio of TiO2@ZnO composites (22.0%) was distinctly larger than that of pristine TiO2 (19.5%), suggesting that ZnO decoration generated more surface adsorption sites.
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FIGURE 2. X-ray photoelectron spectroscopy (XPS) spectra of pristine TiO2 and TiO2@ZnO nanotubes. (A) Survey spectrum, (B) Ti 2p, (C) Zn 2p, and (D) O 1s.



Figures 3A–D show the SEM micrographs of the as-prepared ordered arrays of pristine TiO2 and TiO2@ZnO samples. The pore diameter of the pristine TiO2 nanotubes is ~80 nm with a wall thickness of ~10 nm, and the length is ~2.4 μm. There was no evident difference between the TiO2@ZnO sample and the pristine one, indicating that the impregnation treatment did not affect the morphology of the nanotubes. EDS elemental mapping analysis was performed on TiO2@ZnO as showed in Figures 3E–G, which revealed a homogeneous distribution of the Zn elements throughout the surface (Figure 3G). It can also be noticed that the Ti signal in the hollow part of the nanotube is more intense than that around the tube wall (Figure 3F), which can be ascribed to the unreacted Ti foil at the bottom. EDX analysis confirmed the coexistence of Ti, Zn, and O elements for the composite with a Zn/(Ti + Zn) ratio of 3.5 at%.
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FIGURE 3. Scanning electron microscopy (SEM) images of (A,B) surface and (C,D) cross-sectional view of (A,C) pristine TiO2 and (B,D) TiO2@ZnO nanotubes. Energy-dispersive spectrometer (EDS) elemental images of TiO2@ZnO with (E) SEM images, (F) Ti, and (G) Zn.



More in-depth microstructural analysis was performed on both samples with TEM (Figure 4). The pristine TiO2 nanotubes presented a clear view (Figure 4A), while some extra nanoparticles in the size of 5–10 nm were observed with an even distribution throughout the ZnO-decorated nanotubes (Figure 4B). Selected area electron diffraction (SAED) revealed some extra diffraction pots in addition to the main diffraction rings of TiO2 (Figure 4C), corresponding to the (100) and (002) planes of ZnO (JCPDS 36-4521). These results indicated that TiO2 nanotubes modified with ZnO nanoparticles were successfully obtained.
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FIGURE 4. Transmission electron microscopy (TEM) images of (A) pristine TiO2 nanotubes and (B) TiO2@ZnO composites. (C) SAED pattern of TiO2@ZnO.



Gas Sensing Properties

ZnO decoration was found to significantly increase the resistance in air of the TiO2 nanotubes, corresponding to an increase in Ra from ~40 kΩ to ~6 MΩ at 300°C. Figure 5A compares the response of the sensors to 100 ppm H2 at different temperatures. The pristine TiO2 sensor exhibited typical volcano-shape temperature dependence of response. The response at the working temperature of 300°C is 126, which is 3.2 times that of samples with a tube length of 3–4 μm and a diameter of ~100 nm under the same conditions (Xun et al., 2018). This indicates that the response can be increased by changing the morphology of nanotubes, i.e., reducing the diameter and length. A similar behavior of temperature dependence of response was observed, and the response was improved after the ZnO impregnation. At the optimum temperature of 350°C for both sensors, the response of the TiO2@ZnO composite to 100 ppm H2 was ~520, about 1.8 times higher than that of pristine TiO2.
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FIGURE 5. Response of pristine TiO2 and TiO2@ZnO composite sensors as a function of (A) temperature to 100-ppm H2 and (B) H2 concentration at 300°C; (C) response time of pristine TiO2 and TiO2@ZnO composite sensors vs. H2 concentration at 300°C; (D) response of pristine TiO2 and TiO2@ZnO composite sensors to 100-ppm various gases at 300°C.



