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Abstract

:

This research contributes to work on synthesizing zinc oxide nanoparticles (ZnO NPs) at room temperature (RT) and their utilization in flexible gas sensors. RT ZnO NP synthesis with a basicity solution (pH ≈ 13) demonstrates an efficient method for synthesizing well-crystalline ZnO NPs (RT.pH13) comparable to those synthesized by the hydrothermal method (hyd.C). The RT.pH13 achieved a high thermal stability with minimal organic reside impurities (~4.2 wt%), 30–80 nm particle size distribution, and a specific surface area (14 m2 g−1). The synthesized pre- and post-calcinated RT.pH13 NPs were then incorporated into flexible sensors for gas sensing applications at ambient conditions (RT and relative humidity of 30–50%). The pre-calcinated ZnO-based sensor (RT.pH13) demonstrated superior sensitivity to styrene and acetic acid and lower sensitivity to dimethyl-6-octenal. The calcinated ZnO-based sensor (RT.pH13.C) exhibited lower sensitivity to styrene and acetic acid, but heightened sensitivity to benzene, acetone, and ethanol. This suggests a correlation between sensitivity and structural transformations following calcination. The investigation of the sensing mechanisms highlighted the role of surface properties in the sensors’ affinity for specific gas molecules and temperature and humidity variations. The study further explored the sensors’ mechanical flexibility, which is crucial for flexible Internet of Things (IoT) applications.
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1. Introduction


Zinc oxide nanomaterials (ZnO NMs) have garnered significant attention as one of the most extensively studied metal oxides for diverse applications [1,2], particularly in chemical sensing [3]. This interest stems from their inherent advantages, including high sensitivity, stability, and cost-effectiveness [2]. ZnO falls under group II-VI semiconductors in materials [4]. With a wide bandgap of 3.0–3.37 eV [3,5], ZnO exhibits visible light and near UV radiation transparency [6], rendering it ideal for optical sensing applications [7]. Notably, ZnO nanoparticles (NPs) boast a surface area of 10–100 m2 g−1 [8,9], which is advantageous in gas sensing applications [10,11]. The high surface area facilitates many active sites available for gas adsorption, thereby enhancing sensitivity.



ZnO further distinguishes itself with its high chemical, thermal, and mechanical stability at room temperature (RT) [12,13], making it well suited for deployment in challenging industrial environments [12]. Additionally, ZnO demonstrates enhanced electron mobility, a quality that lends itself to developing sensor devices characterized by rapid response, stability, and reliability [14,15]. Finally, the distinctive surface chemistry of ZnO positions it as a versatile and favored material for chemical sensing applications [10].



Despite their widespread use, ZnO-based sensors encounter challenges requiring attention for their effective deployment in chemical sensing. Table S1 gives a literature overview of recent ZnO-based sensors. They typically demand high working temperatures (above 100 °C) for optimal sensitivity and selectivity [16], and may exhibit inferior sensing performance at low operating temperatures. Elevated operating temperatures have been an obstacle to the extensive application of ZnO-based gas sensors and hinder the development of flexible sensors on plastic substrates that cannot withstand such heat [17,18]. This limitation hinders their integration into wearable devices and electronics with temperature-sensitive components. In addition, the safety concerns associated with high operating temperatures, particularly in environments with flammable or explosive gases, are of paramount importance. Furthermore, these sensors require extra energy to maintain high operating temperatures, resulting in a higher power consumption and potentially shorter battery life in portable devices.



Additionally, the humidity sensitivity of ZnO-based gas sensors is a matter of concern [19]. The long-term stability of ZnO-based gas sensors at higher temperatures or high humidity levels is often compromised, given the gradual degradation of the ZnO film over time [20]. Such limitations can result in inaccuracies, potentially resulting in false positives or negatives in gas sensing applications. Consequently, there is a growing demand for developing RT operational sensors to address the abovementioned limitations as a safer and more practical solution for many modern applications [17,19]. Strategies to address these limitations include using noble metals, carbon-based materials, polymer doping, and composite materials to enhance low-temperature sensing performance [19].



Besides the high operating temperature challenge, the current research progress on ZnO-based gas sensors further aims to address key limitations, such as poor selectivity and lack of stability. Researchers have focused on innovative strategies involving material engineering, surface modification, and sensing mechanism studies to optimize its gas sensing performance (sensitivity, selectivity, and response/recovery time) and long-term stability towards target gases [21]. Innovative strategies have been investigated, like developing 3D hierarchical architectures [22,23], doping [24,25,26], and UV light irradiation [27]. There is also a growing interest in exploring flexible and wearable sensor designs for practical applications [28]. Researchers have investigated the gas sensing mechanisms of ZnO, focusing on factors like surface adsorption, charge carrier concentration, and catalytic oxidation reactions [29,30,31]. These advancements are paving the way for a new generation of gas detection technology with the potential to revolutionize safety monitoring, healthcare diagnostics, and industrial process control.



The recent research on ZnO-based gas sensors has primarily focused on the detection gases of carbon monoxide (CO) [32], carbon dioxide (CO2) [33], hydrogen sulfide (H2S) [21], nitrogen dioxide (NO2) [21,34], and ammonia (NH3) [25,35,36]. The focus on these gases is likely due to their importance in various industrial and environmental applications, where detecting toxic, flammable, or greenhouse gases is crucial for safety.



Alternately, the synthesis of ZnO NMs is challenged by costly procedures, often involving multistep, high-temperature processes, the need for specialized equipment, precise control over reaction conditions, and lengthy processing times. Moreover, these methods may involve harsh reaction conditions and potentially hazardous chemicals. Table S2 concisely summarizes the recent preparation procedure employed for synthesizing ZnO NMs. Various methods can be employed for ZnO synthesis, including vapor deposition [37], hydrothermal synthesis [38], sol-gel [38], biosynthesis [39], the polyol chemistry process [40], and mechanochemical processes [12]. The sol-gel method is a straightforward approach that allows control over particle size and morphology through systematically monitoring reaction parameters [41]. In this method, zinc acetate (Zn(CH3COO)2) is dissolved in a solvent, and a base is added to initiate hydrolysis. The resulting gel is then dried and calcined at high temperatures of 350–700 °C for 2–4 h [42,43], obtaining ZnONMs with a particle size range of 20–200 nm [43,44]. Hydrothermal processing involves heating a substrate mixture in an autoclave to a temperature of 100–300 °C and allowing it to sit for several days, producing high-quality ZnO NPs with a narrow size distribution with a particle size range of 25–35 nm [45]. Such methods are often associated with inherent complexities, including the need for specialized equipment, precise control over reaction conditions, and lengthy processing times. Biosynthesis methods represent an eco-friendly and cost-effective alternative, avoiding toxic chemicals by incorporating plant extracts, such as Azadirachta Indica (Neem) or Aloe vera, as essential elements in the synthesis process [46,47,48]. The plant extract is mixed with zinc salt, and the resulting mixture is heated and stirred to obtain ZnO NPs with a particle size range of 11 nm–618 μm [46,47,48]. However, this method requires screening microbes and plant extracts, which can be time-consuming [49]. Polyol chemistry is a simple and low-cost method that can yield ZnO NPs with a narrow size distribution with a particle size range of 10–100 nm [40,50]. It involves using a polyol, such as ethylene glycol, as a solvent and reducing agent. Zn(CH3COO)2 is dissolved in the polyol, and the mixture is heated to obtain ZnO NPs. Nevertheless, challenges arise as a reducing agent can affect the purity of the ZnO NPs [51,52]. Vapor phase synthesis is another method involving a vapor phase reaction to synthesize high-quality ZnO NPs with a narrow size distribution with a particle size range of 10–118 nm [53,54]. Zinc vapor is generated by heating a zinc source, and the vapor is then reacted with an oxygen-containing gas to form ZnO NPs. However, this method requires a high temperature and pressure, making it expensive and time-consuming [53,55].



