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Abstract

:

A super-hydrophilic pH-sensitive electrode with a porous TiO2 thin film is proposed in this work and fabricated using the chemical etching method. In total, 30 groups of porous TiO2 thin film were obtained by immersing a Ti sheet in NaOH, with the solution concentration ranging from 0.5–4 M and the reaction time ranging from 15–240 min. SEM, XRD, XPS, and a contact angle meter were used to investigate the influence of the chemical etching parameters on the morphology, composition, and wettability of the fabricated electrodes. The chemical etching parameters were found to have a significant influence on the specific surface area and the component of the films, which strongly affected the wettability and pH sensing characteristics of the electrodes. The electrode obtained with a solution concentration of 1 M and reaction time of 120 min is the ideal product because of its excellent wettability, with a contact angle of 5.46°, and good pH sensing characteristics in pH buffer solutions. The electrode also showed good stability regarding its wettability and pH sensing properties during storage and utilization.
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1. Introduction


In 1997, Fujishima demonstrated the super-hydrophilic effect of a TiO2 polycrystalline film exposed to UV [1]. Since then, super-hydrophilic surfaces have been extensively applied, such as for improving the performance of sensors. Humidity sensors based on super-hydrophilic surfaces were found to show the advantages of a high sensitivity, fast response, and short recovery time [2,3]. A super-hydrophilic surface has an extremely low contact angle and allows fast spreading of water on its surface. Thus, a small water drop can cover a large area of the super-hydrophilic surface, producing a large effective area for electrochemical reaction and thus improving the pH sensing performance [4,5,6].



pH sensors based on metal oxides, such as RuO2, ZnO, SnO2, TiO2, and V2O5, are alternatives to glass electrodes and have the advantages of good stability over a wide pH range, high mechanical robustness, miniaturization, wide-ranging working temperature, and a fast response in aqueous or non-aqueous environments [7]. Among pH sensing metal oxides, TiO2 is a promising material for new pH sensors owing to its superior chemical stability, non-toxicity, relatively inexpensive costs, and easy fabrication. Various methods have been proposed for TiO2 films for pH detection. Yao reported a sol-gel TiO2 pH sensor that was deposited on ITO glass and post-annealed at 200 °C, which showed a sensitive response of 79.9 μA/pH [8]. Yusof used an RF magnetron sputtering system to fabricate a TiO2 sensing membrane of an EGFET pH sensor, which showed a Nernstian response of 59.89 mV/pH [9]. Huang prepared a pH sensor with TiO2 nanowire arrays using the hydrothermal growth method, and a sensitivity of 62 mV/pH was detected [10]. Doghmane used the spin coating method to fabricate a TiO2- and AgCl-based pH sensor with a sensitivity of 45.229 mV/pH [11].



TiO2 has also received significant attention regarding its application on super-hydrophilic surfaces. Anatase-phase TiO2 has a good hydrophilic ability and can become a super-hydrophilic surface when exposed to UV [1,12]. Zhao reported that the sensitivity of a pH sensor based on TiO2 nanotube arrays increased from 54.5 to 59 mV/pH and achieved good hydrophilicity when UV mediation was used [5]. However, the hydrophilic TiO2 films obtained using UV mediation reportedly became hydrophobic within several hours or several days of storage [13,14,15].



The fabrication of a microstructure with a large specific surface area on its surface is another method that is used to obtain a super-hydrophilic surface. Ohishi and Tanaka reported the formation of porous TiO2 on the surface of a Ti sheet by immersing the Ti sheet in NaOH solution [16,17]. Tanaka indicated that the presence of TiH2, formed during the pretreatment, is one of the factors crucial to obtaining a porous TiO2 membrane on Ti [17]. He explained the reaction mechanism by using the following equation:


    TiH  2  + 2  H 2  O →   TiO  2  + 6  H +  + 6  e −   



(1)







The formation of the porous structure is due to the ability of Ti to absorb hydrogen:


   H  a b   +  H 2  O +  e −  →  H 2  ↑ +   OH  −   



(2)




where Hab is the hydrogen absorbed by Ti. The formed H2 escapes and leaves holes on the surface, generating its porous structure. Conversely, Ohishi believed that the reaction is driven by the following equation:


