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Abstract

:

This study synthesized pristine and aluminum (Al)-doped zinc oxide (Al:ZnO) nanostructures through a simplistic low-temperature ultrasonicated solution immersion method. Al:ZnO nanostructures were synthesized as a sensing material using different immersion times varying from two to five hours. The Al:ZnO nanostructured-based flexible humidity sensor was fabricated by employing cellulose filter paper as a substrate and transparent paper glue as a binder through a simplistic brush printing technique. XRD, FESEM, HRTEM, EDS, XPS, a two-probe I–V measurement system, and a humidity measurement system were employed to investigate the structural, morphological, chemical, electrical, and humidity-sensing properties of the pristine ZnO and Al:ZnO nanostructures. The structural and morphological analysis confirmed that Al cations successfully occupied the Zn lattice or integrated into interstitial sites of the ZnO lattice matrix. Humidity-sensing performance analysis indicated that the resistance of the Al:ZnO nanostructure samples decreased almost linearly as the humidity level increased, leading to better sensitivity and sensing response. The Al:ZnO-4 h nanostructured-based flexible humidity sensor had a maximum sensing response and demonstrated the highest sensitivity towards humidity changes, which was noticeably superior to the other tested samples. Finally, this study explained the Al:ZnO nanostructures-based flexible humidity sensor sensing mechanism in terms of chemical adsorption, physical adsorption, and capillary condensation mechanisms.
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1. Introduction


Throughout the past decade, there has been an ever-increasing necessity for efficient environmental humidity surveillance in numerous scientific and industrial sectors including those associated with weather forecasting, medical and semiconductor instruments, agriculture and horticultural cultivation, the aeronautical field, and various commercial manufacturing operations, which has substantially accelerated the pursuit for high-performance and reliable humidity-sensing material [1,2]. Consequently, there has been an upsurge in interest for a humidity sensor with higher responsiveness, swift adsorption/desorption rate of changes, and improved selectivity. Furthermore, the humidity sensor must possess resilience in extreme climatic conditions and more enhanced stability and reproducibility for long-term application than presently offered by the commercial sensors [3]. Resistive-type humidity sensors are frequently manufactured and utilized to fulfill these objectives due to their optimal linearity, high responsiveness, acceptable operational stability and reproducibility over time, relatively uncomplicated architecture, and affordability in terms of manufacturing pricing [4]. A resistive-type humidity sensor is constructed by coating a substrate with a humidity-sensitive sensing material. The effectiveness and performance of a humidity sensor are entirely reliant on the humidity-sensitive sensing material. Therefore, humidity-sensitive sensing materials for resistive-type humidity sensors based on relative humidity (RH) detection are widely used and can be categorized as ceramic, metal oxide semiconductor, and polymer sensing materials [5]. It is worth revealing that compared to ceramic and polymer-type sensing materials, the metal oxide (MO) humidity sensor provides exceptional structural attributes (i.e., large specific surface area and roughness), excellent humidity-sensing performance (i.e., excellent sensitivity, linear responsiveness, swift response and recovery latency, and/or excellent reproducibility), facile fabrication procedure, and offers chemical and physical strength [6,7]. Therefore, MO humidity sensors are recognized as the most reliable for detecting a broad range of humidity levels.



According to the literature, the MOs that are often employed as humidity sensors include zinc oxide (ZnO), copper oxide (CuO and Cu2O), tin oxide (SnO and SnO2), iron oxide (Fe2O3), nickel oxide (NiO), and titanium oxide (TiO2) [8,9,10,11,12]. Given its exceptional chemical, electrical, and physical functionality, ZnO is regarded as one of the acceptable candidates for humidity detection and monitoring instruments compared to the abovementioned Mos. ZnO is established as a multifunctional and beneficial MO semiconductor with a large exciton binding energy (approximately 60 meV) and exhibits a direct energy band gap (3.37 eV at 300 K). Furthermore, due to its morphological heterogeneity, remarkable crystallinity, non-toxic presence, abundant raw material, and exceptional surface porosity, ZnO is an exceedingly effective material for humidity detection and monitoring instruments. There are various techniques for synthesizing ZnO nanostructure materials, including homogeneous precipitation and co-precipitation, solvothermal and hydrothermal, sol–gel processing, and electrochemical methods [13,14,15,16,17]. Recently, it was reported that ZnO was doped with a variety of elements such as lithium (Li) [18], nickel (Ni) [19], iron (Fe) [20], gold (Au) [21], and silver (Ag) [22] for various applications such as an ultraviolet photodetector, photocatalysis, gas sensor, and piezoelectric nanogenerator.



Classical humidity sensors are often constructed on rigid and inflexible substrates [23,24,25], which have some drawbacks including easy electrode cracking, sensitive layer deformation, reduction in stability, and a lack of structural properties, limiting their application comprehensiveness. However, there is a wide range of flexible substrate materials, such as polyethylene terephthalate (PET) [26], polyimide (PI) [27], and cellulose/paper [28]. These materials have attracted attention due to their competitive prices, mechanical flexibility, and biocompatibility. Among the abovementioned flexible substrate materials, paper components have sparked an upsurge in both academic and commercial curiosity in flexible electronics, owing to structural features, desirable mechanical and chemical flexibility, cost-effectiveness, widespread availability, seasoned manufacturing techniques, biocompatibility, recyclability, and chemical inertness [29,30]. For instance, a paper-based humidity-sensing device was fabricated by Niarchos et al. [28]. Their study discovered that plain paper with a porous and rough surface had better sensitivity and a rapid response time, demonstrating the possibility of improving humidity-sensing capability without using auxiliary sensing materials. In another work, Alrammouz et al. constructed a flexible humidity sensor utilizing a simple self-assembly process that embedded a graphene oxide sensing membrane in a porous paper substrate which was reported to increase the sensibility of paper by three times [31].



Humidity sensors manufactured from ZnO nanostructures provide a substantial specific surface area, numerous adsorption active sites, higher electron transport due to an abundance of free carriers, and high porosity. These features improve surface interactions between water molecules and the semiconductor material [32]. For instance, Tsai and Wang reported in the range of 12–96 %RH, and the efficiency of employing laterally oriented ZnO nanosheets as humidity sensors is enhanced with good sensing linearity and improved sensing response [33]. Park et al. utilized electrochemical deposition by chronoamperometry to produce a humidity sensor based on a ZnO nanowire with a sensitivity of 0.89 at a 7.76% humidity level [34]. In addition, Yu et al. demonstrated that a ZnO humidity sensor synthesized in an alkaline environment exhibited acceptable linearity and rapid response/recovery time when tested under diverse humidity conditions [35]. However, a humidity sensor based on pristine ZnO suffers from a multitude of drawbacks, notably low free carriers and a high resistivity of the material, which cause lagging in resistance changes at high relative humidity levels [36]. Apart from that, humidity sensors fabricated from pristine ZnO have some limitations, such as low linearity, a lengthy recovery period, and observably suffering from significant large adsorption and desorption hysteresis [37]. Therefore, to enhance the humidity-sensing performance of pristine ZnO-based humidity sensors, dopant impurities are incorporated into pristine ZnO material. The inclusion of dopant impurities alters fundamental properties, which modifies structural attributes such as lattice parameter and crystallite size, mechanical attributes such as lattice strain and stress, electrical and optical parameters, particularly humidity-sensing performance, and invokes new functionalities. Reports regarding dopant introduction into pristine ZnO nanostructures in premise to improve humidity-sensing-related attributes have been recorded in previous studies. For instance, a relative humidity sensor using tapered plastic optical fiber (POF) coated with seeded Al-doped ZnO nanostructures was suggested and demonstrated by Harith et al. [38]. Employing mechanical etching, the POF was tapered before being coated with seeded Al-doped ZnO nanostructures using a sol–gel immersion route. In the range of 50–75 %RH, the POF with seeded Al-doped ZnO demonstrated a sensitivity of 0.0386 mV/% and slope linearity of 97.84% compared to other samples, with the recorded performance being far superior to those recorded by undoped and unseeded POF sensors. In another study, Ismail et al. analyzed the characteristics of the hierarchical tin-doped ZnO nanorod array (SZO) based on resistive-type humidity sensor applications using the sonicate sol–gel immersion method [39]. The presence of more voids between the nanorods facilitated the capillary condensation at a higher humidity level; thus, the SZO-based humidity sensor’s sensitivity was better compared to the undoped sample. At 40–70 %RH and 70–90 %RH, the sensitivities were 3.41 and 1.41, respectively. Additionally, the response and recovery periods of the SZO-based humidity sensor were also enhanced compared to undoped ZnO due to the easier transmission of charge carriers across the surface. Apart from that, the outcome additionally revealed that the doped device’s humidity-sensing activity was reversible, with rapid response, excellent repeatability, and higher stability. Recently, pure ZnO and Au nanoparticle-modified (ANM) ZnO nanorods-based humidity sensors were fabricated using glass via a two-step procedure that involved sputtering deposition of the ZnO seed layer followed by the hydrothermal method by Young and his colleagues [40]. The photo-to-dark current contrast ratios, response time, and recovery time were 9.82 s, 192.44 s, and 122.42 s, respectively, under 80 %RH. Its performance was better than pure ZnO-based humidity sensors. Moreover, the study suggested that the Au nanoparticles adsorption could have been the cause of the ANM ZnO nanorods-based humidity sensor outperforming the pure ZnO nanorods humidity sensor in terms of humidity-sensing performance. In the most recent work conducted by Li et al., utilizing a hydrothermal synthesis route, the humidity sensors were made from sensitive sensing material silver (Ag) and modified zinc oxide (ZnO) [41]. The result showed that the sensors possessed high sensitivity, improved linearity, less adsorption/desorption hysteresis, minimal lag error, and rapid response/recovery time. This improvement could be attributed to the uniformly dispersed Ag particles on ZnO that induced immense active sites on the surface and more oxygen vacancies, allowing more water molecules to be captured and the decomposition, hence improving humidity sensor performance. In addition, Dubey et al. reported that the humidity sensor based on the aluminum (Al)-doped ZnO thin film sensing membrane prepared via the chemical sol–gel spin-coating method exhibited reduced hysteresis degradation, minimal aging impact, better reproducibility, and excellent sensitivity [42]. The study discovered that the Al-doped ZnO thin film’s sensing membranes were a highly developed nanomaterial for humidity sensing compared to undoped ZnO; hence, by optimizing the Al dopant concentration, the sensor performance can be noticeably improved.