Advancements in ZnO NMs’ synthesis methods have prioritized enhancing eco-friendliness, cost-effectiveness, and the quality of the resulting NMs [43,56]. Consequently, these developments have explored strategies for synthesizing ZnO NPs at RT [57,58]. The RT synthesis approach offers several advantages: simplicity, scalability, and reduced environmental impact. This method presents a promising avenue for streamlining the synthesis process while minimizing resource requirements and operational costs by leveraging ambient conditions and straightforward reaction setups. Additionally, the RT synthesis approach holds the potential for facilitating the large-scale production of ZnO NPs, thereby addressing scalability challenges often encountered with conventional methods.



Recently, investigations have delved into the critical interplay between the solution pH and the physicochemical properties of the synthesized ZnO NPs [59,60,61]. pH has been found to play a crucial role in determining the properties and behavior of ZnO NPs, such as crystallite sizes [62,63,64], morphology [62,63,65], optical properties [63,64,66], magnetic behavior [66], and chemical stability [67]. Therefore, understanding the influence of pH is essential for optimizing the performance of ZnO NPs in various applications. It has the potential to revolutionize the entire field of nanomaterial synthesis. Researchers can apply these insights to engineer other nanomaterials with tailored properties for diverse applications by revealing the fundamental principles that govern ZnO NP formation based on pH.



The motivation for our study is to investigate the feasibility of an RT synthesis approach for ZnO NP production through the bath sonication of Zn(CH3COO)2 salt for 2 h, aiming to provide a practical and sustainable alternative to conventional methods. Additionally, we explore how variations in pH ranging from a neutral (pH ≈ 7) to high basicity solution (pH ≈ 13) influence the properties of ZnO NPs. Understanding this relationship is crucial for fine-tuning ZnO NPs’ physiochemical properties and performance, enhancing stability, and addressing specific challenges in gas sensing applications. This level of control goes beyond just application optimization: it unlocks the door to interpreting the fundamental mechanisms governing ZnO NPs formation. We also compared ZnO NMs’ properties before and after calcination at 500 °C for 2 h in the air environment. This comparison extends to ZnO NMs synthesized using hydrothermal methods and under the previously mentioned conditions. Finally, we used ZnO NMs synthesized at RT under an optimized pH level to fabricate flexible gas sensors. We investigated their sensing applications to diverse gases under ambient operational conditions (RT and moderate relative humidity (RH)~30–40%) and compared their performance based on ZnO NMs pre and post the calcination step at 500 °C for 2 h. The sensor’s temperature, RH, and mechanical flexibility performance were also investigated.




2. Materials and Methods


2.1. Materials and Methods


Zn(CH3COO)2 salt, zinc nitrite (ZnNO2), hexamethylenetetramine (HMTA, C6H12N4), methanol (MeOH), and sodium hydroxide (NaOH) were sourced from Sigma-Aldrich (St. Louis, MO, USA). We prepared all the solutions with deionized nanopure water (DI) with a resistivity of >18 MΩ cm−1. Graphite (Gt) flake powder (<20 µm flake size), polystyrene (PS, Mw = 154,000 g mol−1), and xylene solvent ACS were obtained from Sigma-Aldrich, St. Louis, MO, USA.




2.2. Hydrothermal Synthesis of ZnO NMs (hyd.C)


ZnO was synthesized via the conventional hydrothermal method described in the literature [68,69]. Briefly, 5 g of ZnNO2 salt and 2 g of HMTA were dissolved in 80 mL of deionized water within an autoclave reactor and then heated at 90 °C for 6 h. Following filtration, the precipitate was washed with deionized water twice and MeOH several times before air-drying overnight. The resultant white colloidal precipitate underwent calcination at 500 °C for 2 h in an air environment to yield the ZnO NMs. The final ZnO was labeled (hyd.C), denoting hydrothermal synthesis and calcination.




2.3. RT Synthesis of ZnO NMs (RT.pH(x) and RT.pH(x).C)


ZnO was synthesized at RT using the procedure outlined in [57,70]. Initially, 4 g of ZnAc salt was dissolved in 100 mL of deionized water, and NaOH was gradually added to adjust the pH. The resulting solutions underwent bath sonication at RT for 2 h, producing colloidal precipitates that were filtered, washed with water and MeOH several times, and air-dried overnight. For comparison purposes, ZnO was synthesized in solutions with varying pH levels, specifically at pH values of approximately 7 (neutral), 9 (moderate basicity), 11, and 13 (high basicity). While a portion of the synthesized powders was set aside for characterization, the remaining portion underwent calcination at 500 °C for 2 h in an air environment.



The RT.ZnO samples were labeled as RT.pH(x) and RT.pH(x).C according to their preparation conditions, with the “x” symbol denoting the initial pH of the aqueous solution (pH≈7, 9, 11, and 13) and the inclusion of “C” to indicate calcination at 500 °C. For instance, RT-ZnO prepared under neutral pH conditions (pH~7) was designated as RT.pH7, and when subjected to calcination, it was labeled as RT.pH7.C.




2.4. Characterization


Surface morphology was observed by scanning electron microscopy (SEM, Hitachi SU-8230, Minato-ku, Tokyo, Japan). Raman spectra, covering the range of 100–1000 cm−1 at RT in the air, were acquired using a Renishaw Raman microscope (inVia) equipped with a 532 nm incident laser. Thermal characteristics were analyzed through thermogravimetric analysis (TGA, TA Instruments, TGA Q500, New Castle, DE, USA) with a heating rate of 10 °C min−1 from 30 °C to 1000 °C in the open air. Dynamic light scattering (DLS) analysis at a wavelength of 633 nm was performed using a particle size analyzer (Malvern, Zetasizer Nano S90, Malvern, Worcestershire, UK) featuring a 4 mW laser and an avalanche photodiode detector (APD). The specific surface area of ZnO NMs was determined via the Brunauer–Emmett–Teller (BET) method utilizing a BET surface area analyzer and porosimetry system (TMAXCN, Xiamen Tmax Battery Equipments Limited, Xiamen, China) with nitrogen porosimetry. Fourier transform infrared spectroscopy (FTIR, Thermo Scientific Nicolet 4700, Madison, WI, USA) was employed to investigate ZnO surface functionalization. Absorbance spectra and the optical bandgap of the NMs were obtained using a UV/VIS/NIR spectrophotometer (PerkinElmer, Lambda 750, Waltham, MA, USA). The bandgap energy (Eg) can be determined from the UV absorption spectrum using the Tauc plot method (Equation (1)) [64].


Ahν = A(hν − E)n



(1)




where A is a constant and “n” is the Tauc exponent, which depends on the nature of the electronic transition (commonly n = 1/2 for direct allowed transitions and n = 2 for indirect allowed transitions). The material’s Eg can be determined by plotting (αhν)2 versus the photon energy (hν) and extrapolating the linear portion of the plot to the x-axis. This method is beneficial for analyzing the optical properties of disordered or amorphous semiconductors.