Figure 5B shows that response increased with the increase in H2 concentration for both kinds of sensors. A linear relationship between the response and H2 concentration on the log–log scale was observed for all samples, which accords with the power–law theory proposed by Yamazoe and Shimanoe (2008). The response of the TiO2@ZnO composite was higher than that of the pristine one at all tested concentrations, and the enhancement was more pronounced at higher concentrations. Taking S = 1.2 as the detection threshold (Liu et al., 2017; Gao et al., 2019), the detection limit calculated for the TiO2@ZnO composite sensor was 7.5 ppm, which was smaller than that of the pristine TiO2 sensor (10.3 ppm). It can also be seen that the response of two different TiO2@ZnO sensors was very close to each other, indicating good consistency of the sensors.

Figure 5C shows that for both pristine TiO2 and TiO2@ZnO, the response time decreased as the concentration increased. A much faster response speed was observed for the latter sample. The response time of TiO2@ZnO is 22 s for 100 ppm H2 at 300°C, which is 4.2 times faster than that of the pristine sample. A power–law relationship was observed between the response time and the concentration, which may be accounted for by a nonlinear diffusion-reaction model (Xun et al., 2018). In contrast to the fast response speed, the recovery process was sluggish, typically with a recovery time over 2,000 s. Moreover, the recovery became slower while the concentration increased.

To illustrate the selectivity of the sensors, the response to 100-ppm various gases at 300°C was compared (Figure 5D). Because hydrogen is highly combustive and explosive, NH3, C3H8, NO2, CO, and CH4 were selected to examine the cross-sensitivity, which are very common interfering gases for fire detection. It can be seen that the pristine TiO2 showed some minor response to NH3 and insignificant response to the other interfering gases. The response to both H2 and NH3 increased while that to other gases remained after ZnO decoration. Nevertheless, the H2 response increased much more pronouncedly than the NH3 one. As a result, the selectivity, i.e., the response ratio of H2 over the most interfering gas, NH3, increased from 19.6 to 82.3 after ZnO loading. It should be noted that humidity is also a very common interference for semiconductor gas sensors. Although the humidity effect was not tested for the present samples, a significant humidity effect has been observed for other similar gas sensors based on TiO2 nanotubes in our group's research. Some strategies have been adopted to eliminate the humidity impact, e.g., by using a reference element for compensation (Zhan et al., 2007) or by decorating hydrophobic materials (Yao et al., 2016).

Gas Sensing Mechanism

The relatively high sensitivity of pristine TiO2 toward H2 can be attributed to the unique hierarchical morphology of the nanotubes. The small half-tube-wall thickness is comparable to that of the space charge layer, which favors hydrogen adsorption and its reaction with surface oxygen (Paulose et al., 2005; Hazra et al., 2015). The improved H2 response of TiO2@ZnO may be a result of the synergistic contribution from two effects. Firstly, the enhanced O2 adsorption due to ZnO decoration revealed by XPS in Figure 2 suggested generation of more active sites on the material surface, which is beneficial to the gas surface reactions. Secondly, n-n heterojunctions would be formed between the ZnO nanoparticles and TiO2 nanotubes. Previous research has reported that ZnO (3.37 eV) has a slightly larger band gap than that of TiO2 (3.2 eV); (Lin et al., 2013), and both conduction band energy and valance band energy of ZnO are higher than those of TiO2, leading to transfer of electrons from the conduction band of ZnO to that of TiO2 (Yang et al., 2009; Sarkar et al., 2014; Ng et al., 2018). Heterojunctions formed on the materials surface have been suggested to benefit the gas sensing performance via several routes, such as promoting gas reactions and regulating the conduction channel inside the materials (Lou et al., 2013; Li et al., 2015b; Gu et al., 2017), which can be applied to explain the enhancement of the composite sensor in this work.

CONCLUSIONS

Highly ordered TiO2 nanotube arrays were synthesized by anodic oxidation. Decoration of ZnO nanoparticles on the nanotubes was achieved by immersion and calcination. Gas sensing test results indicate that significantly larger response and better selectivity to H2 as well as shorter response time were achieved by ZnO loading. The TiO2@ZnO sensor exhibited a response as high as 520 toward 100-ppm H2 at 350°C. The excellent gas sensing performance of the composite may be attributed mainly to the highly ordered nanotube morphology and heterojunction formation at the interface of ZnO and TiO2.
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