  Ti + 4   OH  −  →   TiO  2  + 2  H 2  O + 4  e −   



(3)






  Ti + 2  H 2  O →   TiO  2  + 2  H 2   



(4)







Although the mechanism of the formation of the porous TiO2 through the chemical etching of titanium is ambiguous, the influence factor and rules of the reaction process and products are specific. Tanaka reported that pore size and film thickness are significantly influenced by the reaction time, temperature, and concentration of NaOH solution [17,18]. He used 5 M NaOH solution to form the porous TiO2 membrane and indicated that the products were only Ti and TiO2 when the solution temperature was 80 °C [18]. Chen obtained a porous TiO2 membrane using NaOH solutions with relatively low concentrations (0.5 M–4 M). They reported that some titanates formed after a long reaction time at 80 °C, but the main products were TiO2 [19]. Kamarozaman reported that the final structure of the TiO2 surface is affected by the position of the substrates in the NaOH solution [20].



Compared with the reported methods for TiO2 pH sensing films, chemical etching is a simple, safe, mild, and inexpensive one. A porous surface is helpful for enhancing the wettability of an electrode. Thus, it is a promising method for the fabrication of a super-hydrophilic TiO2 thin film for pH detection.



In this current work, 30 groups of porous TiO2 films were obtained using the chemical etching method. The polished Ti sheets were immersed in NaOH solution, with solution concentrations of 0.5, 1, 2, 3 and 4 M and reaction times of 15, 30, 60, 120, 180 and 240 min. To determine the optimum fabrication parameters, the obtained electrodes were compared for their wettability and pH sensing performances, including the sensitivity, response time, drift, hysteresis, selectivity, and stability.




2. Materials and Methods


2.1. Fabrication of a Sensitive Electrode with Super-Hydrophilic TiO2 Thin Film


The degreasing agent was prepared with 50 g/L NaOH, 25 g/L Na2CO3, 30 g/L Na3PO4, and 2 g/L Triton X-100. A Ti sheet (99.8% purity, 100 × 100 × 0.1 mm, Jinxin Advanced Metal Co., Xingtai, China) was cut to a size of 10 × 30 mm, ultrasonically cleaned in degreasing agent for 20 min, rinsed using deionized water (DI water), and air dried. Subsequently, the Ti sheet was mechanically polished on 1500 mesh abrasive paper and further polished with aluminum oxide abrasives to a size of 1 μm. The specimen was finally polished with aluminum oxide abrasives to a size of 0.3 μm. Then, it was ultrasonically cleaned with degreasing agent for 10 min and washed with DI water.



Figure 1a shows the fabrication procedure of the super-hydrophilic TiO2 thin film. The polished Ti sheet was immersed in HF (0.5 wt%, Haibiao, China) for about 100 s to form the white surface. Afterwards, it was washed with DI water and air dried. Then, 0.5, 1, 2, 3 and 4 M NaOH solutions were prepared in 200 mL beakers and placed in a water bath kettle at 80 °C. The Ti sheets were inserted in PTFE baskets to maintain their vertical positioning and immersed in NaOH solutions for 15, 30, 60, 120, 180 or 240 min. Subsequently, the specimens were rinsed with 0.01 M HCl to remove the remaining NaOH. Finally, the Ti sheets were rinsed with DI water and air dried. Figure 1b shows that the prepared sensitive electrode consisted of Al2O3 substrates (96% purity, 15 × 30 × 1 mm, Jiawei Ceramic Tech Co., Zhuhai, China) and a treated Ti sheet attached to the substrate.




2.2. Characterization of the Porous TiO2 Films and Their pH Sensing Performance


The morphological and structural characterization of the porous films were investigated by field emission scanning electron microscopy (JSM-7001F, JOEF, Japan), X-ray photoelectron spectroscopy (ESCALAB 250Xi, Thermo Scientific, USA), and X-ray diffractometer (D8 ADVANCE, Bruker, Germany). Wettability was measured using a contact angle meter (JC2000D, POWEREACH, Shanghai, China).