2.5. Ink Formulation and Preparation of chemiresistive ZnO NMs-Based Sensors


The sensing nanocomposite paste was formulated (Figure 1) from optimized ZnO, Gt, and Ps quantities. The preparation procedure matches our previously developed sensing nanocomposites [71,72,73]. Initially, 110 mg (~65 wt%) of ZnO NMs and 30 mg (~18 wt%) of Gt flake powder were sonicated for five minutes in 10 mL of xylene solvent using a sonic dismembrator (Fisher Scientific, Hampton, NH, USA) Model 500 with a 0.5 in. diameter tip operating at 30 W to create a well-dispersed mixture (Figure 1A). Subsequently, the nanocomposite mixture was centrifuged to separate it at the bottom of the vial (Figure 1B). After decanting the supernatant, 120 µL (~17 wt%) of a 250 mg mL−1 PS solution in xylene was added to form a paste (Figure 1C). The ZnO NMs selected for sensor fabrication at the optimized pH exhibited superior properties as determined through comprehensive characterization. Furthermore, sensors were fabricated using both pre-calcinated and post-calcinated ZnONMs.



The doctor blade method spread the paste evenly onto flexible pre-screen-printed carbon electrodes on a polyethylene terephthalate (PET) substrate, facilitating sensor fabrication (Figure 1D). Carbon ink (LOCTITE EDAG 423SS E&C, Irvine, CA, USA) from Henkel Co. was used to produce carbon electrodes. Subsequently, the sensors were dried for one hour in an oven at a moderate temperature of 60 °C (Figure 1E). The screen-printed carbon electrodes featured a 1 mm space between two adjacent electrodes, measuring 15 mm in length, 20 mm in width, and 5 µm in thickness. The resulting sensing thin films were 10 mm long, 20 mm wide, and 6 µm thick (Figure 1F). Under standard air conditions, the as-fabricated sensors exhibited a resistance range of 100–200 kΩ.




2.6. Evaluation of the Sensing Performance of the ZnO NMs-Based Sensors


The chemiresistive gas sensing performance (sensors’ sensitivity and selectivity) was evaluated using the Nextron microprobe station (Figure S1, Peltier-type sample stage, Seoul, Republic of Korea) [74]. Please refer to the Supporting Information for a comprehensive overview of the station’s specifications and features. The electrical resistance in the sensing thin films, positioned between two precisely adjacent carbon electrodes, was systematically monitored over time in response to diverse gases, including acetone (C3H6O), NH3, triethylamine ((C2H5)3N), acetic acid (C2H4O2), alcohols (methanol (MeOH, CH3OH), ethanol (EtOH, C2H5OH), isopropanol (IPA, C3H7OH)), aldehydes (dimethyl-6-octenal (C10H18O), hexanal (C6H12O), acrolein (C3H4O), butyraldehyde (C4H8O), formaldehyde (CH2O), pentanal (C5H10O), acetaldehyde (CH3CHO)), and aromatics (benzene (C6H6) styrene (C8H8)). We used a lab-made organic solvent gas generator that unfolds between liquid and vapor. Please refer to the Supporting Information for an overview of the gas generator working principle.



A programmed multimeter connected to a PC via an Arduino card collected the sensors’ electrical resistance. Equation (2) defines the sensor response to gas, humidity, and temperature variations. When assessing the sensors’ response to gas, R1 measures their electrical resistance under the initial conditions (RT and RH≈30–40%), and R2 reflects the resistance following exposure to gas at the same environmental parameters (RT and RH≈30–40%). After achieving a steady state with the gas exposure, sensors were left to recover by exposing them to the initial state (i.e., RT and RH≈30–40%) upon opening the chamber’s lid. Response and recovery times correspond to the duration required to reach 90% of the total resistance change after exposure to gas and air.



Additionally, the sensors’ performance temperature and RH variation were investigated. The sensors’ response to temperature was conducted from −20 °C to 170 °C at RH ≈10%, and the sensors’ performance against humidity was investigated across RH levels from 10% to 90% at 20 °C. When evaluating the sensors’ response to temperature changes, R1 captures their resistance in the initial state (20 °C and RH~10%), and R2 denotes the resistance subsequent to adjusting the temperature, without exposure to gas and maintaining the initial RH~10%. Similarly, when analyzing the sensors’ response to RH, R1 represents theirresistance in the initial state (20 °C and RH~10%), while R2 indicates the resistance after adjusting the RH, without gas exposure and maintaining the initial temperature conditions (20 °C).


  R e s p o n s e   %   =       R   2     − R   1       R   1       × 100  



(2)








2.7. Evaluation of the Mechanical Flexibility of the ZnO NMs-Based Sensor


The sensors’ mechanical flexibility was evaluated by assessing their ability to withstand stress and strain through repetitive bending at a predetermined critical angle. The critical angle was determined by subjecting the sensors to gradual bending in 5° increments while monitoring the change in electrical resistance, which was calculated using Equation (2) with R2 corresponding to the bent sensor resistance. Subsequently, repetitive bending cycles were performed at a bending rate of 5° per second (5° s−1) up to their critical angles. We maintained a bias voltage of 6 V throughout these assessments, using a Keithley sourcemeter (Keithley 2601A sourcemeter). The results are presented as changes in electrical resistance, as calculated by Equation (2). These experiments were conducted under ambient conditions.





3. Results and Discussion


The formation of ZnO in a basic aqueous solution at RT using Zn(CH3COO)2 salt and NaOH involves dissociation, complexation, and dehydration reactions [63,75]. Zn(CH3COO)2 salt is the source of zinc ions (Zn2⁺), and NaOH is the base. The mechanism generally proceeds by dissociation of Zn(CH3COO)2 salt when added to water, giving Zn2⁺ and acetate ions (CH3COO−) (Equation (3)) [75]. Next, Zn2⁺ reacts with hydroxide ions (OH−), forming a soluble zinc hydroxide complex ([Zn(OH)4]2−, Equation (4)) [63]. When the concentration of the complex ions becomes sufficiently high, ([Zn(OH)4]2− can start forming cloudy colloidal particles to precipitate at the bottom of the reactor (Zn(OH)2, Equation (4)) [63]. Finally, the Zn(OH)2 formed in the previous step can then be converted to ZnO through heating, such as in a hydrothermal reaction, or by aging the solution at RT (Equation (5)) [63,75]. The specific process can be influenced by temperature, time, and reactant concentration [14].


Zn(CH3COO)2(aq) → Zn2⁺(aq) + 2CH3COO−(aq)



(3)






Zn2⁺(aq) + 2OH−(aq) →[Zn(OH)4]2−(aq) →Zn(OH)2(s)



(4)






Zn(OH)2(s) →ZnO(s) + H2O



(5)







The fate of CH3COO− ions during the ZnO formation can be influenced by factors such as pH, temperature, and the presence of other species [75]. Furthermore, it depends on their solubility and the overall conditions of the reaction. If the conditions favor the solubility of CH3COO− ions, they may persist in the solution throughout the process. Alternatively, if conditions promote the formation of insoluble CH3COO− salts, these salts may precipitate along with or separate from the Zn(OH)2 precipitation.