Although several investigations on the morphological and structural characteristics of Al-doped ZnO structures have been conducted, comprehensive studies on the humidity-sensing capabilities of these nanostructures are limited. Moreover, it is critical to optimize the process parameters of synthesizing Al-doped ZnO nanostructures, such as growth time, Al dopant concentration, growth temperature, and annealing temperature. Several studies on the synthesis of Al-doped ZnO have previously been executed. Nevertheless, to the best of authors’ knowledge, the process of synthesizing Al-doped ZnO nanostructured powder using a Schott bottle employing the low-temperature ultrasonicated solution immersion procedure and being utilized notably for flexible humidity-sensor applications has not yet been reported. Moreover, a thorough investigation needs to be performed regarding the effects of synthesis growth time on the crystalline properties (i.e., strain formation), surface morphological characteristics and topology, elemental composition and electronic/chemical state of elements, electrical properties (i.e., conduction mechanism), and humidity-sensing performance of an Al-doped ZnO (Al:ZnO)-based flexible humidity sensor. Herein, in this study, we explored the influence of optimizing the immersion time for Al dopant assimilation on the structural, elemental analysis, electrical, and humidity-sensing performance of an Al-doped ZnO nanostructures (Al:ZnO) flexible resistive-type humidity sensor. The humidity-sensitive sensing material was produced by a simplistic low-temperature ultrasonicated solution immersion method. Utilizing cellulose filter paper as the substrate, a resistive-type humidity sensor based on Al:ZnO nanostructures (Al:ZnO) and humidity-sensitive sensing material with varied immersion time was fabricated using a straightforward, inexpensive, and time-saving brush printing approach. The cellulose filter paper was used as the flexible substrate. The amalgamation Al:ZnO structural properties (i.e., morphology, atomic structure, and crystalline properties), surface chemical (i.e., elemental composition analysis and chemical/electronic state), electrical (i.e., current-voltage measurement and conduction mechanism), and humidity-sensing response were comprehensively explored. In comparison to pristine ZnO nanostructures, the humidity-sensing properties of Al-doped ZnO nanostructure sensors delivered excellent sensitivity, repeatability, and satisfactory long-term stability. The sensor performance can be drastically enhanced by optimizing the Al-doping immersion time in ZnO nanostructures for actual humidity-sensing device applications.




2. Materials and Methods


2.1. The Amalgamation of Humidity-Sensitive Nanostructured Powders


Each of the reagents employed to synthesize the Al-doped ZnO nanostructured powders was of analytical quality and directly employed without additional purification. These consisted of zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 98.5%, Friendemann Schmidt Chemicals, Germany) as starting precursor material, hexamethylenetetramine (HMT) (C6H12N4, 99% purity, Sigma-Aldrich, Germany), and aluminum nitrate nonahydrate (Al(NO3)3·9H2O, 98% purity, Sigma-Aldrich, Germany), which were treated as the stabilizer agent and doping element source, respectively. Implementing the simplistic ultrasonicated solution immersion procedure, the Al-doped ZnO nanostructured powders were synthesized. For the synthesized Al-doped ZnO nanostructured powder, a beaker containing solvent (deionized (DI) water) was used as a dispersion medium for an aqueous solution comprising 0.1 M zinc nitrate hexahydrate, 0.1 M hexamethylenetetramine (HMT), and 1 at.% aluminum nitrate nonahydrate. To promote chemical dispersibility and homogenization, the sonication procedure was utilized via an ultrasonic bath (Hwashin Technology Powersonic 405, South Korea, 40 kHz, 50 °C, 30 min) for the mixture comprising the precursor, stabilizers, dopant, and solvent; further, the mixture was agitated on a magnetized stirrer for 15 min at 200 rpm in ambient condition, culminating a homogeneous mixture. Sequentially, the homogeneity mixture was poured into a Schott bottle (DURAN, Germany, 100 mL). Using widely accessible polytetrafluoroethylene (PTFE) sealing film, the bottle threads were then sealed to guarantee that the pressure within the bottle was maintained consistently during the immersion stage. Before the immersion procedure, the bottle cap was tightly closed followed by submersion in a water bath (Memmert, Germany, WNB 14, 95 °C, 4 h). These abovementioned procedures were repeated for different immersion times of 2 h, 3 h, and 5 h, respectively. Following the immersion procedure, the temperature of the water bath was supervised to assure that the process’s temperature was maintained uniformly at 95 °C. The precipitates were recovered after the immersion was completed using a pipette and deposited on a crystallization plate. To eliminate excessive water molecules, the nanoparticles were dried in the air at 40 °C for 24 h. The dehydrated nanoparticle powders acquired from the preceding procedure were then annealed utilizing a benchtop chamber furnace (Protherm, Turkey, PLF Series, 500 °C, 1 h, ambient environment) to improve crystallinity. The sample was renamed as Al:ZnO-4 h nanostructured powder. The processes for preparing the undoped ZnO nanostructured powders (referred to as pristine ZnO) were identical to the Al:ZnO-4 h nanostructured powder procedures, except that the solution was prepared in the absence of the aluminum nitrate nonahydrate element.




2.2. Fabrication of the Flexible Humidity Sensor


The flexible humidity sensor was fabricated by employing a straightforward and time-saving approach [43]. A 10 mm × 10 mm Whatman Qualitative Grade 1 (thickness: 180 μm, weight: 87 g/m2) cellulose filter paper was utilized as a flexible substrate. A commercial printer was applied to print a 3 mm × 3 mm square pattern which served as a contact, with the distance between the contacts set at 4 mm. The Al:ZnO-4 h nanostructured powder (1 g) was disseminated in 5 mL of transparent paper glue (UMOE, Malaysia) to produce a humidity-sensitive sensing material solution. In this manner, the transparent glue functioned as a binder. The mixture was stirred for 30 min at 300 rpm to achieve a homogenous paste. Consecutively, utilizing the brush printing approach, a layer of the sensing membrane was formed. A paste-like nanocomposite slurry of humidity-sensitive sensing material (Al:ZnO-4 h) was brushed on a cellulose substrate. Before the functional electrode was deposited on the humidity-sensitive sensing film, the freshly smeared humidity-sensitive sensing membrane was cured for 15 min at room temperature. In order to produce the functional electrode, rGO powder (Suzhou Hengqiu Co., Ltd., China, 0.5 g) was incorporated with transparent paper glue (15 mL), and the combination was vigorously whisked until a homogenous paste was created. The resultant paste was uniformly painted on cellulose substrate containing humidity-sensitive sensing material and utilizing the brush printing approach, and then it was air cured for 30 min. Figure 1 depicts the schematic diagram of the preparation procedure of Al:ZnO-based humidity sensor. An identical process was performed to manufacture the remaining humidity sensors, which were labelled as “pristine ZnO”, “Al:ZnO-2 h”, “Al:ZnO-3 h”, and “Al:ZnO:5 h”.




2.3. Characterization


The microstructure morphology studies and elemental composition analysis for the pristine ZnO and Al:ZnO nanostructures were conducted by employing field emission scanning electron microscopy (FESEM; Hitachi SU-8030, Japan; accelerating voltage: 5 kV) and high-resolution transmission electron microscopy (HRTEM, Tecnai G2 TF20; accelerating voltage: 200 kV). X-ray diffraction (XRD; PANalytical X’Pert PRO, Netherlands; Cu-Kα1: 1.5406 Å, beam voltage/current: 45-kV/40-mA) was employed to explore the crystallography configuration and phase generation of the nanostructures with the 2θ ranging from 20° to 70° (step size of 0.017°). The elemental composition and mapping of the humidity-sensitive sensing materials were evaluated utilizing high-resolution transmission electron microscopy (HRTEM, Tecnai G2 20 S-TWIN, Netherlands: accelerating voltage: 200 kV). The chemical composition and element state of the humidity-sensitive sensing materials were investigated through an X-ray photoelectron spectrometer (XPS; PHI Quantera II, Japan; voltage source: 15 kV, beam power/size: 50 W/200 μM). The spectrometer had an excitation source originating from monochromatic radiation of Al-Kα (1486.6 eV). The electricity attributes were evaluated at an ambient temperature through the voltage sweep from −10 V to +10 V, adopting a two-probe, current-voltage measurement tool (I–V; Advantest R6243, Japan). To assess the humidity-sensing capability and functionality of pristine ZnO and Al:ZnO nanostructured-based flexible humidity sensor, the quantification was conducted utilizing a temperature and humidity-controlled benchtop chamber (ESPEC-SH261, Japan) integrated with a measurement device (Keithley 2400, USA), where the chamber temperature was regulated at 25 °C. The changes in electrical current of the humidity sensor were continuously tracked by a Keithley 2400 Source Meter Unit (SMU), which has high-resolution current measuring capacities utilizing a constant voltage source. The humidity-sensing measurement system is depicted in Figure 2.





3. Results and Discussion


3.1. Structural and Morphological Characterization—XRD, FESEM, and TEM


The crystal structure and various attributes related to the structure were determined using the XRD patterns of pristine ZnO and Al:ZnO nanostructured powders. Figure 3 depicts the XRD patterns of pristine ZnO and Al:ZnO nanostructured powders with different immersion times and produced using a low-temperature ultrasonicated solution immersion procedure. The XRD spectrum of pristine ZnO nanostructures exhibited diffraction angles for three primary peaks at 31.77°, 34.42°, and 36.25°, consistent with the lattice planes of (100), (002), and (101), respectively. Additionally, five weak peaks were identified at 47.51°, 56.57°, 62.87°, 67.95°, and 69.08°, implying the presence of the planes (102), (110), (103), (112), and (201) [44]. According to the JCPDS database: no. 36-1451, the wurtzite hexagonal structure of ZnO (space group P63mc), was associated with these diffraction peaks [45]. The existence of numerous distinctive peaks with strong intensities indicated that the polycrystalline structure of as-synthesized pure ZnO was preserved and existed in substantially high crystalline structures. The peak intensity diminished slightly with Al doping, indicating that the crystallinity of Al:ZnO nanostructured powder had been degraded, attributable to the inclusion of defects in the lattice site. Within the XRD examining conditions, no other secondary crystalline phases linked to Al, aluminum oxide (Al2O3), or other impurities were identified in any of the Al:ZnO samples, inferring that Al3+ successfully occupied Zn2+ sites or assimilated into interstitial sites in the ZnO lattice. Moreover, the absence of the secondary zinc aluminum oxide (ZnAl2O4) phase indicated that the Al solubility limit was not excessive [46].



From the Debye–Scherrer equation, the average crystallite size (D) was assessed as shown in Equation (1) [47]:


   D =     K λ     β  hkl    cos θ     



(1)




where K is the dimensionless shape factor for the crystal (0.94), λ is the X-ray wavelength of CuKα radiation (equal to 1.5406 Å), θ is the assessed Bragg angle of the diffraction peak in degrees, and βDS is the full width at half maximum in radians that was obtained by Lorentz fitting. The calculated average crystallite size through the Debye–Scherrer expression is tabulated in Table 1.