The sensitivity, response time, drift, hysteresis, repeatability, stability, and selectivity of the fabricated electrodes versus a commercial Ag/AgCl reference electrode (E218, Leici, China) were studied to investigate the influence of the chemical etching parameters on the pH sensing performance. The response potential was measured using an electrochemical workstation (CHI660E, Chenhua Instrument, Shanghai, China) and recorded with a computer. pH buffer solutions (PBSs) were prepared by mixing 0.01 M HCl (Beyotime Biotechnology, Shanghai, China) and 0.01 M NaOH solutions with different ratios. pH of each PBS was measured by a commercial glass pH meter (PHS-3E, Leici, China), which was calibrated using standard pH buffer solutions (pH 4.01 and 9.18, Leici, China).



To measure the sensitivity, response time, and potential deviation, each TiO2 electrode was dipped in the same PBS for 100 s, tested 3 times, cleaned with deionized water, and air dried. The response potentials were recorded at 0.1 s intervals. The drift effect was measured by dipping the electrodes in PBS (pH = 6.86) at 25 °C for 2 h, and the potential was recorded at 2 s intervals. The TiO2-sensitive electrodes were dipped in PBS with loops of 7.84–5.91–4.41–5.91–7.84–10.13–12.01–10.13–7.84 and 7.84–10.13–12.01–10.13–7.84–5.91–4.41–5.91–7.84 without cleaning and drying to measure the hysteresis width. The TiO2-sensitive electrode was dipped in each PBS for 200 s, and the potential was recorded at 1 s intervals. To evaluate the selectivity of the developed electrode, 200 μL of 0.1 M KCl, NaCl, NiCl2, CaCl2, and FeCl3 were added to 19.8 mL of prepared PBS to ensure the concentration of interfering ions reached 0.001 M. Each electrode was dipped in the solution for 100 s and tested 3 times.





3. Results and Discussion


3.1. XRD and XPS


XRD and XPS analyses were conducted on electrodes obtained using 1 M–120 min, 1 M–240 min, 4 M–120 min, and 4 M–240 min to investigate the influence of the fabrication parameters. As shown in Figure 2a, titanium and anatase peaks were detected on the pattern of the electrodes treated using different fabrication parameters. The pattern also revealed irregular background noise and no other characteristic peaks, indicating the presence of amorphous TiO2 film.



Surface analysis of the films was carried out using XPS and is plotted in Figure 2b. Na 1s, O 1s, Ti 2p, and C 1s peaks were observed in the pattern. The Ti 2p and O 1s deconvoluted core excitations of the electrode treated using 1 M–120 min are presented in Figure 2c,d, respectively, and the core excitations and atomic percentage are listed in Table S1. The Ti 2p and O 1s deconvoluted core excitations of the other three electrodes are plotted in Figure S1. Figure 2c shows that the Ti 2p spectrum exhibits five contributions: Ti-O 2p 3/2, Ti=O 2p 3/2, Ti-O 2p 1/2, Ti=O 2p 1/2, and a satellite state. All Ti 2p spectra from the different electrodes showed a similar envelope. These intensive peaks matched the standard TiO2 pattern, indicating the main components of the Ti 2p spectrum were assigned to Ti=O and Ti-O in TiO2. The quantitative analysis confirmed that the main component of all the films obtained with different fabrication parameters was TiO2. As shown in Figure 2d, the O 1s core excitation was deconvoluted into three components. The most intensive peak was observed at BE. 530.6 eV and assigned to oxygen–metal bonding, which is present in a metal oxides lattice [21]. The component at BE. 533 eV was ascribed to metal hydroxyl and the component at BE. 530.45 eV was ascribed to a carbon–oxygen double bond, indicating the presence of a small quantity of NaOH and adsorbed CO2 on the surface.



Tanaka reported weak peaks of rutile and anatase in a film fabricated using GIXRD, indicating their minor production on the surface [17]. Ohishi identified the porous film as TiO2 using XPS [16]. As shown in Table S1, when the reaction time increased from 120 to 240 min, the atomic percentage of Na increased from 1.92% to 2.28% (1 M NaOH) and 1.49% to 2.61% (4 M NaOH). This result confirmed that the prolonged reaction time led to an increase in the titanate content.




3.2. Morphology


To investigate the influence of the fabrication parameters, SEM was performed on 4 pieces of the electrodes treated with 1 M NaOH and four pieces treated with 4 M NaOH. The reaction time was 15, 60, 120, or 240 min. The original SEM images are presented in Figure 3 and Figure 4, and the SEM images with the size of the pores and ridges are shown in Figures S2 and S3.