CH3COO− ions originate from the dissociation of acetic acid (CH3COOH) in water [76]. The pH of the solution influences the equilibrium between CH3COOH and CH3COO− ions. In a basic solution, as the pH increases, the equilibrium shifts towards the deprotonation of CH3COOH, leading to an increased concentration of CH3COO− ions [77]. They are less likely to undergo further reactions or hydrolysis and can persist in the solution without significant changes. Still, CH3COO− ions can participate in complex formation reactions, especially with metal cations. Therefore, the solution basicity can impact the behavior of CH3COO− ions by influencing their ionization, stability, complex formation, and contribution to precipitation reactions [77]. Understanding these effects is essential for controlling the synthesis process and tailoring the properties of the final ZnO product.



Compared with the hydrothermal method, the ZnO formation typically involves the reaction of a zinc source, often Zn(NO3)2, with a hydrolyzing agent, such as C6H12N4 [78]. Briefly, Zn(NO3)2 dissolves readily in water to form a clear aqueous solution. C6H12N4 serves as a hydrolyzing and complexing agent upon addition to the Zn(NO3)2 solution. When the precursor solution is sealed in a high-pressure reactor and heated to a specific temperature, typically 80 °C to 200 °C [79], HMTA reacts with water to release the NH3, CH2O, and OH− groups (Equation (6)) [78]. As the hydrothermal reaction proceeds, the Zn+2 ions from the Zn(NO3)2 react with the OH− groups (Equation (4)) generated from the HMTA hydrolysis. The formed Zn(OH)2 eventually decomposes into ZnO and water (Equation (5)). ZnO NPs or crystallites grow and precipitate in the reaction vessel as the reaction progresses. The hydrothermal method is a versatile approach for the controlled synthesis of ZnO and other NMs [78].


C6H12N4 + 6H2O → 6NH3 + 6CH2O + 6OH−



(6)







The hydrothermal conditions, characterized by a high temperature and pressure, can expedite the conversion of Zn(OH)2 into ZnO more rapidly, potentially yielding smaller and more crystalline ZnO particles [80]. In contrast, the reaction at RT proceeds more slowly and may result in larger and less crystalline particles [81]. Thus, precise control of reaction conditions, including temperature, pressure, and reaction time, is crucial to achieve the desired characteristics of the ZnO NMs. The specific reaction conditions and parameters can be tailored based on the desired outcomes, allowing modifications to control the size, shape, and properties of the ZnO NMs.



This study compares the characteristics of ZnO NMs prepared at RT with those synthesized through the typical hydrothermal process (hyd.C). The hyd.C was prepared at 90 °C for 6 h, followed by calcination at 500 °C for two hours in the air. In contrast, the RT.pH(x) NMs were synthesized at RT using bath sonication for 2 h. Furthermore, the properties of RT.pH(x) NMs were systematically evaluated by varying the initial aqueous solution’s basicity, ranging from neutral pH~7 to a high basicity at pH~13. The influence of the calcination process at 500 °C for 2 h in the air was also examined.



An arsenal of characterization techniques was deployed to understand the synthesized ZnO NMs’ properties comprehensively. FTIR was conducted to assess the chemical composition of the NMs and to explore potential interactions among their components. Figure 2 presents the FTIR spectra for hyd.C, RT.pH(x), and RT.pH(x).C. The FTIR spectrum for hyd.C exhibited a broad peak ranging between 3000 cm−1 and 3700 cm−1 for the O-H and C-H stretching peaks [43,82,83], and well-defined peaks at approximately 1640 cm−1 and 1500 cm−1 which are commonly attributed to the C=O stretching vibrations [69,84], and 1365 cm−1 whichcan be attributed to the symmetrical C-O vibrations bond [43,83]. Peaks that appeared in the spectra between 800 and 500 cm−1 are associated with the Zn-O stretching vibration mode [10,43].



The FTIR analysis of RT.pH(x) (prior to calcination) indicated a minimal alteration in the peaks associated with the O-H/C-H functional groups (3000 cm−1 to 3700 cm−1). In contrast, RT.pH(x) exhibited distinct changes, manifesting stretching peaks at 1550 cm−1 attributed to C=O stretching vibration [69], 1390 cm−1, and 1330 cm−1 linked to the bending vibration of the C-O bond [82,85]. In the FTIR analysis of RT.pH(x).C (post calcination), the peak related to the O-H functional groups noticeably diminished, suggesting a reduction or removal of these groups at high temperatures during the calcination process.



Notably, in the case of RT.pH7.C, the intensity of the O-H functional group peaks was highest, indicating a partial reduction at 500 °C. As the pH increased to 13, these peaks diminished, signifying a reduction in the concentration of O-H functional groups. The observed spectral changes highlight a transformation in the material’s chemical composition due to the elevated temperature treatment, emphasizing the significant impact of solution pH and thermal processes on the formation and concentration of these functional groups in the synthesized material.



The TGA analysis unveiled distinct variations among the ZnO NMs, providing crucial insights into their thermal behavior. Notably, in the case of hyd.C, a consistent absence of decomposition patterns was observed throughout the temperature range of 20 °C to 1000 °C, as shown in Figure 3B. This aligns with the typical thermogram expected for ZnO NPs and signifies the absence of burnable organic materials within the hyd.C sample.



A complex multistep decomposition pattern emerged after investigating RT.pH(x) NMs prepared under low pH conditions (pH≈7 and ≈9), as shown in Figure 3A. Initially, both RT.pH7 and RT.pH9 displayed a weight loss of 7.3wt% and 4.8wt%, respectively, between 30 °C and 100 °C, primarily attributed to evaporating adsorbed water molecules. Subsequently, a second decomposition step occurred at 155 °C and 180 °C, resulting in an additional weight loss of 11.8 wt% and 7.9 wt% for RT.pH7 and RT.pH9, respectively. Further analysis revealed that RT.pH7 demonstrated a two-step decomposition pattern, accounting for a 17.6% and 5% weight loss between 155 and 280 °C and 280 and 400 °C, respectively. In contrast, RT.pH9 exhibited one additional decomposition step of 9.7% between 180 and 400 °C. After these decomposition patterns, the total weight loss for RT.pH7 and RT.pH9 amounted to 41.7% and 22.4%, respectively. This observation suggests the presence of substantial organic impurities persisting with ZnO NMs using low pH conditions (pH~7 and pH~9). Nevertheless, an organic complex involving CH3COO− ions appeared at pH~7, which heightened the presence of organic material. This aligns with the observation of the continued presence of a broad peak attributed to O-H groups in FTIR after calcination.



In contrast, during TGA analysis, ZnO materials prepared at higher pH levels (pH 11 and 13) exhibited only a marginal weight loss of 4.2% (2.3% + 1.9%) up to 365 °C and maintained their thermal behavior for the rest of the experiment [86]. This observation strongly suggests the absence of combustible organic materials within these samples. The phenomenon can be attributed to equilibrium shifts favoring the deprotonation of CH3COOH, resulting in an increased concentration of CH3COO− ions that could be effectively removed during the filtration step. Therefore, lower organic impurities can be found with the synthesized ZnO NMs.



Subsequent to calcination, all RT.pH(x).C samples displayed a minimal weight loss, reaching a maximum of 0.8% between RT and 400 °C [83]. This signifies the successful removal of organic materials through the calcination process. These TGA results offer crucial insights into the presence or absence of organic materials within the ZnO NPs and underscore the impact of diverse preparation conditions and post-treatment processes on the material’s composition and purity.