The results demonstrated that doping Al into pristine ZnO decreased the crystalline size of the nanoparticles due to the substitution of Al for the Zn element. Noticeably, the full width at half maximum (FWHM) of all peaks for all Al:ZnO samples is greater than pristine ZnO. This observation indicated that Al:ZnO nanoparticles were smaller than observed in pristine ZnO. Furthermore, grain size variations can be associated with the FWHM; a smaller FWHM signified a larger grain size and better crystalline quality. The reduced crystallite size of the Al:ZnO samples indicated that the dopant ions restrained the growth of the host lattice. The crystallite size decreased monotonically with the presence of the Al element and hence further decrease with extending immersion time. The integration of Al reduced the amount of Zn in the nanostructures, lowering the diffusivity of ZnO and preventing the nucleation and grain growth in the nanostructures. Furthermore, the Al3+ ion served as an impeding factor at the grain boundary, impeding ZnO growth and decreasing crystallite size. These observations have also been reported in other literature [48,49]. The reduction in crystallite size culminates in an increase in surface area, which can significantly enhance the water molecules’ absorption activity [7]. According to Figure 3b, the XRD peaks shift towards a higher angle with the incorporation of the Al doping element. The diffracting angle of the (101) peak shifted slightly upwards with the increased immersion time, confirming the replacement of Al atoms into the Zn framework and reduction of the lattice parameter of Al:ZnO nanostructures. With reference to pristine ZnO, the displacement in peak positions, Δ(2θ) was determined to be approximately 0.013°, 0.027°, 0.031°, and 0.037° for Al:ZnO-2 h, Al:ZnO-3 h, Al:ZnO-4 h, and Al:ZnO-5 h, respectively. These angle shifts demonstrated that interactions occurred between the dopant and Zn in the lattice due to electronegativity differences (Zn: 1.65 Pauling, Al: 1.61 Pauling), which validated the dopant integration into the ZnO lattice framework. This positive shift in diffraction peaks for Al:ZnO samples also indicated a decrease in lattice parameters, indicating significant integration of dopant ions into the ZnO lattice framework. Similarly, this shifting was also highlighted by Kolhe et al. when a hydrogen sulphide gas sensor was constructed utilizing Al-doped ZnO as a sensing membrane through a simple chemical spray pyrolysis technique [50]. Similar findings were also reported by Yoo et al. as they synthesized Al-doped ZnO as a sensing material for an acetone-sensing chemo-resistive gas sensor using the flame spray pyrolysis method [51]. Consequently, the introduction of Al ions into the ZnO lattice may have induced crystal lattice distortion. The lattice parameters (a and c) of hexagonally structured ZnO nanostructures were calculated using Equations (2) and (3):


   1   d  hkl     2     =   4 3         h 2     + hk + k   2     a 2       +     l 2     c 2     



(2)




where dhkl is the interplanar spacing between the neighboring lattice planes for indices (hkl), and a and c are the lattice parameters whose values were calculated using Equation (3):


   a =   λ     3 sin θ       ,   c =   λ   sin θ     



(3)




where λ is the X-ray wavelength, and θ is the diffracting angle correlated with the (100) and (002) plane orientations, respectively. The analytical approach mentioned above was employed to compute the lattice parameters a and c for pristine ZnO and Al:ZnO nanostructures. All Al:ZnO nanostructure samples had smaller lattice parameters than pristine ZnO nanostructures. Their values reduced as the immersion time increased from 2 h to 5 h.



However, the lesser lattice distortion observed for Al:ZnO-2 h implied that less Al was incorporated into the ZnO lattice. The plausible explanation for this phenomenon was the solid solubility of Al atoms in ZnO increased as the synthesis immersion time increased, and more Al3+ ions dissolved into the ZnO matrix, resulting in decreased lattice parameters [52]. Observably, as the immersion time increased, the lattice parameters a and c of the Al:ZnO nanostructures contracted. This result can be attributed to the differences in the crystallographic characteristics of the nanostructures. The difference in the ionic radii of the Al3+ and Zn2+ ions induced these alterations. The ionic radius of Al3+ was smaller than that of Zn2+ (rAl3+ = 0.53 Å, rZn2+ = 0.74 Å) in the tetrahedral coordination, indicating that Al doping did not alter the wurtzite structure of ZnO. As a result, the Al3+ occupied the Zn2+ lattice site in the crystal lattice [53,54]. The hexagonal wurtzite crystal structure of the samples, which were devoid of secondary phases, was corroborated by the XRD patterns. Khuili et al. asserted that the diffraction peaks of ZnO shift toward higher diffraction angles when ZnO was doped with atoms whose ionic radius is lesser than that of Zn2+ [55]. This finding was consistent with the findings of the current study as well as those reported by other researchers [56]. Moreover, the unit cell volumes for the Al-doped samples shrunk noticeably, indicating a more successful substitution of Zn2+ of the lattice framework by a smaller ionic radius of Al3+ as the immersion duration rose. Similar observations were reported by Das et al. as they attempted to integrate the group III element, Al, as a representative n-type dopant in ZnO rods prepared by sonochemical synthesis for dye-sensitized solar cell application [57]. Table 1 summarizes the retrieved and computed values of average crystallite size, lattice parameters, and cell volume for the pristine ZnO and Al:ZnO nanostructures employing XRD information and the preceding equations for hexagonal wurtzite structures.



The Williamson–Hall approach is an adjusted integral breadth strategy that differentiates between crystallite size- and strain-induced modification by considering peak width expansion [58]; hence, the size of the crystallites and the micro-strain generated within nanocrystals can be quantitatively analyzed. Assuming that the contributions of the crystallite size and micro-strain to the line broadening are distinctive, Williamson–Hall can be expressed as [59]:


   β  hkl    cos θ =     K λ   D   + 4 ε   sin   θ   



(4)




where βhkl is the instrument adjusted to the full-width half-maximum of the XRD peak, λ is the X-ray wavelength, D corresponds to the crystalline size, θ is the Bragg’s angle, and ε is the lattice micro-strain. Broadening of the peak width indicated that modification of the crystallite size was related to strain induced by crystal deficiencies and displacements. The preceding equation was applied to the uniform deformation model (UDM), where the micro-strain in all crystallography orientations was considered unchanged and the crystal retains an isotropic property [58]. Figure 4 depicts the correlation between the lattice parameter and the micro-strain of the nanostructured powders. The incorporation of the Al element in the ZnO nanostructures matrix increases the value of lattice micro-strain due to induced lattice deficiency (rAl3+ < rZn2+), hence further validating the inclusion of Al doping in the ZnO lattice framework. Tensile strain yielded a positive value, whereas compressive strain yields a negative value. According to the Williamson–Hall analysis, all Al:ZnO nanostructured powders had a positive lattice micro-strain, as illustrated in Figure 5.



The average crystallite size and micro-strain were evaluated according to the plot, and the results are disclosed in Table 1. This positive result of lattice strain for all Al:ZnO samples indicated the presence of tensile strain in the nanostructures when the nanoparticles were stretched, and it was discovered that the tensile strain depended on the grain boundary density [60]. As the Al doping immersion time increased, the number of grain boundaries per unit volume increased (due to the reduction of grain size), leading to an increase in tensile strain [16]. Meanwhile, the average crystallite size of the pristine ZnO and Al:ZnO nanostructures determined by the WHUDM analysis contrasts with that estimated by the Debye–Scherrer equation. This is due to the peak width broadening owing to the micro-strain being recognized in the WHUDM approach. As a result, increased crystallite size measurements were observed.



It is worth mentioning that via the Debye–Scherrer method the calculated average crystallite size for the pristine ZnO and Al:ZnO nanostructures neglected the strain-induced broadening effect. Based on the results, it is obvious that Al-doping has an influence on the structural characteristics of pristine ZnO, particularly crystallite size, lattice parameters, unit cell volume, and micro-strain, implying the incorporation of Al3+ ions into the ZnO host lattice matrix.



Figure 6 illustrates the deposited microstructures of pristine ZnO and Al:ZnO-4 h on cellulose substrate at ×10,000 magnification (5 kV applied voltage). It appears that pristine ZnO comprised irregular particle shapes dispersed in various sizes, as shown in Figure 6a. Comparably, the Al:ZnO-4 h sample as depicted in Figure 6b has smaller particles with nearly similar shapes and morphology to pristine ZnO. The particle was attached to cellulose fibers to construct a well-linked network structure with decent adhesiveness between the substrate and the deposited sensing material. Furthermore, the polycrystalline Al:ZnO-4 h sample appears porous, and with the incorporation of the Al doping element, the porosity of the surface increased due to the reduction in particle size. The nanoporous surface structure morphology played a substantial role in the accumulation and adhesion of water molecules on the sensing surface of a material which accelerated the rate of reaction between water molecules and the sensor surface, resulting in increased sensor sensitivity [61]. Therefore, the fabrication of a flexible humidity sensor utilizing the synthesized Al:ZnO-4 h nanostructures is appropriate for humidity-sensing applications.



Figure 7a–e display high-magnification FESEM micrographs of pristine ZnO, Al:ZnO-2 h, Al:ZnO-3 h, Al:ZnO-4 h, and Al:ZnO-5 h nanostructured powder at a magnification of ×100,000 (5 kV applied voltage). These micrograph images show that the specific agglomerated granules were discovered to be made up of interlinked nanoparticles with asymmetrical quasi-spherical morphologies. According to the XRD analysis, all Al:ZnO nanoparticles had facets, edges, and vertices suggesting a polycrystalline hexagonal structure. The inset images in Figure 7a–e illustrate the higher magnification micrograph (×150,000) with a similar accelerating voltage. The majority of nanoparticles were engaged with one another, which causes them to resemble clusters with obvious voids. This cluster formation was caused by attraction forces that occur between the nanoparticles as a result of an upsurge in surface-area-to-volume ratio and high surface energy [62]. By estimating the individual nanoparticles having an asymmetrical quasi-spherical or oval shape, the average grain diameter histograms were generated for each sample by choosing a sample section of 200 nanoparticles. Figure 7f–j illustrated the histograms of the grain diameter distribution for pristine ZnO, Al:ZnO-2 h, Al:ZnO-3 h, Al:ZnO-4 h, and Al:ZnO-5 h with the average diameter of the nanoparticles being 49 nm, 45 nm, 42 nm, 36 nm, and 39 nm, respectively, estimated through ImageJ software. The average diameter of the nanoparticles decreased noticeably as the immersion time increased from 2 h to 4 h, and the diameter was observed to increase at higher immersion time. The observed change in nanoparticle size with Al doping was mediated by either compression or expansion of the lattice framework [16]. The particle diameter decreased (in range between 25 and 55 nm), and the size distribution became more homogeneous after the Al element was incorporated, compared to the nanoparticle diameter of the pristine ZnO nanostructured powder, which ranged between 30 and 80 nm. The Al:ZnO nanostructured powders were aggregated by nanoparticles of uniform size. This structure unquestionably enhanced surface roughness and specific surface area [63]. These findings demonstrated that Al3+ doping induced significant alterations in the ZnO nanostructure. Thus, through the Al doping strategy, a large roughness surface area, the homogeneous size distribution of nanoparticles, and a significant abundance of water molecule adsorption sites were obtained.