As shown in Figure 3a, abundant TiO2 nanowires and some small holes formed on the surface, and the original surface could still be identified. As estimated from Figure 3a and Figure S2a, the hole diameters were 36.46–66.92 nm, and the ridge thickness was 22.71–36.35 nm. Figure 3b shows that the surface was entirely covered by the TiO2 nanowires, which combined with one another and formed nets. Meanwhile, more holes were observed on the surface. As shown in Figure 3c and Figure S2c, the ridges ranged from 27.26–39.19 nm, and the diameters ranged from 47.71–60.31 nm, indicating that the microstructures became more uniform and denser than those shown in Figure S2a,b. As shown in Figure 3d, with the further prolonged reaction time, the ridge thickness and hole diameters were enlarged. Tanaka indicated that hydrogen penetration continuously occurs during a reaction, providing sufficient hydrogen to produce porous TiO2 [18]. Thus, the surface morphology was continuously changed with the prolonged reaction time.



Figure 4 and Figure S3 show that the original surface can hardly be identified. The holes and ridges are larger than those shown in Figure S2. As estimated from Figure S3a–d, with the prolonged reaction time, the maximum size of the diameters and ridges increased from 75.34 to 134.06 nm and 46.29 to 65.07 nm, respectively, indicating that the higher concentration resulted in a more drastic reaction and a larger-sized microstructures. Tanaka suggested that the hydrogen content increases with an increase in the NaOH concentration as hydrogen penetration is affected by the content of alkali cations in the solution [18,22].




3.3. Wettability


A super-hydrophilic surface is a material whose water contact angles (CAs) are less than 10° [23]. Figure S4 presents the photographs of the CAs of the electrodes obtained using different fabrication parameters. Figure 5 illustrates the change trend of the CAs. Few electrodes fabricated in 0.5 and 4 M NaOH could satisfy the super-hydrophilic standard, whereas most electrodes obtained in 1, 2, and 3 M NaOH achieved good wettability. Figure 5 also indicates that a short reaction time may result in weak wettability, which could be explained by Wenzel’s equation:


  cos  θ e r  = r * cos  θ e   



(5)




where θer represents the apparent contact angle over a practical surface, θe is the contact angle on an ideal smooth surface, and r is the roughness of the solid surface, which is described by the specific surface area (SSA). For a hydrophilic surface, an increased r reduces θer and contributes to a super-hydrophilic case [24,25,26]. The SEM images showed that increasing the concentration and reaction time enhanced the surface roughness, resulting in increased SSA. Meanwhile, with further continued etching, the wettability of the electrodes was reduced. XPS analysis revealed that the titanate content increased with the prolonged reaction time. Tanaka indicated that porous TiO2 films have a “sandwich” structure, i.e., the titanate covers TiO2, which forms on the Ti sheet and thus explains the decreased wettability with further prolonged reaction times [17].




3.4. pH Response of the Fabricated Electrodes


3.4.1. Sensitivity


Table S2 indicates that most of the electrodes satisfied the quasi-Nernstian response [27], and the highest sensitivity was 54.13 mV/pH with a correlation coefficient of 0.997. Figure 6 presents the influence of the fabrication parameters on the sensitivity, which apparently depends on the NaOH concentration. The electrodes obtained in 0.5 M and 4 M NaOH showed poor sensitivity, whereas those obtained in 1 M and 2 M NaOH showed high sensitivity.



As shown in Figure 7, the site-binding theory is used to explain the reaction on the surface of the metal oxides: during the reaction, the surface of the TiO2-sensitive electrode is covered by hydroxide groups due to the dissociative adsorption of water [28,29], and protons and hydroxide ions from the solution are attracted to oxygen ions from the TiO2 crystal lattice and to the surface cations, respectively [30,31,32]. According to the site-bonding model, the sensitivity of the sensing film can be described as [30]:


  β =   2  q 2   N S     k b  /  k a      k T  C  D L      



(6)




where β is the sensitivity of the sensing film, q is the electronic charge, Ns is the total number of sites per unit area, ka and kb are equilibrium constants, k is Boltzmann’s constant, T is the temperature of the system, and CDL is the double-layer capacitance at the interface. The dense and rough microstructures on the surface lead to an increase in the total number of sites per unit area (Ns) [10]. The sensitivity of the electrodes obtained in 0.5 M NaOH was positively correlated with the reaction time because the surface morphology depends primarily on the reaction time at a low NaOH concentration [18]. The electrodes obtained in 4 M NaOH were negatively correlated with the reaction time, which can be attributed to the increased titanate that formed on TiO2.