In a typical XRD diffractogram of ZnO, distinctive peaks are observed at 2θ values of 32, 35, 37, 47, 57, 63, 67, 68, 69, 73, and 77, which can be attributed to specific crystallographic planes of (100), (002), (101), (102), (110), (103), (200), (112), (201), and (101), respectively [57]. The XRD diffractogram of hyd.C closely resembled the typical ZnO diffractogram, as seen in Figure 4A. However, the XRD patterns for the RT.pH(x) series once again indicated a clear dependence on the initial solution’s basicity during the ZnO formation process (Figure 4A). In the case of RT.pH7, a very different diffractogram was observed. This difference can be attributed to the high percentages of remaining organic materials, which constituted up to 41.7% of the ZnO powder, as found by the TGA analysis. Matching each peak to a specific material proved challenging, necessitating further research. At a higher basicity (RT.pH9), the XRD pattern closely matched the typical ZnO NP diffractogram. However, a small number of small peaks still appeared, corresponding to the remaining 22.4 wt% of organic material within the ZnO powder. With even higher basicity solutions (pH≈11 and pH≈13), the XRD patterns produced clear diffractograms that agreed with the typical ZnO NP diffractogram.



Following the calcination process, all samples within the RT.pH(x).C series displayed clear XRD diffractograms (Figure 4A) that matched the typical ZnO NP diffractogram, confirming the removal of organic materials, as observed in the TGA analysis. Notably, the variation in the XRD intensity peaks at 2θ≈32, 35, and 37 for RT.pH(x).C compared to the ones before calcination (i.e.,RT.pH(x)) can be attributed to possible structural transformation, particularly for the ZnO NMs prepared at pH 11 and 13 (Figure 4B). These XRD findings provide insights into the crystalline structure of ZnO NPs and how they are affected by preparation conditions and post-treatment processes.



The morphology of the ZnO NMs was searched through SEM, as seen in Figure 5. The SEM images of (hyd.C) depicted NPs forming between 75 nm and 200 nm (Figure 5A). In contrast, the particle shape and size of RT.pH(x) exposed a distinctive pattern and were found to be intricately linked to the solution’s basicity levels. At pH 7 (RT.pH7), the particles exhibited a compact sheet-like structure (Figure 5B). Moving to pH 9 (RT.pH9), the ZnO NMs transformed into a mixture of large semi-hollow tubes exceeding 200 nm alongside flakes and NPs (Figure 5D). It appears that the large flakes formed at pH~7 were influenced by the solution’s basicity (pH~9), leading to their wrapping and the formation of semi-hollow tubes. At pH 11 (RT.pH11), the ZnO material comprised exfoliated nanosheets with dimensions falling within 500 nm to 900 nm, maintaining a thickness ranging between 2 nm and 6 nm (Figure 5F). Nevertheless, large and small particles with diameters of approximately 350 nm were formed. At the highest basicity level of pH 13 (RT.pH13), the ZnO NMs adopted a more traditional spherical shape, ranging in size from 20 nm to 40 nm (Figure 5H). These NPs aggregated into larger structures, reaching sizes between 100 nm and 200 nm.



A notable morphological transformation occurred following calcination. The initial RT.pH7.C compact, sheet-like structure transitioned into NPs with sizes ranging between 35 nm and 180 nm (Figure 5C). Similarly, RT.pH9.C exhibited the formation of NPs while retaining the presence of large tubes (Figure 5E). RT.pH11.C showcased a structural shift from exfoliated nanosheets to NPs, gathering in substantial clusters with sizes ranging from 140 nm to 380 nm (Figure 5G). At the highest basicity level (RT.pH13.C), the NPs that initially formed at RT underwent nucleation, aggregating into clusters with sizes between 190 nm and 280 nm (Figure 5I).



This structural transformation coincided with a decrease in the concentration of O-H functional groups and the elimination of remaining organic materials through calcination, as observed in the FTIR and TGA analyses. These findings underscore the significant impact of pH levels and the calcination process on the morphology and size of ZnO NPs, providing insights into their responsiveness to varying chemical conditions.



DLS served as a comprehensive tool for assessing the mean NP size distribution of the prepared materials, considering both solution basicity and the calcination process. As illustrated in Figure 6A, hyd.C exhibited a broad NP distribution spanning from 500 nm to ~1.5 µm. In contrast, RT.pH(x) materials also displayed a wide NP distribution in lower size ranges. At alow solution basicity (pH~7 and pH~9), NP distribution for RT.pH7 and RT.pH9 fell within 170–850 nm and 250 nm–1.1 µm, respectively. Higher basicity solutions resulted in narrower NP size distributions following the basicity increase. RT.pH11 displayed a distribution over the 120 nm–1 µm range, while RT.pH13 exhibited a narrower distribution ranging from 360 to 750 nm.



Following calcination, RT.pH(x).C demonstrated notable NP distribution changes, aligning with SEM observations. RT.pH7.C showcased a reduction in NP distribution to 315–850 nm. RT.pH9.C exhibited two NP distributions: the first spanning from 160 to 440 nm and the second covering a broader range of 440 nm–2 µm. This aligned with the SEM observation of the formation of the NPs and nanotubes mixture. Regarding high basicity, RT.pH11.C separated into two narrow NP distributions within the pre-calcination range, spanning 215–375 nm and 375–735 nm. Similarly, RT.pH13.C displayed two ranges, with the majority of NPs sized between 100 nm and 360 nm, while a smaller percentage maintained sizes within the pre-calcination range of 360 nm to 750 nm. The SEM and DLS analysis demonstrate the formation of NPs using a high-basicity solution at RT, indicating the potential to bypass the costly and time-consuming calcination process typically associated with hydrothermal synthesis. It eliminates the need for complex tools, lengthy synthesis steps, and harsh conditions such as high synthesis and calcination temperatures.



As measured by the BET technique, ZnO NPs’ specific surface area fell in the 4–126 m2 g−1 range [87,88,89]. Figure 6B summarizes the specific surface area values for hyd.C, RT.pH(x), and RT.pH(x).C. Whereas Hyd.C produced NPs with a specific 50 m2 g−1 surface area, the RT.pH(x) series exhibited notable differences in the specific surface areas before and after calcination at 500 °C for 2 h. Among the RT.pH(x) samples, RT.pH7 displayed the highest specific surface area, measuring approximately ~52 m2 g−1. This increase can be attributed to a relatively high concentration of organic material (45 wt%) within the ZnO NPs. As the solution’s basicity levels increased through the ZnO NPs synthesis, the specific surface area decreased, measuring approximately 30 m2 g−1 for RT.pH9, followed by a gradual increase to 33.1 m2 g−1 for RT.pH11 and 39 m2 g−1 for RT.pH13. A substantial reduction in the specific surface area was observed after the calcination process. Specifically, RT.pH7.C underwent a reduction to 27.8 m2 g−1, equivalent to a 46.5% decrease. This reduction can be attributed to the removal of organic materials during the calcination process and the structural transformation, as noticed by SEM analysis. The remaining samples within the RT.pH(x).C series showed a closely matched specific surface area, falling within the 12 to 14 m2 g−1 range, indicating a reduction in the specific area between 60% and 64%. The close match between the specific surface areas can be attributed to the close match in structural transformation after calcination, mainly caused by the formation of NPs.