The morphological features of pristine ZnO and Al:ZnO-4 h nanostructured powders were characterized by HRTEM, as exhibited in Figure 8. According to the low-magnification HRTEM micrograph (Figure 8a), the pristine ZnO comprised a multi-layer aggregated structure with prominent boundaries and irregularly shaped quasi-spherical nanoparticles. The nanoparticles had an average diameter of 50 nm, which was congruent with the findings of the Williamson–Hall analysis and the Scherrer equation. A high-magnification micrograph of more fringe lines revealed a decent crystallographic characteristic, as well as the nanoparticles, which were relatively homogeneous in morphology, arrangement, and size. In the high-magnification HRTEM micrograph of pristine ZnO, the lattice fringes of 0.2815 nm were ascribed with interplanar spacing that coincided with the (100) plane, as exhibited in Figure 8b. Therefore, it was confirmed that the pristine ZnO nanostructures possessed a crystalline hexagonal wurtzite structure without a dislocation defect [64]. The d-spacing values in the (100) plane were also congruent with JCPDS no. 36-1451, confirming crystal formation in that orientation. As demonstrated in Figure 8c, the low-magnification HRTEM micrograph of Al:ZnO-4 h possessed a similar irregularly shaped quasi-spherical nanoparticles structure as pristine ZnO, with the hierarchical multi-layer aggregated structure having been preserved. Al:ZnO-4 h nanoparticles had smaller diameters than pristine ZnO nanoparticles. The Al:ZnO-4 h nanoparticles appeared particulate, with a homogenous size distribution with an average diameter of approximately 35 nm. This was justified by Al atoms infiltrating the Zn lattice framework and restricting the evolution of Zn grains, resulting in decreased sizes of the Al:ZnO nanoparticles. The interplanar distance is reduced to 0.2801 nm, which is compatible with the ZnO crystal plane (100) presented in the high-magnification HRTEM micrograph as depicted in Figure 8d. These alterations arose due to lattice shrinkage as Al cations substituted the Zn cation sites. The fast Fourier transformation (FFT) on an HRTEM micrograph provides information on the lattice fringes and could be employed to index the observed spots. The distinct lattice fringes that can be seen in Figure 8b,d suggested that the pristine ZnO and Al:ZnO-4 h nanoparticles had a single crystal structure. Furthermore, the FFT pattern (inset of Figure 8b,d) further validated that the observed region of the nanoparticles was close to the single crystallinity of quantum-sized nanoparticles. Moreover, a micrograph of a selected area electron diffraction (SAED) configuration was utilized to evaluate the crystallographic attributes of the samples. The SAED traces of the pristine ZnO and Al:ZnO-4 h nanoparticles, as demonstrated in Figure 8e,f in agreement with crystallographic orientations with the symmetrical alignment, revealed that both samples had a hexagonal wurtzite structure. Similar to the XRD assessment, the presence of substantial spots distributed in six concentric rings illustrated the polycrystalline nature of pristine ZnO and Al:ZnO-4 h nanoparticles. It confirmed the high level of crystallinity and phase purity. The absence of diffraction spots or lattice fringes pertaining to Al and its oxides could be ascribed to the minimal content and high dispersion of Al species. This absence was consistent with XRD and EDS mapping analyses. Moreover, the rough surface of the Al:ZnO-4 h nanoparticles, as depicted in Figure 8d, might be beneficial as water molecule adsorption sites for humidity-sensing applications.




3.2. Surface Chemistry, Elemental Characterization, and Composition Analysis—EDS and XPS


The elemental composition of pristine ZnO and Al:ZnO-4 h was assessed by EDS (Figure 9). Initial observation suggested that the sensing membrane was formed from the desired elements. The EDS spectra as in Figure 9a confirmed the occurrence and indicated that pristine ZnO was composed of two elements: zinc (Zn) and oxygen (O). Moreover, the EDS spectra validated the occurrence of three major components of zinc (Zn), oxygen (O), and aluminum (Al) for Al:ZnO-4 h at 1 at.% Al doping, as depicted in Figure 9e.



The copper grid was responsible for the Cu, while the C peaks were attributed to the adhesive carbon tape. Additionally, there was an absence of foreign elemental peaks in the spectra of pristine ZnO and Al:ZnO-4 h, validating the purity of the synthesized nanostructured material. For pristine ZnO, the peaks of O (Kα) and Zn (Lα) elements were observed at energies 0.53 keV and 1.01 keV, respectively. For Al:ZnO-4 h, the Zn element is recognized by the Lα, Kα1, and Kβ peaks, which were positioned at energies of 1.02 keV, 8.58 keV, and 9.52 keV, respectively. The Kα peak of O and Al were detected at energies of 0.52 keV and 1.49 keV, respectively. The atomic ratios of all elements are displayed in the enclosure table of Figure 8a–e, and the findings validated the predicted Al/Zn percentage of ~1%. According to the evidence gathered, EDS confirmed the presence of Al, verifying the integration of Al into the ZnO lattice framework. The EDS micrograph images of Zn and O elemental mapping in pristine ZnO were investigated using HRTEM (EDS) analysis as portrayed in Figure 8b–d. Corresponding to the EDS elemental study, the Zn element was uniformly distributed across the pristine ZnO TEM morphology. The elemental distributions of the Al dopant, Zn, and O elements together with the TEM morphology of the Al:ZnO nanostructured sensing membrane are shown in Figure 9f–i. The elemental mapping images of Al:ZnO-4 h showed homogenous distributions of Zn (blue), O (green), and Al (yellow) elements over the TEM nanostructures’ morphology, indicating the presence of Al and Zn elements in the doped sample. The dispersion of Zn, O, and Al atoms across the ZnO matrix verified that Al3+ ions substituted Zn2+ ions in the ZnO lattice framework. Due to doping being uncontrollable, the arrangement of Al ions and their placement of the Zn site in the host matrix might be randomized. Although EDS analysis confirmed the presence of Al, characterizing the Al oxidation state necessitated extensive XPS characterization.



The chemical states of the compositional elements contained in pristine ZnO and Al:ZnO-4 h nanostructured powder were analyzed using XPS, as illustrated in the survey scan spectrum in Figure 10a. All elements’ core- and valence-level peaks, as well as peaks of Auger transition, were detected. The charges-corrected procedure was applied to all XPS spectra by modifying the adventitious carbon element, C 1s binding peak energy situated at 284.6 eV. The occurrence of binding energies of zinc (Zn), aluminum (Al), and oxygen (O) elements was discovered during an XPS survey scan of Al:ZnO-4 h nanostructured powder. The detected peaks of the Zn component in Al:ZnO-4 h nanostructured powder were comparable with that observed in pristine ZnO nanostructured powder, whereas the peaks of the Al element indicated that Al elements had been incorporated into ZnO nanostructured powder. The XPS spectra of pristine ZnO and Al:ZnO-4 h nanostructured powder indicated the common peaks of Zn 2p1/2, Zn 2p3/2, O 1s, C 1s, Zn 3s, Zn 3p, and Zn 3d. No auxiliary peak was found, reflecting the high purity of the pristine and Al-doped ZnO nanostructured powder produced. Figure 10b displays a high-resolution XPS spectrum of Zn 2p core energy level spectra for pristine ZnO and Al:ZnO-4 h nanostructured powder. The doublet binding energy peaks at 1020.56 eV and 1043.58 eV were associated with Zn 2p3/2 and Zn 2p1/2, respectively, with the spin-orbit splitting of 23.02 eV and well-matched with the standard ZnO values [65]. In Al:ZnO-4 h nanostructured powder, the Zn 2p3/2 and Zn 2p1/2 peaks were relocated to higher binding energies of 1021.28 eV and 1044.28 eV, respectively, with the splitting of the Zn 2p doublet at approximately 23 eV. The analysis verified that the Zn in Al-doped ZnO was Zn2+ [66]. The blue-shifted peak positions in the Al:ZnO nanostructured powder could be ascribed to the synergetic electronic engagement involving the ZnO and Al dopant, which implies that Al3+ cations had infiltrated the ZnO lattice (either in Zn2+ sites or interstitial sites) and replaced the Zn2+ cations. Furthermore, the insertion of the Al element reduced the intensity of the Zn 2p core energy level spectra peak. This observation also implied that Zn2+ sites were replaced with Al3+ in Al:ZnO nanostructured powder [67].



The high-resolution O 1s core energy-level spectrum for pristine ZnO and Al:ZnO-4 h nanostructured powder primarily arises at binding energies of 530.12 eV and 530.49 eV, respectively, as presented in Figure 10c,d. The peak was deconvolved into three Gaussian peaks utilizing peak deconvolution processing tools (PHI MultiPak). These peaks were categorized as lattice oxygen (OL), oxygen vacancy (OV), and chemisorbed oxygen (OC) species. As portrayed in Figure 10d, the OL, OV, and OC peaks that were attributed to the O2− anions bonded to the Zn2+ cations (surrounded by the substitution of Al elements) in the wurtzite structure of the hexagon array of the ZnO, oxygen vacancy in the oxygen-deficient regions within the ZnO matrix, and weakly bound chemisorbed oxygen (O2− or O−) peaks, existing at approximately 530.51 eV, 531.71 eV, and 532.39 eV, respectively [66,68]. As previously stated, the OV peak was related to oxygen vacancy, in which the area of the OV peak was proportional to the oxygen vacancy concentration [69]. The area of OV rose slightly after Al doping, and the amount of OV improved from 18.2% to 21.1% of pristine ZnO contrasted to Al:ZnO-4 h nanostructured powder. This was due to the replacement of Zn2+ cations in the zinc oxide lattice by Al3+ cations [70]. The composition of each O 1s species sub-peak in detail for each sample is provided in Table 2. The OV/OL ratio was applied to assess the existence of oxygen vacancy and oxygen lattice in materials [69]. As confirmed in Table 2, the OV/OL ratio was particularly high in Al:ZnO-4 h nanostructured powder, which indicated that oxygen vacancy was more intensively formed in Al:ZnO-4 h than in pristine ZnO nanostructured powder. The prominent peak in the high-resolution XPS spectrum of Al 2p core energy level at the binding energy of 74.37 eV, as exhibited in Figure 10e, confirmed the integration of Al elements in Zn2+ locations of the ZnO crystal framework. The XPS spectrum of the Al 2p core energy level was segmented into two components, which were ascribed to the Al–O bonds (centered at 72.9 eV) and Al-OH bonds (centered at 74.37 eV) formed in the crystal structure of ZnO [71]. The deconvoluted peak of the Al 2p core energy level was higher than the metallic energy level and lower than the stoichiometric Al2O3 peak. This observation corresponded to Al ions existing with the oxidation state of +3 and proved that Al3+ cations are substituted for Zn2+ cations in the ZnO lattice [66,72]. In comparison, due to the low aluminum concentration in the materials, the intensity of the Al 2p peak was less intense than that of the Zn 2p peak.