Compared with other literature, the electrodes obtained in our work did not achieve the highest sensitivity. Zhao reported a pH sensor based on a TiO2 nanotube array-modified Ti electrode with a sensitivity of 57.1 mV/pH [5]. Liao prepared a pH sensing layer using sol-gel spin coating technology and showed a high pH sensitivity of approximately 58.73 mV/pH [32]. The differences in the sensitivity may contribute to the different fabrication methods and compositions, which affects the microstructure, porosity, surface homogeneity, and crystalline structure [7]. Meanwhile, a small amount of titanates form on, and cover the surface of the sensing film, thereby reducing the hydrophilic sites for H+ and leading to decreased sensitivity [10].




3.4.2. Response Time


The response time of each electrode is shown in Figure 8. As shown in Figure 8a–e, the response time of each electrode obviously depends on the pH level. The electrodes exhibited a fast response in acidic and neutral solutions but a much slower response in basic ones because of the dominant diffusion of H+ ions in acidic solutions as reported in the literature [33,34,35,36]. As shown in Figure 8f, the response time of the electrodes was obviously affected by the fabrication parameters. Electrodes obtained in the 1, 2, and 3 M NaOH solutions showed a faster response than those obtained in the 0.5 and 4 M solutions. The response time of the electrodes was affected by the structural properties and morphology, indicating that the sensing film with a developed pore network had a fast response time [34,37]. SEM analysis revealed that the pH-sensitive electrodes treated with 1 M NaOH showed more uniform and denser microstructures on the surface than those treated with 4 M NaOH, so the former exhibited a faster response.




3.4.3. Potential Deviation


Potential deviation is defined herein to enable an investigation of the electrodes’ short-term stability. It is described as the potential difference between the peak potential value and the potential at a response time within 60 s. Each electrode was tested three times and the average potential deviations are presented in Figure 9a and Figure 8e (note the ordinate value of Figure 9a). Figure 9f shows the maximum potential deviation of each electrode at different pH levels.



Figure 9a–e show that the potential deviation of the electrode also depended on the fabrication parameters but not the pH levels. Figure 9f indicates that electrodes obtained in 1 and 2 M NaOH solutions showed relatively low potential deviations, ranging from 0.63 to 1.17 mV. Thus, the drift effect of the electrodes treated with 1 and 2 M NaOH solutions was further studied.




3.4.4. Drift Effect


The drift effect was explored using 4 pieces of electrodes treated with 1 M NaOH and 4 pieces treated with 4 M NaOH for various reaction times (15, 60, 120, or 240 min). As listed in Table 1, with an increase in the reaction time from 15 to 240 min, the drift of the electrodes obtained in 1 and 2 M NaOH solutions showed an apparent decrease from 36.18 to 6.4 mV/h and 22.53 to 5.16 mV/h, respectively. Similarly, the increased solution concentration also resulted in decreased drift.



Compared with previous results, the drift of the prepared electrode was relatively high, which may contribute to the high resistance and intrinsic properties of TiO2 films [37]. Yusof reported a TiO2 sensing membrane fabricated using the RF sputtering method with a drift of 4.41 mV/h. Chou doped ruthenium metallic ions on TiO2 film using a co-sputtering system to decrease the resistivity and increase its carrier mobility, which resulted in a very low drift effect of 1.67 mV/h [38].