The characteristic UV–Vis absorbance peak of ZnO NPs highlighted discernible differences within the 340 nm to 380 nm range, contingent upon their respective preparation conditions, as seen in Figure 7A. In contrast, hyd.C induced an absorbance peak at 375 nm, attributed to the transition occurring within the oxygen functional groups [90], and indicating NP formation [91,92]. Notably, the UV–Vis absorption spectra of RT.pH(x) and RT.pH(x).C exhibited a close resemblance, irrespective of the calcination process, and showcased an absorbance profile similar to hyd-C.



However, both RT.pH(x) and RT.pH(x).C revealed a slight blue shift in the absorbance peak towards lower wavelengths, from 375 nm to 360 nm. This shift, accompanied by an elevation in basicity during the initial preparation conditions, suggests alterations in the electronic structure or environment of the material. This implies that the material absorbs light at shorter wavelengths, corresponding to higher energy. Despite this, bandgap measurements for hyd.C, RT.pH(x), and RT.pH(x).C (Figure 7B) exhibited a consistent 3.0 eV bandgap, aligning with the existing literature [93].



Therefore, the blue shift in the absorbance peak may not solely be attributed to changes in bandgap but may also signify the formation of smaller-sized NPs compared to those found in hyd.C, as supported by SEM and DLS analysis. Other contributing factors to this blue shift include particle size reduction, quantum confinement, surface states, structure defects, and potential doping [92]. Another plausible explanation for the blue shift in the absorbance band is linked to the reduction of oxygen functional groups and elimination ofimpurities, including organic materials, due to the calcination process, as observed through FTIR and TGA analyses.



Raman spectra, spanning from 100 cm−1 to 1000 cm−1, were acquired using a Raman microscope (Renishaw, in Via Reflex., Wotton-under-Edge, Gloucestershire, UK) at ambient conditions, employing a 532 nm excitation laser to assess the quality of ZnO NMs, as seen in Figure 8. Commonly observed in the Raman spectra of ZnO NPs are characteristic peaks at 437 cm−1, 381 cm−1, 332 cm−1, and 583 cm−1, corresponding to the vibrational motion within the crystal lattice (E2(high), A1(TO), 2E2(M), and E(LO), respectively) [83].



In the Raman analysis of hyd.C, a close match to the typical ZnO NP Raman spectrum was observed, indicating the formation of NPs as observed by SEM analysis. In contrast, the RT.pH(x) displayed a typical Raman spectrum. However, distinctive Raman peaks emerged at 155 cm−1, 275 cm−1, and 925 cm−1, attributed to residual CH3COO− impurities within the formed ZnO NPs. Notably, the intensity of these peaks diminished with an increase in solution basicity, reaching its lowest point at pH~13. This reduction is attributed to an equilibrium shift toward the deprotonation of CH3COOH at a high basicity, favoring the formation of CH3COO− ions. These ions can be effectively eliminated through filtration, enhancing the ZnO NPs’ purity. The RT.pH(x).C samples revealed the elimination of peaks associated with organic impurities through calcination. This resulted in the production of the typical ZnO Raman spectra, indicating successful purification of the ZnO NPs.



The initial characterization underscored the efficiency of forming ZnO NPs at RT, particularly at pH~13, revealing minimal carbon impurities and the production of well-crystallized, small-sized NPs. This streamlined process eliminates the necessity for expensive and time-consuming calcination procedures. The encouraging outcome propels us to delve into applying these formed NPs in developing flexible gas sensors. Our subsequent steps involve a comprehensive investigation into the efficiency and effectiveness of these materials for gas sensing applications.



Two chemiresistive flexible gas sensors were fabricated, containing pre- and post-calcinated ZnO NPs prepared with a pH level of pH~13 (i.e., RT.pH13 and RT.pH13.C). The fabrication process involved the deposition of ZnO-based nanocomposite pastes onto a pre-printed carbon electrode over a PET substrate using the doctor blade technique. These nanocomposite pastes, formulated in xylene solvent, were composed of a blend wherein RT.pH13 and RT.pH13.C ZnO NPs served as the core sensing material. Gt flakes were incorporated as the conductive material to enhance thin film conductivity while adding PS to ensure the thin film’s structural integrity and mechanical flexibility. Following the deposition process, the sensors underwent an air-drying period for 1 h at 60 °C, facilitating the evaporation of the xylene solvent.



The sensitivity of the sensors was systematically evaluated by exposing them to various gases with different polarities as indicated by dipole moments (D) at a concentration of 200 ppm, revealing distinct sensitivity profiles based on calcination. The (RT.pH13)-based sensor exhibited superior sensitivity towards C8H8 (styrene, 0.1 D) and C2H4O2 (acetic acid, 1.74 D) with responses of 590 and 140, respectively, as depicted in Figure 9A,B. In addition, the (RT.pH13)-based sensor exhibited lower sensitivity to C10H18O (dimethyl-6-octenal, 2.5–3.5 D) with a response of 29. In contrast, the (RT.pH13.C)-based sensor maintained its sensitivity to C8H8 and C2H4O2, but lower responses of 450 and 75, respectively, were observed. Additionally, the (RT.pH13.C)-based sensor showed a lower response to C10H18O of 12, but heightened sensitivity toC6H6 (benzene, 0 D), C3H6O (acetone, 0.355 D) and C2H5OH (EtOH, 1.66 D) gases with responses of 49, 19, and 26, respectively, surpassing the responses of 2, 4, and 11 recorded by the (RT.pH13)-based sensor. While a definitive correlation between the sensors’ sensitivity and their response to gases’ dipole moments remains elusive, it is noteworthy that the sensing performance exhibited variations corresponding to the structural transformations of the NMs following the calcination process. Noteworthily, ZnO NP-based sensors in the literature have exhibited notable affinity towards gases such as H2S and NO2 [19,94,95], which were not available during the sensors’ initial sensing performance investigation. Consequently, further testing with a broader array of gases is imperative to ensure a comprehensive evaluation and validation of the sensors’ capabilities.



The gas sensing mechanism involves interactions between gas molecules and active sites on the ZnO surface. Knowing that the RT.pH13 and RT.pH13.C closely matched in crystallinity, physical structure, and bandgap, the observed differences in surface area, particle size, and the presence of impurities between RT.pH13 and RT.pH13.C NPs are significant factors influencing gas sensing properties. RT.pH13 NPs exhibited a larger particle size range (310–750 nm), higher surface area (38.96 m2g−1), and relatively higher organic residual impurities. In contrast, RT.pH13.C NPs had a reduced particle size, falling within ranges of 100–360 nm and 100–750 nm, a reduced surface area (14.08 m2g−1), and fewer organic residual impurities, suggesting a cleaner surface. These alterations in surface properties may lead to changes in the sensor’s affinity for specific gas molecules. Nevertheless, further research is necessary to gain a deeper understanding of the impact of calcination on the sensor’s interaction with various gas molecules.