3.3. Electrical Properties—I–V Measurement


The I–V measurement characteristic profile at room temperature for the pristine ZnO to Al:ZnO-5 h nanostructured-based flexible humidity sensor is depicted in Figure 11a. The samples were examined with two-probe measuring equipment under room illumination. According to the acquired I–V characteristic results, the functional rGO contact displayed ohmic behavior with pristine ZnO to Al:ZnO-5 h samples and satisfied Ohm’s law, which asserts that the flow of the current flowing through elements from one site to another is perfectly proportional to the voltage between the two sites. The I–V plots (Figure 11a) show that the current increased for all samples with 1 at. % Al doping concentration in the voltage range of −10 V to +10 V. Therefore, the effects of Al-doping immersion time on the resistance of the sensing materials were examined further. The findings demonstrated that the current value for the doped samples increased in the following sequence with respect to the applied voltage: Al:ZnO-4 h > Al:ZnO-5 h > Al:ZnO-3 h > Al:ZnO-2 h > ZnO. The current intensity of the ZnO nanostructured sample doped at 1 at. % Al and immersed for 4 h (Al:ZnO-4 h) was the highest, denoting the ideal electrical properties of the sensing membrane. On the other hand, the current intensity of pristine ZnO sensing film was the lowest, inferring poor electrical conductance behavior compared to the doped nanostructures sample. For all samples, the reciprocated value of the slope was exploited to assess the sensing material resistance. The resistances of the sensing material as the function of Al doping immersion time are illustrated in Figure 11b. The sensing material resistances with 2 h, 3 h, 4 h, and 5 h Al doping immersion times were 2.37 MΩ, 2.22 MΩ, 1.91 MΩ, and 2.11 MΩ, respectively. The maximum film resistance of 2.62 MΩ was attained by the pristine ZnO nanostructures.



Compared to the pristine ZnO sensing material, the resistance was observed to be diminished in all samples with Al dopant. Therefore, suggesting the inclusion of the Al element with pristine ZnO caused the resistivity of the sensing material to decrease substantially, thereby successively increasing the conductivity of the sensing material. Nevertheless, as the immersion time was beyond 4 h, the resistance increased, signifying that at an Al doping concentration of 1.0 at.%, the optimum immersion period was 4 h, yielding the sensing material with the lowest resistance (maximum conductivity). If the Al doping immersion time was increased further (5 h), the exorbitant replacement of Al atoms in the ZnO lattice structure deteriorated the ZnO lattice framework instead of yielding an additional carrier concentration. Furthermore, if a dopant impurity was introduced to the pristine material, the electrical resistivity initially declined due to an enhancement of carrier concentration. Conversely, as the dopant dosage or immersion time increased beyond nominal limits, the electrical resistance of doped materials increased, owing to a decrease in carrier mobility triggered by scattering on the grain boundary [73].



The impacts of intrinsic defects, for instance, zinc interstitials and oxygen vacancies, were presumably accountable for the enhanced conductivity in Al:ZnO samples induced by the growth circumstances and occurrence of impurity cations. Therefore, the existence of Al impurity in the humidity-sensitive sensing material composition was a conceivable factor in enhancing the pristine ZnO conductivity, which might be ascribed predominantly to the electronic correlation between Al atoms and ZnO. A plausible argument for this phenomenon was the Al doping in ZnO, which was fulfilled through the effective Al3+ cations’ substitution in the Zn2+ matrix of the ZnO structure and Al3+ cations being positioned in the interstitial region. It facilitated the movement of electrons and increased the free carrier concentration (extra electron in doped ZnO) [16].



The replacement of Al3+ at a Zn2+ site in the ZnO lattice was described by the subsequent possible mechanisms (Equations (5) and (6)). The electrons were produced through electron and/or ionic compensation mechanisms [74,75]:


    Al  2   O 3   + ZnO  →   Zn   Zn   +   2 Al  Zn •  +   3 O  O x   +   1 2   O 2  +   2 e  −   



(5)






    Al  2   O 3  +  ZnO  →  Zn Zn  +   2 Al  Zn •  +   4 O  O x  +  V Zn ″   



(6)




where    Al Zn •    is an Al ion with a positive charge on the zinc lattice site,    O O x    is an oxygen ion with a neutral charge on the oxygen lattice site, and    V Zn ″    is the negatively charged zinc vacancy. The electron compensation mechanism (Equation (5)) stated that the electron concentration in n-type ZnO increases due to electron generation; hence, the resistance (resistivity) of the doped sample declined substantially due to enhanced carrier concentration. Therefore, Al doping stimulated the creation of either electrons or Zn vacancies. Ajala et al. proposed that the substitution of Al3+ ions for Zn2+ ions released the oxygen and left its electron in the lattice; hence, in contrast to pristine ZnO, the system had a higher electron concentration and elevated its n-type character [76]. Nevertheless, the ionic compensation mechanism, represented by Equation (6), did not influence the electron concentration in n-type ZnO. To conclude, with Al doping insertion, Equation (5) implies a decrease in resistance, whereas Equation (6) suggests an increase in resistance. As portrayed in Figure 11b, the sensing material resistance for Al:ZnO-5 h is rising compared to Al:ZnO-4 h. In their study, Algun and Alkay discovered that AFZO nanostructured thin film electrical resistivity begins to increase owing to lattice disturbances that reduce carrier mobility attributable to scattering on the grain boundary [77]. Considering another standpoint, owing to carriers scattered by disorganized atomic layers at the grain boundary, the electrical characteristics of polycrystalline materials are affected by the grain size. When the grain size was at an optimum level, more atoms were orderly arranged, and the grain boundary was reduced. This mechanism allowed carrier electrons to convey from grain to grain easily, reducing electrical resistance. Hence, this study proposes that for immersion times less and equal to 4 h, Equation (5) may predominate, resulting in a decrease in resistance, whereas Equation (6) was more favorable for longer immersion times. Based on the justifications presented above, it was genuinely presumed that the electron compensation mechanism was highly plausible in this report. As confirmed by the XPS and I–V results earlier, the predominant effects were oxygen vacancies and electron compensation results in the formation of oxygen vacancies and free electrons. In turn, the oxygen vacancy served as a doubly charged donor and provided free electrons, as shown in Equation (7) [78].


   O O x  →  V O x   +   2 e  +  1 2   O 2   



(7)







Subsequently, Al functioned as a cationic dopant (Al3+) in the ZnO lattice framework and provided available electrons and oxygen vacancies. These oxygen vacancies and other associated imperfections in the ZnO lattice framework served as advantageous prospective water molecule adsorption sites for humidity-sensing applications.




3.4. Flexible Humidity Sensor Sensing Characteristics


The humidity-sensing characteristics of the pristine ZnO and Al:ZnO nanostructures-based flexible humidity sensors were investigated by employing a temperature and humidity-controlled benchtop chamber with a bias voltage regulated at 5 V. During the measurement process, the temperature inside the chamber was regulated at 25 °C to replicate the surrounding temperature [79]. To investigate the sensor response toward humidity adsorption, the measurement was executed employing dynamic switching behavior by stepping the RH from a baseline humidity level (40 %RH) to a maximum humidity level (90 %RH). Subsequently, to assess the sensor response to humidity desorption, the RH was reduced from the maximum to the baseline humidity level. The response of the pristine ZnO and Al:ZnO nanostructured-based flexible humidity sensors towards humidity variations is illustrated in the current versus time plane at varying humidity levels, as seen in Figure 12. In addition, the bare substrate (without a sensitive layer) response curve is depicted in Figure 12a. At a baseline humidity level of 40 %RH, all samples demonstrated a consistent amplitude before the ramp-up in humidity. Notably, the current signal gradually increased until it reached a maximum value when the humidity level ascended, approaching 90 %RH. Contrasted to pristine ZnO nanostructured-based flexible humidity sensors, all the Al:ZnO-based flexible humidity sensors demonstrated exceptional responses toward humidity variations in the adsorption and desorption process. The current value increased gradually in all samples as the humidity level increased and then progressively diminished as the humidity level declined. Compared to the Al:ZnO nanostructured-based flexible humidity sensor, the pristine ZnO nanostructured-based flexible humidity sensor generated slight output current variations throughout one completed cycle of the adsorption/desorption process. This infers that the doping strategy significantly enhanced humidity-sensing competencies. The flexible humidity sensor based on Al-ZnO-4 h nanostructures showed the largest oscillations in current, indicating an excellent sensitivity toward humidity adjustments. Adsorption and desorption take place through dissimilar mechanisms. The water vapor molecule absorbed to the sensing material surface necessitates external energy to be released, creating an endothermic operation. Disintegrated bonds usually required a longer time than anticipated; thus, recovery time usually requires longer than response time, as reflected in Figure 12. The water molecules’ adsorption releases energy, hence making the process an exothermic process. The splitting of the hydrogen bond between the oxide anion and the hydroxyl functional group required activation energy; thus, desorption kinematics was slower than adsorption kinematics.



The sensitivity, S, of the pristine ZnO and Al:ZnO nanostructured-based flexible humidity sensor was computed assuming the following relationships, concentrating on the proportion of the current variations as normally used for gas/chemical sensor sensitivity calculation [80,81,82]:


    S =     R o  −  R x     R x        or    S =       R o  −  R x       Δ   % RH      



(8)




where Ro is denoted as the baseline humidity level resistance, and Rx is the fluctuating humidity levels resistance. The resistance values were obtained by interpreting the current measurements from response curves and applying Ohm’s law. Furthermore, the sensitivity (S) of the samples, particularly for the humidity sensor, could be estimated by computing the relationship between a difference in resistance (RO − RX) and changes in relative humidity (Δ%RH), as shown in Equation (8) [83,84]. Table 3 presents the average value of Ro, Rx, and sensitivity of the pristine ZnO and Al:ZnO nanostructured-based flexible humidity sensors at baseline and maximum humidity levels. The sensitivity for bare substrate with and without rGO was 9.52 and 1.75, respectively. The presence of rGO contacts potentially behaved as a gateway to facilitate the transportation of electrons due to the graphitization and formation of sp2 carbon.



The differences in the resistance of the pristine ZnO and Al:ZnO nanostructured-based flexible humidity sensors are portrayed in Figure 13. It vividly elucidates that the resistance of the Al:ZnO nanostructure samples diminished approximately linearly when the humidity level increased in the operational range of the RH. This observation infers that, compared to pristine ZnO, Al:ZnO nanostructured-based flexible humidity sensors are highly sensitive to humidity variations. The adsorption of water molecules on the surface of sensing materials can be credited to various factors, including morphological, structural, chemical composition, and electrical properties induced by Al doping. These factors are widely accepted as a cause of resistance decreasing with increasing relative humidity. Consequently, this behavior verified the feasibility and efficacy of Al:ZnO nanostructures for humidity-sensing intentions. Furthermore, the fundamental intention of this research is for enhancing the humidity sensitivity and sensing response of pristine Zn by optimizing Al doping assimilation immersion time.