3.4.5. Hysteresis


The hysteresis widths of the electrodes are listed in Table 2. The results showed that the increased NaOH concentration and reaction time decreased the hysteresis width. The hysteresis width of the TiO2 pH sensor was reported to be 30 mV in the cycle of 2–12–2 by Fog and Buck in 1984 [39]. Afterwards, few studies have mentioned the hysteresis width of TiO2-based pH electrodes. Compared with other metal oxide-based pH-sensitive electrodes, the prepared electrodes showed a relatively high hysteresis. Xu reported an RuO2 pH sensor fabricated using the magnetron sputtering method with a hysteresis of 6.4 mV in the loop of 7–4–7–10–7 and 5.1 mV in the loop of 7–10–7–4–7 [40]. An electrodeposited iridium oxide pH sensor was reported to have a hysteresis of 0.5–1.5 in neutral solution. Santos used the hydrothermal synthesis method to develop a WO3 pH sensor with a hysteresis of 6–10 mV [41]. This feature may contribute to the intrinsic properties, the surface area, crystalline properties, and the composition of TiO2 films [7].




3.4.6. Repeatability


Based on the characterization studies, 1 M and 120 min were selected as the optimum fabrication parameters for the super-hydrophilic TiO2 pH electrode. The SEM image confirmed the presence of dense and uniform microstructures on the surface, leading to its small CA of 5.46°. It also showed the highest sensitivity of 54.13 mV/pH, a fast response of 18.1 s in pH 4–12, an acceptable drift of 9.29 mV/h, and a hysteresis width of 11.4 mV.



Subsequently, a new series of electrodes were fabricated to evaluate their repeatability. Thus, 2 electrodes from the initial lot (electrodes A1 and A2) and 2 from the new lot (electrodes B1 and B2) were dipped in PBS with different pH levels for 300 s, respectively. The OCP changes were recorded at 1 s intervals, and the results are presented in Figure 10. The electrodes from the different lots showed stable and consistent response potentials for each pH level. As shown in Table 3, the electrodes from the new lot showed a similar Nernstian response, with a sensitivity of 53.47 and 54.58 mV/pH. Thus, the discrepancy in the sensitivity for the different lots was less than 1.95 mV/pH, indicating the good repeatability compared with previously reported electrodes [35].




3.4.7. Selectivity


The selectivity coefficient of an electrode characterizes its ability to distinguish a particular ion from others and is commonly evaluated using the fixed interference method (FIM), which is defined by the following equation:


   K  i j      p o t   = exp  (     Z i  F   R T    (   E j    0  −  E i    0   )   )   



(7)




where F is Faraday Constant, R is gas constant, T is Kelvin Temperature, E is the experimentally measured potential, Ei0 is a constant that includes the standard sensing potential of the primary ion, Ej0 is the sensing potential of the interfering ion, and Zi is the charge numbers of the principal ion I [33].



The interference effects of the five cations are compared in Table 4. The selectivity coefficients of the fabricated electrodes for Na+, K+, Ca2+, Ni2+, and Fe3+ were −3.02, −3.44, −2.51, −3.52, and −3.29, respectively. The selectivity coefficients for the tested interfering ions were smaller than 1 and Kijpot was less than 10−2, indicating its good selectivity [42,43].




3.4.8. Stability of the Super-Hydrophilic TiO2-Sensitive Electrode


The fabricated electrodes were stored in a clean and dry box, which was placed in the dark and was not hermetic. As listed in Table S3, after storage for 60 days, CA of the 2 electrodes changed from 5.93° to 7.43° and 6.37° to 7.48°, respectively. The sensitivity of the electrodes changed from 52.71 and 52.49 mV/pH to 52.74 and 50.83 mV/pH (shown in Figure 11a and Table S3). The small difference in the CA and sensitivity within 60 days indicated the good continuous wettability and pH sensing performance of the electrodes during storage.



The difference in the electrodes before and after pH measurement in the solutions was also investigated. Table S3 shows that the CA of the 2 other electrodes showed small increases of 2.43° and 0.36° after being used for 1800 s and still satisfied the super-hydrophilic surface standard. Figure 11b shows that the electrode sensitivity was almost the same before and after being dipped in solutions with different pH levels.






4. Conclusions


In this work, super-hydrophilic TiO2 pH-sensitive electrodes were fabricated using the chemical etching method. The influence of the chemical etching parameters (solution concentration and reaction time) on the structure, morphology, wettability, and pH response of the porous films was investigated. With an increased NaOH concentration and reaction time, the surface microstructures became denser and more uniform, improving the wettability, pH sensitivity, and response time of the electrodes. However, a further increase in the NaOH concentration and reaction time led to large and unevenly sized microstructures and an increased presence of titanate, resulting in poor pH wettability, pH sensitivity, and response time, and low drift and hysteresis, indicating the stabler structure of the films.