Figure 9C illustrates the sensor responses to a gradual increase in C8H8 gas concentrations from 10 ppm to 100 ppm. Notably, the (RT.pH13)-based sensor exhibited a progressive response escalation with the styrene gas concentration, rising from 6.7% at 10 ppm to 142% at a 100 ppm C8H8 concentration, as depicted in Figure 9C (inset). In contrast, the (RT.pH13.C)-based sensor demonstrated a lower response of 2.6% at 10 ppm, a slight increase to 6.7% at 80 ppm C8H8 gas concentration, spiking to 31% at 100 ppm C8H8 concentrations. The (RT.pH13)-based sensor displayed partial recovery after evacuating the gas chamber, while the (RT.pH13.C)-based sensor fully recovered the initial response signal at low C8H8 concentrations. While (RT.pH13)- and (RT.pH13.C)-based sensors were evaluated at RT, the latest styrene sensors that can be potentially used for lung disease diagnosis required elevated temperatures within the range of 120–260 °C [96,97,98]. These high temperatures pose challenges for certain industrial applications and impede the development of flexible sensors on low-cost substrates. On the contrary, the recently developed RT operating styrene sensors exhibited inferior response, recording a response below 100, when exposed to 100 ppm C8H8 gas concentration as observed in the cases of Ni-MoS2-based sensors [99].



The partial recovery of the (RT.pH13)-based sensor suggests a chemical reaction between styrene molecules and the sensing thin film, leading to a chemical alteration that hinders full response signal recovery. In contrast, the (RT.pH13.C)-based sensor preferred physical sorption of C8H8 molecules on the sensor’s thin film surface with negligible chemical changes. However, the (RT.pH13.C)-based sensor showed a partial recovery of the response signal at exposure to high C8H8 concentrations of 100 ppm, indicating the occurrence of a chemical reaction on the sensor’s thin film surface. The likely chemical reaction involves the suspension polymerization of C8H8 molecules at low temperatures, such as 60–90 °C and pH 10, where ZnO serves as a suspension agent in producing PS [100]. This formation of non-conductive PS in the sensing thin film could hinder charge transfer, increasing the sensor’s electrical resistance (increasing in response).



Figure 9D displays the response and recovery times of the (RT.pH13)-based sensor at a 10 ppm C8H8 concentration. The (RT.pH13)-based sensor exhibited a rapid response of 28 s but prolonged recovery of 111 s (1.85 min), indicating a good performance in C8H8 detection. Evaluating recovery time at higher styrene exposures (i.e., >10 ppm) posed a considerable challenge due to the sensor’s observed partial recovery response, as depicted in Figure S2. This partial recovery phenomenon introduced complexities in accurately determining the recovery time, thus necessitating careful consideration and interpretation of the data. Ongoing research aims to improve the sensor’s performance further and enhance the understanding of its capabilities for real-life applications.



The sensor responses to humidity and temperature were investigated using the Nextron probe station. As that part of the PS material can be lost during the process, initially, the sensors underwent calcination at 180 °C for 10 min to eliminate the low molecular weight of the PS material from the sensor thin film (Figure S3). Subsequently, the sensor responses were assessed to reflect the characteristics of the ZnO/Gt/PS nanocomposite thin film.



In Figure 10A, the (RT.pH13)-based sensor exhibited a distinct behavior. Its electrical resistance increased as the temperature decreased from 20 °C to −20 °C. It then promptly recovered its initial electrical resistance as the temperature returned to 20 °C. Next, only minor changes in electrical resistance between 20 °C and 110 °C were displayed. However, as the temperature increased from 110 °C to 180 °C, the resistance increased, and it consistently recovered its initial resistance as the temperature decreased to 110 °C again. The (RT.pH13)-based sensor showed a similar response behavior to temperature as the temperature decreased from 110 °C to −20 °C.



In contrast, the (RT.pH13.C)-based sensor demonstrated a more consistent behavior, characterized by lower electrical resistance changes over the same temperature range (Figure 10A). The dynamic response test further confirmed its superiority compared to the (RT.pH13)-based sensor, showcasing its thermal stability, as illustrated in Figure 10B. Throughout these tests, a constant RH level of 10% was maintained. While the sensors exhibited responsivity to both decreasing and increasing temperatures within the specified range (i.e., 20 °C to −20 °C and 110 °C to 180 °C), the observed behavior could be attributed to the interplay of various factors, including the material properties of ZnO/Gt/PS. The calcination process likely enhanced the sensor’s stability and reduced its response to temperature changes, resulting in a more consistent behavior.



During the evaluation with changing RH, as depicted in Figure 10C, the (RT.pH13)-based sensor manifested an increase in electrical resistance between 60% and 90% RH levels. This increase was then reversible upon dehumidification from 90% to 60%. In comparison, the (RT.pH13.C)-based sensor demonstrated a notably lower increase in electrical resistance at the same RH ranges and enhanced stability with humidity fluctuations.



The behavior of the (RT.pH13)-based sensor implies that chemisorption processes, particularly chemical bonding between water molecules and the sensor’s thin film, contribute to the observed rise in electrical resistance. The partial recovery of the initial resistance suggests that these chemisorption processes are not entirely reversible. On the contrary, the (RT.pH13.C)-based sensor exhibited a more stable and reversible response to humidity changes, indicating the dominance of physisorption processes where weaker forces, such as van der Waals interactions, hold water molecules. Overall, the calcination process is a crucial factor in improving the stability and reliability of sensors against both temperature and humidity by effectively eliminating residual organic impurities from the fabricated ZnO NPs. This improvement makes them more suitable for practical applications where consistent and reversible responses are paramount.



Exploring the sensors’ mechanical properties is significant, particularly for applications intended for flexible sensors. These sensors must exhibit key characteristics, including flexibility and mechanical stability. The (RT. pH13)-based sensor’s mechanical flexibility evaluation was started by determining the critical angle under ambient conditions (RT and RH≈30–40%) at which the sensor would encounter electrical failure. As depicted in Figure 11A, the sensor’s electrical resistance gradually increased to 45% at a bending angle of 90°.



In previous work, we verified the exceptional mechanical flexibility of bare carbon electrodes, demonstrating minimal resistance changes under similar conditions [71,72,73]. This finding underscores that the observed alteration in electrical resistance primarily originated from the distortion and twisting of the sensing layer rather than the carbon electrode itself. Subsequently, the sensor’s flexibility underwent further evaluation through repeated bending cycles at a chosen angle of 30° (bending radius ~ 1 cm). The sensor displayed robustness and stability, with no significant change in resistance (5%) even after undergoing hundreds of bending cycles at a bending angle of 30°, as illustrated in Figure 11B.




4. Conclusions


This study delves into the synthesis of ZnO NPs and their application in developing flexible gas sensors, providing a holistic exploration from NM synthesis to sensor performance. RT synthesis of ZnO NPs, particularly at a high basicity solution (pH ≈ 13), emerges as an efficient alternative to the hydrothermal method (hyd.C), obviating the need for intensive, costly, and time-consuming calcination. Eliminating the calcination step streamlines the overall synthesis procedure and contributes to a more sustainable and economical nanomaterial synthesis process, offering practical advantages for research and industrial applications.



The synthesized ZnO NPs (RT.pH13) exhibit commendable characteristics, including well-crystalline NPs with high thermal stability, as evidenced by minimal weight loss (4.2 wt%) due to the effective removal of organic residues. These NPs exhibit a narrow particle size distribution (100–360 nm), bandgap of 3.0 eV consistent with that in the literature, and specific surface area of 14 m2 g−1, collectively positioning them as promising candidates for gas sensing applications. The elimination of the calcination step enhances the practicality and cost-effectiveness of the synthesis process, emphasizing the potential impact of these ZnO NPs in advancing flexible gas sensor technology.