The sensitivity profiles at different humidity levels, as presented in Figure 14a, corroborate the performance of the Al:ZnO-4 h at elevated humidity levels greater than 70 %RH, which performed significantly better than other samples. A substantial enhancement in sensitivity driven by the optimum immersion time for the Al doping strategy was demonstrated according to the sensitivity profile in Figure 14b. The results revealed that the proposed sensors obtained by introducing the Al dopant element exhibited the highest change in sensor resistance with respect to the change in RH%. This trend was possibly due to the lowest film resistance (maximum conductivity) obtained for the Al:ZnO-4 h sample, as shown in Figure 11b, which improved electron migration and increased free carrier concentration, thus enhancing the number of ionized water molecules on the surface of the Al:ZnO-4 h humidity sensor. Furthermore, the FESEM analysis showed that the Al:ZnO-4 h contained smaller nanoparticles than other samples, promoting the surface porosity of the sample. As the humidity level increased (>70 %RH), the porosity enhanced the water adsorption process due to the higher surface area of the capillary nanopores. The AlZnO-4 h nanostructures-based flexible humidity sensor showed a maximum sensitivity of 77.3 or 5.37 ± 0.04 MΩ/%RH. The AlZnO-2 h, AlZnO-3 h, and AlZnO-5 h nanostructured-based flexible humidity sensors had a sensitivity of 46.4 or 5.13 ± 0.07 MΩ/%RH, 51.3 or 5.27 ± 0.09 MΩ/%RH, and 39.9 or 5.07 ± 0.08 MΩ/%RH, respectively. The flexible humidity sensor based on pristine ZnO had a sensitivity of 26.9 or 4.95 ± 0.09 MΩ/%RH. These results confirmed that the doping approach provides the maximum improvements in sensor sensitivity and suggested that the optimum time for the immersion procedure was 4 h. Furthermore, the sensitivity measured by the proposed Al:ZnO-4 h humidity sensor was higher than that reported by Sahoo et al. (4.49 MΩ/%RH) in the same relative humidity ranges [83]. From five measurements of the same flexible humidity sensor, the calculated error bars represented the standard deviation from the mean readings at the prescribed RH. For Al:ZnO-4 h, the standard deviation was less than 0.5%, signifying that the sensitivity was reproducible from one measurement to another. Figure 15 exhibits the relationship between resistance and sensitivity for Al:ZnO-4 h at distinct RH levels.



The factor that contributed to increased sensitivity was the existence of a high surface area, which accelerated water vapor diffusion and expedited the adsorption of water molecules throughout sensing activities [9]. The increased sensitivity demonstrated in the Al:ZnO-4 h nanostructured-based flexible humidity sensor was ascribed to the decreased crystallite size due to appropriate Al impurity integration in the ZnO lattice framework. According to the HRTEM and FESEM analyses, Al:ZnO-4 h nanostructures had a higher surface area due to the reduction in crystallite size, implying improved water-vapor adsorption. The reduction in crystallite size enhanced the humidity mechanism by providing extensive grain boundaries and increasing porosity for the capillary condensation mechanism.



According to Arularasu et al., the hybrid nanocomposites’ greater spherical surface area was induced by the formation of the pores owing to the intergranular particle interaction, promoting the sensitivity and improved performance of the humidity sensor due to the improved electrical conductivity through continuous water layers within the pores [85]. Furthermore, the smaller crystallite size enabled better crystallinity, validated by XRD data. Algun et al. reported that the structure with a highly crystalline nature was much inclined to combine with water molecules, maximizing the absorbed water molecules quantity [77]. If a structure possessed a low crystallinity, the lattice atoms were less prone to engaging with water molecules, resulting in a lower sensitivity to humidity variation. All Al:ZnO nanostructured-based flexible humidity sensors outperformed their pure counterparts in term of sensitivity and sensing response. The other plausible justification is due to the formation of a greater number of oxygen defect (oxygen vacancy) sites in Al:ZnO nanostructures. The XPS results of this work showed that incorporating Al3+ cations into the zinc oxide lattice matrix increased the rich surface oxygen vacancies on the surface of ZnO nanostructures, hence facilitating the absorption of immense water molecules on the surface of Al-doped ZnO nanostructures [63]. Furthermore, incorporating doping impurity into the pristine material considerably elevated its conductivity due to an increase in carrier concentration [86]. According to Ismail et al., the highest sensitivity of the evaluated humidity sensor may be connected with the material’s highest conductivity behavior [87]. This argument was corroborated by the I–V measurement analysis obtained, which confirmed that the Al:ZnO-4 h nanostructured-based flexible humidity sensor exhibited a decreased film resistance, leading to enhanced electron transport capacities and an increase in the number of free charge carriers. The flexible humidity sensor’s sensing performance was marginally diminished when immersion time increased for 5 h. As mentioned earlier, the exorbitant replacement of dopant impurity atoms in the ZnO lattice structure weakened the structure instead of increasing the amount of carrier concentration. This argument is corroborated by the I–V measurement profile, which reveals that a humidity-sensitive sensing material immersed for 5 h possesses an increased film resistance, resulting in the decreased number of free charge carriers and inadequate electron transport competencies because of the carrier-scattering effect that occurs at grain boundaries. The humidity sensor’s sensing response was defined as the relative difference in sensor resistance compared to the resistance associated with the baseline humidity level, in percentage value as realized in Equation (9) below [88]:


   %   SR  =    R o  −  R x     R o       ×   100   



(9)




where, Ro represents the baseline humidity level resistance, while Rx denotes the fluctuating humidity-level resistance. The calculated %SR values for the pristine ZnO and Al:ZnO nanostructured-based flexible humidity sensors are tabulated in Table 3. The Al:ZnO-4 h nanostructured-based flexible humidity sensor logged the maximum %SR with a standard deviation that was less than 0.1%. Several studies have been carried out to assess the potential dopant element that can be integrated into the ZnO lattice framework and its potential as a humidity-sensitive sensing material for humidity sensors application. Table 4 summarizes the fabricated humidity sensor’s sensing characteristics (sensitivity calculation) in contrast to previous research. The humidity-sensing assessment presented in this study was comparable and showed an improvement compared to previous works. The proposed Al:ZnO nanostructured-based flexible humidity sensor (Al:ZnO-4 h) possessed good sensitivity toward humidity changes. This study discovered that employing cellulose paper as flexible substrates with enhanced surface functionalization exhibits a high sensitivity in the humidity range of 40 %RH to 90 %RH. This implied that our Al:ZnO samples had a higher sensitivity to humidity fluctuations when compared to previously reported ZnO-based humidity sensors.



Furthermore, due to the highest evaluated sensitivity and sensing response towards humidity variation, the Al:ZnO-4 h nanostructured-based flexible humidity sensor was submitted to various performance assessments. For five cycles, the responsiveness of the Al:ZnO-4 h flexible humidity sensor was assessed to accurately evaluate its repeatability and reproducibility performance. As depicted in Figure 16, the Al:ZnO-4 h sensors demonstrated a coherent response/recovery feature with sufficient repeatability and reproducibility characteristics for the humidity-sensing instrument. The Al:ZnO-4 h nanostructured-based flexible humidity sensor was exceptionally stable throughout five cycles, with nearly comparable profiles and consistent current values. No substantial reduction was observed in the current amplitude in any cycle. This outcome was congruent with the previous research outcome by Musa et al. [89].



Another crucial and indispensable criterion in assessing the sensing performance of the Al:ZnO-4 h sensor is through sensing stability over time. The sensor’s excellent efficiency is accomplished by long-term stability. The sensing response of the Al:ZnO-4 h flexible humidity sensor was evaluated every 5 days for over a month, and the resultant stability at 40%, 50%, 60%, 70%, 80%, and 90 %RH is exhibited in Figure 17. The resistance values of the humidity-sensitive sensing nanostructures material showed negligible fluctuation in resistances for each cycle throughout the 30-day time frame. Therefore, the long-term stability for humidity detection of the Al:ZnO-4 h nanostructures-based flexible humidity sensor demonstrated a coherent and adequate result with acceptable reliability.



The Al:ZnO-4 h flexible humidity sensor, subjected to distinct RH levels of sensing response, was measured in a stacking manner (Figure 18). The cycle switching RH testing was performed by assessing the response/recovery behavior of the sensor under various RH cycles known as C1: 40 %RH → 60 %RH → 40 %RH, C2: 40 %RH → 70 %RH → 40 %RH, C3: 40 %RH → 80 %RH → 40 %RH, and C4: 40 %RH → 90 %RH → 40 %RH. The Al:ZnO-4 h sensor generated good detectability and response/recovery behavior towards each level of humidity adjustment. The calculated sensitivities were 2.01 (C1), 5.17 (C2), 20.08 (C3), and 77.3 (C4). According to this observation, the Al:ZnO-4 h flexible humidity sensor was sensitive to distinct RH levels, and its sensitivity improved as RH levels increased.



Flexible humidity sensors must have decent conformal properties to efficiently prevent humidity-sensitive materials from cracking and deforming, hence degrading the sensing structure. The bending assessment of a flexible humidity sensor is essential towards its functional application. Therefore, the flexibility of the humidity sensor was investigated by comparing the performance of the sensor with and without bending under different bending conditions. Figure 19a,b shows the configuration of the sensor bent outward and inward at an 8 mm radius, followed by exposure to a dynamic humidity sweeping from 40 %RH to 90 %RH. Although there is a slight variation in the sensor’s initial current (I40) and fluctuating current (I90) values under different bending conditions, there is no discernible difference in the sensor response curve under outward or inward bending compared to the flat condition as portrayed in Figure 19c, which signifies that this flexible sensor is resistant to substantial bending deformation with an 8 mm bending radius. Similar observations have been reported by Wu and his co-worker [93]. Under bending conditions, the output current signal of the sensor remains stable in one complete cycle, with only a minimal variation in current response observed while the response/recovery time is unaffected. Figure 19d indicates the sensitivity profiles of the sensor at different humidity levels (%RH) at flat and two configurations of bending conditions (outward and inward). The maximum sensitivity for flat, outward, and inward bending configurations are 77.8, 81.3, and 74.4, respectively, denoting that, compared to flat configuration, the sensitivity increases (outward bending) and decreases (inward bending) within 5% depending on the bending conditions. The results portray that during the outward bending condition, the Al:ZnO sensitive layer’s contact region increases and enlarges the pores, hence allowing water molecules to penetrate deeper into the sensitive material, increasing the sensitivity of the sensor [7]. Generally, the stress within the sensitive layer induces signal drift in flexible devices during bending. As the bending magnitude is high, a stress mismatch between the sensitive layer and the substrate or detachment of the sensitive layer and the substrate may occur [30].