The electrode obtained using 1 M and 120 min is the optimal product due to its good wettability, with a contact angle of 5.46°, a high sensitivity of 54.13 mV/pH, a response time of 18.1 s in pH 4–12, an acceptable drift of 9.29 mV/h, a hysteresis width of 11.4 mV, and good selectivity for Na+, K+, Ca2+, Ni2+, and Fe3+. The electrode also showed good stability in wettability and pH sensing properties during storage and utilization in PBS.
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Figure 1. (a) Scheme of the sensitive electrode fabrication procedure and (b) photograph of the sensitive electrode. 
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Figure 2. (a) XRD and (b) XPS pattern of the sensitive electrodes obtained using four typical fabrication parameters, (c) Ti 2p, and (d) O 1s deconvoluted core excitations for the electrode obtained using 1 M–120 min. 
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Figure 3. SEM images of TiO2 electrodes prepared in 1 M NaOH for (a) 15, (b) 60, (c) 120, and (d) 240 min. 
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Figure 4. SEM images of TiO2 electrodes prepared in 4 M NaOH for (a) 15, (b) 60, (c) 120, and (d) 240 min. 
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Figure 5. The influence of the fabrication parameters on CA of the electrodes; CA < 10° is described as super-hydrophilic. 
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Figure 6. The influences of the fabrication parameters on the sensitivity of the porous TiO2 electrodes. 
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Figure 7. Schematic of the detection principle and procedure of the TiO2 pH-sensitive electrode. 
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Figure 8. The influences of the fabrication parameters and pH levels on the response time of the sensitive electrodes treated in (a) 0.5 M, (b) 1 M, (c) 2 M, (d) 3 M, (e) 4 M and (f) the response time of each electrode. 
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Figure 9. The influences of the fabrication parameters and pH levels on the potential deviation (P.D.) of the sensitive electrodes treated in (a) 0.5 M, (b) 1 M, (c) 2 M, (d) 3 M, (e) 4 M and (f) the potential deviation of each electrode. 
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Figure 10. OCP of the electrode obtained from two lots in different pH levels to demonstrate the repeatability. 
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Figure 11. Involution in the sensitivity of the electrodes (a) after storage for 60 days and (b) when utilized in PBS for 30 min. 
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Table 1. Drift of the electrodes treated using different fabrication parameters.
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Solution Concentration

	
Reaction Time (min)




	
15

	
60

	
120

	
240






	
1 M

	
36.18 mV/h

	
15.27 mV/h

	
9.29 mV/h

	
6.4 mV/h




	
2 M

	
22.53 mV/h

	
9.38 mV/h

	
7.11 mV/h

	
5.16 mV/h
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Table 2. Hysteresis width of the tested electrodes.
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	Fabrication Parameters
	Hysteresis in Loop 1
	Hysteresis in Loop 2





	1 M 60 min
	17.6 mV
	19.3 mV



	1 M 120 min
	8.9 mV
	11.4 mV



	2 M 60 min
	10 mV
	10.5 mV



	2 M 120 min
	7.3 mV
	9.5 mV
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Table 3. The pH sensing characteristics of the electrodes obtained from different lots.
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	Sample
	Sensitivity
	Correlation Coefficient
	Response Time





	Electrode A1
	52.63
	0.996
	16 s



	Electrode A2
	53.79
	0.989
	18 s



	Electrode B1
	53.47
	0.998
	20 s



	Electrode B2
	54.58
	0.987
	17 s
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Table 4. The selectivity coefficients of the fabricated electrode for Na+, K+, Ca2+, Ni2+, and Fe3+.
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Primary

Cation

	
Interfering Cation

	
Concentration of

Interfering Cation

	
Kijpot

	
Log (Kijpot)






	
H+

	
Na+

	
0.001 M

	
9.54 × 10−4

	
−3.02




	
K+

	
3.61 × 10−4

	
–3.44




	
Ca2+

	
3.14 × 10−3

	
–2.51




	
Ni2+

	
2.97 × 10−4

	
–3.52




	
Fe3+

	
5.11 × 10−4

	
–3.29
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