Incorporating pre- and post-calcinated RT.pH13 NPs into flexible sensors showcases their versatility for gas detection at ambient conditions without the constraints of high operating temperatures, addressing challenges associated with traditional ZnO-based gas sensors. The investigation into gas sensing mechanisms underscores the influence of surface properties on sensor specificity and response to diverse gases, emphasizing the impact of calcination. In contrast, the (RT.pH13)-based sensor successfully detected C2H4O2, C8H8, and C10H18O gases. The (RT.pH13.C)-based sensor demonstrated lower responses in detecting the earlier-mentioned gases, but heightened sensitivity to C6H6, C3H6O, and C2H5OH gases. The study further explores the sensors’ responses to temperature and humidity variations, revealing enhanced stability for the (RT.pH13.C)-based sensor attributed to removing the organic residues. These sensors’ exceptional mechanical flexibility positions them as promising candidates for flexible and IoT applications. This research contributes to bridging the gap between ZnO NPs synthesis and application and paves the way for flexible gas sensor technology advancements.
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Figure 1. Schematic illustration of the preparation procedure for the ZnO-based gas sensor. (A) Sonication of ZnO NMs and Gt flake powder for five minutes in 10 mL of xylene solvent. (B) Centrifuge the dispersion to separate the mixture at the bottom of the vial. (C) Add PS solution to the mixture to form a paste. (D) Spread the paste evenly onto flexible pre-screen-printed carbon electrodes on a PET substrate using the doctor blade method. (E) Dry the as-fabricated sensor in an oven at a moderate temperature of 60 °C for 1 h. (F) An image of the as-fabricated sensor. 
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Figure 2. FTIR spectra analysis of hyd.C, RT.pH(x), and RT.pH(x).C. 
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Figure 3. TGA thermogram analysis for (A) RT.pH(x), and (B) hyd.C and RT.pH(x).C. 
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Figure 4. XRD diffractogram analysis of (A) hyd.C, RT.pH(x), and RT.pH(x).C, and (B) magnification for 2θ between 30° and 40°. 
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Figure 5. SEM analysis of (A) hyd.C, (B) RT.pH7, (C) RT.pH7.C, (D) RT.pH9, (E) RT.pH9.C, (F) RT.pH11, (G) RT.pH11.C, (H) RT.pH13, and (I) RT.pH13.C. 






Figure 5. SEM analysis of (A) hyd.C, (B) RT.pH7, (C) RT.pH7.C, (D) RT.pH9, (E) RT.pH9.C, (F) RT.pH11, (G) RT.pH11.C, (H) RT.pH13, and (I) RT.pH13.C.



[image: Chemosensors 12 00083 g005]







[image: Chemosensors 12 00083 g006] 





Figure 6. (A) DLS Analysis of NP size distribution of hyd.C, RT.pH(x), and RT.pH(x).C. (B) BET analysis for hyd.C, RT.pH(x), and RT.pH(x).C. 
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Figure 7. (A) UV–Vis absorbance spectra and (B) bandgap measurements for hyd.C, RT.pH(x), and RT.pH(x).C. 
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Figure 8. Raman analysis of NP size distribution of hyd.C, RT.pH(x), and RT.pH(x).C. 
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Figure 9. The response (electrical resistance change %) of (RT.pH13)-based sensor and (RT.pH13.C)-based sensor at RT and RH of 30–40% is depicted in (A) a series of gases at concentrations of 200 ppm. The magnified view in (B) illustrates the sensors’ response to the gases. (C) The sensors’ response to wise C8H8 gas concentration increases between 10 ppm and 100 ppm, while (D) highlights the response to a 10 ppm C8H8 gas concentration, providing insights into the response and recovery times. 
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Figure 10. The response (electrical resistance change %) of (RT. pH13) and (RT. pH13.C)-based sensors to (A) step-wise temperature changes between −20 °C and 170 °C, (B) dynamic response test between −20 °C and 170 °C, and (C) varying humidity levels between RH≈10% and 90%. 






Figure 10. The response (electrical resistance change %) of (RT. pH13) and (RT. pH13.C)-based sensors to (A) step-wise temperature changes between −20 °C and 170 °C, (B) dynamic response test between −20 °C and 170 °C, and (C) varying humidity levels between RH≈10% and 90%.



[image: Chemosensors 12 00083 g010]







[image: Chemosensors 12 00083 g011] 





Figure 11. (A) Evaluation of critical bending angle for (RT. pH13)-based sensor’s mechanical flexibility. (B) The sensor’s mechanical flexibility assessed through repetitive bending at a bending angle 30°. 






Figure 11. (A) Evaluation of critical bending angle for (RT. pH13)-based sensor’s mechanical flexibility. (B) The sensor’s mechanical flexibility assessed through repetitive bending at a bending angle 30°.



[image: Chemosensors 12 00083 g011]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file8.jpg





media/file13.png
N\ 360

.
...........

Intensity (a.u.)

A
—RT.pH13
..-RTpHI3.C

- RT.pH11
».RT.pH11.C

Wavelength (nm)

(chv)?

-———T—TT T T T T T T
250 300 350 400 450 500 550 600 650 700 750 800 1.0

== RT.pH13
««.RT.pH13.C

- RT.pH9
..+ RT.pHO.C

1.5 2.0

2.5
hv (eV)






media/file12.jpg
Intensity (a.u.)
(ahvy’

TRTaHTC

—hyac

250300 350 400 450 500 550 600 650700 750 800 1.0
'Wavelength (nm)

15

20 25 30 35
hv(eV)





media/file18.jpg
ot Tom.

setoect g

e cae 0y
24 S
0

H

Response (1)
Ret Temparatures (<)
X

Ret Temperature ('C).
]

Ssuestedts

&

o 1% 75 100 135 150
b “ime (i)

‘Respansa (1)

(%)
REERRYERRE:





media/file9.png
I

TINH 4
;// //.//// {
L ) “,' //
e/, r / ‘ /

SoEg
NP
,_‘r'\ <y ;\J}i
= U P

Dt
*4’1
e e

~

] P

y K
J

3
L -

A - - L
SU8230 5.0kV 4.9mm x25.0k SE(UL)






media/file14.jpg
—RT.pH13
....RT.pH13.C

—RT.pH11
...RT.pH11.C

Intensity (a.u.)

100 200 300 400 500 600 700 800 900 1000
Raman Shift (cm™)





media/file20.jpg
500

g8
°8
i
T
Ak :
8 8§ 8 & & ° g
(%) oBueyo soueisises
o
23
tH
s
3






media/file5.png
98 . —hyd.C
- —RT.pH7.C
= —RT.pH9.C
e | 96 = —RT.pH11.C
—RT.pH7 2 —RT.pH13.C
—RT.pH9 94 -
—RT.pH11 2 .
—RT.pH13 g5
50 L 1 L I v 1 - I L 90 B r 1 ) I ¥ I L I L
0 200 400 600 800 1000 0 200 400 600 800 1000

Temperature (°C) Temperature (°C)





media/file15.png
~—RT.pH13
....RT.pH13.C

—RT.pH11
.v.-RT.pH11.C

S
L]

= RT.pHI
% +++«RT.pH9.C
=
()
g .