The repeatability assessment was conducted utilizing a bending radius of 8 mm. Figure 20a clearly illustrates that the sensitivity after bend deformation 500 times is marginally lesser compared to the as-prepared humidity sensor but approximately identical to the humidity sensor that has been bent 100 times. As depicted in Figure 20b, there is a less significant change in the dynamic response/recovery humidity sweeping characteristic after bending 100 and 500 times, inferring that the Al:ZnO flexible humidity sensor possesses decent bending properties. Resultantly, the fluctuation in sensitivity was less than 5%, implying that the proposed Al:ZnO flexible humidity sensors have decent stability and reversibility under bending cycles, which is comparable with findings reported by Romero et al. [94].



From this investigation, this study discovered that the existence of a high surface area, reduction in particle size, decent crystallinity structure, formation of oxygen defect sites in Al:ZnO nanostructures, and intensification in carrier concentration were related to the incorporation of Al doping impurity. Furthermore, these factors were beneficial for the electrical and humidity-sensing capabilities of a humidity sensor. The electrical and humidity-sensing performance assessment outcomes for the Al:ZnO nanostructures determined in this investigation were equivalent and better than those achieved in our colleagues’ prior studies [79,87]. These findings implied that the fabrication of a flexible humidity sensor utilizing cellulose filter paper as a flexible substrate with the integration of Al-doped ZnO nanostructures synthesized with an optimal immersion time of 4 h as the sensing material yielded a positive effect in terms of sensitivity, repeatability, detectability, and stability of the sensor. Therefore, it possessed potential as a humidity-sensing material.



From the literature, one plausible sensing mechanism is based on the changes in resistance of the sensing material’s surface induced by water molecule adsorption and desorption process on the metal oxide (MO) grains covering the whole surface of the humidity sensor [95]. For a relatively lower humidity level (40 %RH), the small amount of water molecule becomes chemisorbed to the MO surface, where the water molecules self-ionize and decompose at the surface sites to form a hydroxyl anion (OH−), hydrogen cation (H+), and produce oxygen vacancies. This formation culminates in a high resistance condition for the sensor. The existence of Zn2+ and Al3+ cations in the sensing material surface with oxygen vacancies creates a dense local charge density and a substantial electrostatic field, facilitating the water molecule chemisorption mechanism and stimulating the decomposition of water molecules [24]. At this stage, because of the scarce concentration of protons and the increased energy required for proton transportation, conduction is predominantly regulated by the H+ cation; thus, conduction does not occur continuously. The concentration of the carrier is lowered by the occurrence of chemisorbed water molecules, leading to higher resistance in the sensing material. This observation aligned with our observations, as illustrated in Figure 12. The chemisorption procedure was irreversible at ambient temperature, resulting in a perpetual formation of a chemisorbed hydroxyl layer on the Al:ZnO-4 h surface. Water molecules adhered to the surface oxygen vacancies of the sensing material. Due to the generation of doubled hydrogen bonds, transportation of charge carriers was restricted to transmit efficiently in the chemisorbed layer, resulting in increased electrical resistance. As for the Al:ZnO-4 h nanostructured-based flexible humidity sensor, additional free electrons were generated in the ZnO lattice due to an oxygen vacancies deficiency, which improved the overall humidity-sensing performance, as represented in the subsequent reaction [96]:


   H 2  O +  O O  +   2 Zn  Zn  ↔  2    OH − Zn   +  V OO  +   2 e  −   



(10)




where, the lattice oxygen at the oxygen matrix is denoted as Oo, and the vacancy formed at the oxygen matrix is marked as Voo. XPS studies showed that substituting a Zn cation with an Al cation triggered lattice distortion, contributing to significantly more oxygen deficiencies. The oxygen vacancies enhanced the assimilation of additional water vapor molecules on the surface of Al:ZnO nanostructures and accelerated the decomposition process. As indicated in reaction Equation (10), the resistance was expected to reduce with increasing relative humidity due to the presence of free electrons (an increase in carrier concentration) [97].



As the humidity slightly increased (>40 %RH), the adsorbed water molecules gradually formed a continuous monolayer on the sensing surface. Because of the strong electrostatic interaction in the chemisorbed layer, the hydroxyl radical anions (OH−) establish indefinite bonds with the humidity sensor’s positively charged metal ions (Zn2+ and Al3+ cations), hence producing and releasing highly dense hydrogen cations for electrical conduction. At this stage, on top of a chemisorbed aqueous layer, a considerable quantity of water molecules was bound and intensified the connection with a hydroxyl group. These molecules assisted in the establishment of an aqueous physical adsorption layer on the humidity-sensitive sensing surface. The persistent adsorption of water molecules dismantled the single hydrogen bonding, permitting protons to migrate relatively freely and establishing the second layer of physisorption water molecules. The resistance in sensing material was minimized by the existence of physisorbed multilayers, which encourage carriers to commence transportation efficiently, as depicted in Figure 13. Auxiliary protons disconnected and engaged with the disintegrated water molecules from the physisorbed component as the water molecule adsorption increased. The water molecules ionized as an outcome of the existence of a significant electrostatic field on the interface of the Al:ZnO nanostructures as well as persistent hydration. This resulted in the formation of hydronium cations and hydroxyl anions. The hydronium cations, H3O+, functioning as charge carriers, and ionic conduction modulated the detection methodology and facilitated the enhancement of sensor responsiveness towards humidity changes. Electrostatic interaction gradually adsorbed the water molecules due to the availability of hydroxyl groups, forming a perpetual aqueous layer. The humidity-sensitive membrane became blanketed with a continuous water layer, constructing a network film that resembled a liquid-like network as the relative humidity further elevated. Therefore, protonic transportation (ionic conductivity) was the predominant electrical conductivity, which emerges as H+ ions were discharged from H3O+ ions and hopped to the next adjacent H+ ions. As a product of the hydration of H3O+, protons (H+ ions) were generated and employed as the principal source of charge carriers for hopping transportation. During this phase, the protonic conduction was extremely effortless. The electrical reaction is triggered by drastically lowering the sensor resistance (contributes towards enhanced conductivity). The H+ ions became liberated to transport smoothly in the continuing physical adsorption of multi-layer water due to their exceptional maneuverability in water vapor, enhancing the proton hopping mechanism. The above process is described as the Grotthuss chain mechanism, expressed in the Equations (11) and (12) below [97,98].


    2 H  2   O  →  H 3   O +  +  OH −    ;    H 3   O +  →   2 H  2  O +  H +   



(11)






   H 2   O  +  H 3   O +  ↔  H 3   O +  +  H 2   O   



(12)







The Al:ZnO-4 h nanostructures’ sensing membrane comprised nanosized asymmetrical quasi-spherical nanoparticles in stacking formation. This formation contributed to a porous channel structure that permitted water molecules to permeate and populate the capillary pathways. Therefore, as a possible consequence, at exceptionally elevated humidity levels, an extensive quantity of water molecules might have effectively occupied the crevices, causing capillary condensation to occur (electrolytic conduction) [99]. At this stage, the protons are fluidly migrating between the boundaries of the nanostructures attributable to the co-existence of the conduction mechanism (protonic and electrolytic), which was mediated by the abundance quantity of H3O+; henceforth, the intensity of charge transportation was significantly enhanced, increasing electrical conductivity of the sensor. The Al:ZnO-4 h sensor’s resistance significantly decreased as the humidity levels increased, enhancing the conductivity and producing a sensitive, flexible humidity sensor. The findings indicated that the Al:ZnO-4 h nanostructures-based flexible humidity sensor outperformed the pristine ZnO in terms of sensing performance. This is primarily attributed to the higher cationic charge, high specific surface area, enhanced crystallinity due to nanoparticle size reduction, and improved surface oxygen vacancy deficiency related to the Al-doping strategy.





4. Conclusions


A sensitive, flexible humidity sensor relying on Al:ZnO nanostructures’ humidity-sensitive sensing material was successfully fabricated in this study. Sensing materials based on the pristine ZnO and Al:ZnO nanostructures were synthesized using a facile and low-temperature ultrasonicated solution immersion procedure. A fine coating of humidity-sensitive sensing material was deposited onto flexible cellulose substrates using an unsophisticated and cost-effective brush printing method. Similarly, a fine coating of humidity-sensitive sensing material paste-like nanocomposite slurry consisting of pristine ZnO and Al:ZnO nanostructures was evenly dispersed across the substrate, enhancing the water molecule absorption’s active sites. Characterization approaches such as XRD, FESEM, TEM with EDS, and XPS were utilized to analyze the structural, morphological, and chemical identification of the synthesized nanostructures. The result confirmed that Al3+ successfully occupied the Zn2+ lattice framework or assimilated into interstitial sites in the ZnO lattice. Consequently, Al impurity doped into pristine ZnO altered different properties of Al:ZnO nanostructures, and the Al doping immersion time strongly influenced this alteration. The XRD analysis revealed that all nanostructures were polycrystalline within the hexagonal wurtzite phase structure, with dominant preferential growth orientation along the (101) peak. The Debye–Scherrer equation and WH-UDM approach were capitalized to estimate the value of average crystallite size and lattice micro-strain. The lattice parameters “a” and “c” were decreased as the Al doping immersion duration increased from 2 h to 5 h, and this change resulted in the diffraction peaks shifting towards a higher angle. Moreover, the crystallinity of nanostructures is marginally deteriorated as the average crystallite size decreased from 48.8 mm to 32.1 nm with the increasing positive lattice tensile strain identified in Al:ZnO nanostructures. According to FESEM analysis, the pristine ZnO and Al:ZnO nanoparticles of various sizes were evenly dispersed, adhered to, and arbitrarily arranged onto the cellulose fibers to form a well-linked network structure with decent adhesiveness. The polycrystalline Al:ZnO-4 h sensing material exhibited porous structures, and the surface porosity improved with Al doping element incorporation due to particle size reduction. Furthermore, according to the HRTEM micrograph, the pristine ZnO and Al:ZnO nanostructures constituted multi-layered aggregated formations with identifiable boundaries and irregularly shaped quasi-spherical nanoparticles. The interplanar distance lowered due to lattice shrinking because Al cations substituted Zn cation sites. The efficiency of doping was verified by quantifying the Al content using EDS and evaluating the Al oxidation states through XPS analysis. EDS detected the Zn, O, and Al elements in the Al:ZnO-4 h nanostructures. Furthermore, the occurrence of Zn, O, and Al is confirmed by a comprehensive XPS survey scan spectrum as the foremost chemical elements of the Al:ZnO-4 h without foreign elemental peaks detected. Moreover, the existence of the oxygen vacancy deficiency and Al ion oxidation state was corroborated by the high-resolution XPS narrow scan spectrum deconvolution. Based on the I–V measurements, the smallest resistance value of 1.93 MΩ was estimated for the Al:ZnO-4 h nanostructure, implying its exceptional electrical properties. Inserting Al3+ into the ZnO lattice decreased the film resistance, increasing conductivity and indicating an increase in the concentration of charge carriers. In terms of the sensitivity and sensing response, all Al:ZnO nanostructured-based flexible humidity sensors outperformed pristine ZnO. Al:ZnO-4 h nanostructures had the highest sensitivity of 77.3 ± 0.9 or 5.37 ± 0.04 MΩ/RH% and a sensing response of 98.72 ± 0.012 in the range of 40 %RH to 90 %RH. The repeatability assessment of the Al:ZnO-4 h nanostructured-based flexible humidity sensor indicated that the sensor was competent to react swiftly to fluctuating humidity levels. As an outcome, the findings indicated that the flexible humidity sensor composed of Al:ZnO-4 h nanostructures exhibited the highest sensitivity towards water molecules adsorption. Furthermore, it showed an improved and decent sensing response, exceptional responsiveness and recovery to humidity differences, outstanding repeatability, and acceptable stability. Furthermore, the fabricated sensor is decently flexible, responded well to humidity variation under different bending conditions (outward and inward), and its performance remained stable after 500 bends. All of these findings revealed that Al:ZnO nanostructures possess a high potential and are a credible sensing material for cost-effective, flexible humidity-sensing applications. Consequently, optimizing the immersion time during doping element integration is crucial.
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Figure 1. Schematic diagram of Al:ZnO-based humidity sensor preparation procedure. 
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Figure 2. Schematic diagram of the humidity-sensing measurement system analysis. 
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Figure 3. (a) X-ray diffraction pattern of the pristine ZnO and Al:ZnO nanostructures with varying immersion time; (b) magnification of peak (101). 
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Figure 4. Correlation of micro-strain and lattice parameter of a and c for pristine ZnO and Al:ZnO nanostructures. 
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Figure 5. Analysis of the Williamson–Hall uniform deformation model (WH-UDM) for the pristine ZnO and Al:ZnO nanostructures with different immersion times: (a) WH-UDM of pristine ZnO; (b–e) WH-UDM of Al:ZnO-2 h; Al:ZnO-3 h; Al:ZnO-4 h; and Al:ZnO-5 h, respectively. 
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Figure 6. FESEM morphology (×10,000 magnification; 5 kV applied voltage) of the (a) pristine ZnO and (b) Al:ZnO-4 h nanostructured-based flexible humidity sensor deposited on cellulose filter paper. 
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Figure 7. FESEM micrographs of the nanostructured powders and the corresponding histogram of the nanoparticle diameter size at different immersion times: (a,f) pristine ZnO; (b,g) Al:ZnO-2 h; (c,h) Al:ZnO-3 h; (d,i) Al:ZnO-4 h; and (e,j) Al:ZnO-5 h at 95 °C. 
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Figure 8. TEM micrograph at low magnification of: (a) pristine ZnO and (c) Al:ZnO-4 h. HRTEM micrograph with FFT analysis of: (b) pristine ZnO and (d) Al:ZnO-4 h. SAED pattern with indexing annotations of: (e) pristine ZnO and (f) Al:ZnO:4 h. 
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Figure 9. EDS spectra of: (a) pristine ZnO and (e) Al:ZnO-4 h. EDS elemental mapping of (b–d) pristine ZnO and (f–i) Al:ZnO-4 h. 
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Figure 10. The XPS spectra of the pristine ZnO and Al:ZnO-4 h nanostructured powder: (a) Full survey scan spectra. High-resolution spectra of (b) Zn 2p region; (c) O 1s region for pristine ZnO; (d) O 1s region for Al:ZnO-4 h; and (e) Al 2p region of Al:ZnO-4 h. 
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Figure 11. (a) Current-voltage (I–V) characteristics of the pristine ZnO and Al:ZnO sensing material at different immersion times and (b) sensing film resistance variations. 
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Figure 12. Humidity response of the (a) bare substrate with and without rGO contact and pristine ZnO; and (b) Al:ZnO-based flexible humidity sensors with varying doping immersion time at humidity levels from 40% to 90 %RH with 5 V bias. 
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Figure 13. Variation in the resistance of the pristine ZnO and Al:ZnO nanostructured-based flexible humidity sensors with varying doping immersion time at various humidity levels at 25 °C (inset shows the magnified image at 80 %RH and 90 %RH). 






Figure 13. Variation in the resistance of the pristine ZnO and Al:ZnO nanostructured-based flexible humidity sensors with varying doping immersion time at various humidity levels at 25 °C (inset shows the magnified image at 80 %RH and 90 %RH).



[image: Chemosensors 10 00489 g013]







[image: Chemosensors 10 00489 g014 550] 





Figure 14. (a) Sensitivity plot of the pristine ZnO and Al:ZnO nanostructured-based flexible humidity sensors with a different immersion time of Al doping process at different humidity levels at 25 °C and (b) sensitivity and sensing response variation of the pristine ZnO and Al:ZnO nanostructured-based flexible humidity sensors. 
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Figure 15. Correlation of the resistance and sensitivity of the Al:ZnO-4 h nanostructured-based flexible humidity sensor. 
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Figure 16. Repeatability behavior (response/recovery characteristic) of the Al:ZnO-4 h nanostructured-based flexible humidity sensor. 
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Figure 17. Stability over time of the Al:ZnO-4 h nanostructured-based flexible humidity sensor exposed to 40%, 50%, 60%, 70%, 80%, and 90 %RH. 
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Figure 18. Humidity-sensing response of the Al:ZnO-4 h nanostructured-based flexible humidity sensor at various relative humidity levels. 
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Figure 19. Configuration of the bending assessment: (a) outward bending; (b) inward bending. (c) Dynamic humidity-sensing response variation after distinct bending conditions. (d) Sensitivity profiles at different humidity levels (%RH) under flat and bending conditions. 
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Figure 20. The influence of bending assessment on the performance of the humidity sensor (a) sensitivity and (b) dynamic sensing response variation after distinct bending times. 
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Table 1. Lattice parameters, average crystallite size, cell volume, and micro-strain for the pristine ZnO and Al:ZnO nanostructures calculated using the Debye–Scherrer method and Williamson–Hall uniform deformation model (WH-UDM).
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Debye–Scherrer and Williamson–Hall Uniform Deformation Model




	
Sample

	
Lattice Parameter (Å)

	
Cell Volume, V (Å)3

	
Average Crystallite Size (nm)

	
Micro-Strain, ε (×10−3)




	
a

	
c

	
Debye–Scherrer

	
WH-UDM






	
Pristine ZnO

	
3.2528

	
5.2106

	
47.75

	
35.5

	
48.8

	
1.84




	
Al:ZnO-2 h

	
3.2513

	
5.2084

	
47.68

	
30.1

	
39.4

	
2.12




	
Al:ZnO-3 h

	
3.2507

	
5.2074

	
47.65

	
29.6

	
37.7

	
2.23




	
Al:ZnO-4 h

	
3.2505

	
5.2068

	
47.64

	
27.4

	
32.1

	
2.38




	
Al:ZnO-5 h

	
3.2499

	
5.2060

	
47.62

	
28.8

	
35.6

	
2.29
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Table 2. The atomic percentage of fitted high-resolution spectra of the O 1s of Al:ZnO-4 h and pristine ZnO nanostructures.
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O 1s XPS Spectra




	
Sample

	
OL

	
OV

	
OC

	
OV/OL Ratio




	
Peak

Position

	
% Area

	
Peak

Position

	
% Area

	
Peak

Position

	
% Area






	
Pristine ZnO

	
530.02

	
73.2%

	
531.47

	
18.2%

	
532.31

	
8.6%

	
0.25




	
Al:ZnO-4 h

	
530.51

	
69.8%

	
531.71

	
21.1%

	
532.39

	
9.1%

	
0.30
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Table 3. Average resistance, sensitivity, and sensing response of the pristine ZnO and Al:ZnO nanostructured-based flexible humidity sensors.
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Humidity-Sensing Performance Analysis




	
Sample

	
Resistance (MΩ)

	
Sensitivity Calculation, S

	
Sensor Response

%SR




	
40 %RH

	
90 %RH

	
(Ro − Rx/Rx)

	
(MΩ/%RH)






	
Pristine ZnO

	
264 ± 5.15

	
9.8 ± 0.11

	
26.9 ± 2.25

	
4.95 ± 0.09

	
97.08 ± 0.11




	
Al:ZnO-2 h

	
262 ± 3.45

	
5.56 ± 0.03

	
46.4 ± 1.45

	
5.13 ± 0.07

	
97.89 ± 0.06




	
Al:ZnO-3 h

	
267 ± 4.42

	
5.13 ± 0.04

	
51.4 ± 1.53

	
5.27 ± 0.09

	
98.09 ± 0.05




	
Al:ZnO-4 h

	
270 ± 2.09

	
3.47 ± 0.02

	
77.3 ± 0.91

	
5.37 ± 0.04

	
98.72 ± 0.04




	
Al:ZnO-5 h

	
253 ± 4.05

	
6.34 ± 0.08

	
39.9 ± 1.26

	
5.07 ± 0.08

	
97.56 ± 0.07
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Table 4. Comparison of the humidity-sensing performance of the Al:ZnO nanostructured-based flexible humidity sensor with other reported dopant-induced ZnO-based humidity sensor devices.
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	Sensing Material
	Substrate
	Range of %RH
	Sensitivity
	Sensitivity Calculation
	Ref.





	Porous Al-doped ZnO
	Glass
	22–90%
	0.30
	MΩ/%RH
	[73]



	Iron-doped ZnO
	Glass
	40–90%
	1.92
	Ro/Rx
	[79]



	W-doped ZnO
	Pellet
	10–90%
	1.44
	(Ro − Rx)/Rx
	[80]



	Cellulose-induced ZnO
	Pellet
	40–90%
	4.49
	MΩ/%RH
	[83]



	ZnO nanoparticles
	ITO
	5–98%
	3.63
	Ro/Rx
	[85]



	Sn-doped ZnO
	Glass
	40–90%
	3.36
	Ro/Rx
	[87]



	Mesoporous ZnO
	ITO
	11.3–97.3%
	6.45
	(Ro − Rx)/Ro
	[90]



	Co-doped ZnO
	Ti Foil
	25–70%
	4.54
	(Vo − Vx)/Vo
	[91]



	Ag decorated ZnO
	Fiber
	20–90%
	25.20
	mV/%RH
	[92]



	Al:ZnO
	Cellulose
	40–90%
	77.30 or 5.37
	(Ro − Rx)/Rx or MΩ/%RH
	This Work
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