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Abstract

:

Zinc oxide (ZnO) nanoparticles were synthesized hydrothermally using zinc acetate dihydrate and sodium thiosulfate pentahydrate precursors. The synthesized powders were sintered in air at 600 °C for different durations with a Cl-doping concentration of 25 mg/g. The optimal sintering time was found to be 5 h, resulting in the successful formation of the ZnO phase with small particle sizes of around 90 nm, nominal atomic fractions of Zn and O (~50%, ~50%), and increased luminescence intensity. The ideal concentration of Cl was discovered to be 25 mg/g of ZnO, which resulted in the highest luminescence intensity. The ZnO luminescence characteristics were observed in emission bands peaking at approximately 503 nm attributed to the transition from oxygen vacancies. A considerable improvement in the emission intensity was observed with increased Cl doping concentration, up to eight orders of magnitude, compared to pristine ZnO nanoparticles. However, the luminescence intensity decreased in samples with higher concentrations of Cl doping due to concentration quenching. These preliminary outcomes suggest that Cl-doped ZnO nanoparticles could be used for radiation detector development for radon monitoring and other related applications.
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1. Introduction


ZnO has garnered significant attention from researchers and industries alike due to its multifunctionality. One of its most promising features is its direct band gap of 3.37 eV at room temperature, which enables it to be activated with various ions, making it a potential candidate for optoelectronic devices [1]. Additionally, ZnO possesses excellent transparency, intense luminescence at room temperature, low cost, non-toxicity, and remarkable chemical stability. These properties make it a versatile material with a wide range of applications in diverse fields such as photocatalysis [2,3,4,5], solar cells [5,6,7], gas sensing [8,9,10], radiation detection [11,12], radiation shielding [13,14], LEDs [15,16], and photosensors [17,18]. To tailor the properties of ZnO for specific applications, its structure is modified through ion activation from different groups. Incorporating various impurity ions into ZnO adjusts its electrical and optical properties, making it suitable for practical applications. Among these impurities, cation doping, which controls the electrical conductivity of ZnO, has gained considerable attention. Cations like Al, Ga, In, and Sb activation in ZnO enhance its electrical conductivity, making it more suitable for different applications [19,20,21].



Scientists are greatly interested in exploring the effects of halogens such as F, Cl, Br, and I on the properties of ZnO [22,23,24,25]. These halogen substitutions have been found to significantly alter the characteristics of ZnO, making it a promising material for various practical applications. For instance, it has been reported that halogen substitutions in ZnO nanogenerators can enhance their piezoelectric properties by inducing lattice strain along the crystallographic c-axis [26,27]. Additionally, Cl doping in ZnO nanowires has been found to significantly improve their electrical conductivity. Due to their high electronegativity, halogen ions incorporated into the ZnO structure can passivate O vacancies, which in turn significantly alter the material’s emission properties [28,29,30,31]. Furthermore, researchers have reported that Cl doping in ZnO nanostructures can enhance their photocatalytic activity [32,33].



ZnO nanostructures can be synthesized using various techniques such as wet chemistry, chemical vapor deposition, thermal evaporation, molecular beam epitaxy, and high-temperature vapor transport methods [34]. These methods result in the formation of ZnO in different shapes such as nanorods, nanowires, nanotubes, nanobelts, and nanospheres. The morphology and size of the ZnO nanostructures are highly dependent on the specific synthesis techniques and conditions used. These techniques play a crucial role in determining the structural, optical, and electrical properties of the ZnO nanostructures, which can be further utilized in various applications such as optoelectronics, sensors, and energy conversion devices.



ZnO:F films are known for their high transparency and low electrical conductivity [35]. In a previous study, ZnO:Cl was synthesized using a wet chemical technique, and its photoluminescent properties were examined [30]. The results showed that increasing the Cl concentration up to 10% enhanced the emission intensity, which was then further quenched. The observed green emission was attributed to singly ionized O vacancies in ZnO. Interestingly, a different study found that incorporating Cl ions in ZnO synthesized via a hydrothermal technique increased the intensity of blue luminescence while suppressing the green emission [36].



Our focus in this study is on synthesizing Cl-doped ZnO nanoparticles, as previous reports have shown that Cl doping can enhance the emission intensity significantly. We selected a sintering temperature of 600 °C and first sintered the Cl-doped ZnO nanoparticles for different amounts of time to find the optimum sintering time. We then activated the ZnO with various concentrations of Cl ions and sintered them at 600 °C with the optimum sintering time to find the optimum Cl concentrations. We measured the effect of sintering time and Cl concentrations on the structural, optical, and luminescence properties of ZnO using various techniques and discussed our findings. To preliminarily verify the effectiveness of Cl-doped ZnO nanoparticles for radiation detection applications, we used photoluminescence spectroscopy, as the emission intensity can indirectly verify its suitability for said purpose.




2. Results and Discussion


2.1. X-ray Diffraction Analysis


The powder X-ray diffraction (PXRD) was measured for all the synthesized nanoparticles with Cl concentration of 25 mg/g sintered at 600 °C for various durations, as shown in Figure 1a. As the initial powders contain sources of Zn and S ions, at a lower sintering time of 1 h, the dominant phase was observed to be cubic ZnS, which matches well with JCPDS card number 80-0020. With increasing sintering time, the S reacted with atmospheric O, producing SO2 gas and reducing the fraction of the ZnS phase while increasing the fraction of the ZnO phase.



At a sintering time of more than 4 h, an isolated ZnO phase was observed (see Figure 1a). The relationship of ZnS and ZnO phases with the sintering time is shown in Figure 1c. As seen in Figure 1c, at a sintering time of 5 h, the ZnS phase was eliminated, leading only to the formation of the ZnO phase. At sintering times of 5 and 6 h, the PXRD patterns were well matched with hexagonal ZnO phase JCPDS card number 36-1451, as shown in Figure 1. The results obtained are consistent with those reported by Tao et al. [30] for Cl-doped ZnO nanoparticles sintered at 700 °C and Cl-doped ZnO nanodisks grown on an Si substrate by Yousefi et al. [29]. The PXRD patterns of the Cl-doped ZnO nanoparticles sintered at 600 °C for a duration of 5 h are shown in Figure 1b. All these patterns were well matched with the reference ZnO phase JCPDS card number 36-1451, forming a hexagonal phase. The effect of Cl doping on the lattice parameters a and c and unit cell volumes of the ZnO nanoparticles are shown in Figure 2a,b, respectively. The lattice parameters and unit cell volumes increased with an increase in the concentration of Cl− ions in the lattice structure of ZnO, showing a successful incorporation of Cl− ions in ZnO. The ionic radii of Cl− and O2− ions are 1.81 Å and 1.40 Å, respectively. Therefore, substituting O2− ions with Cl− ions leads to the expansion of ZnO lattice structures, as observed in this study. The increase in lattice parameters and unit cell volume for the Cl-doped ZnO nanostructures synthesized by solvothermal technique was reported previously by Alshgari et al. [37] and attributed to the substitution of O2− ions by Cl− ions.




2.2. Optical Properties


The optical band gap of the synthesized nanoparticles was calculated by measuring their diffuse reflectance spectra. To obtain the Kubelka–Munk (KM) function, the diffuse reflectance data were analyzed as [38]:


  F    R ∞    =       1 −  R ∞     2    2  R ∞    =  K S   



(1)







In Equation (1), the symbol      R ∞    represents the reflectance. It is worth noting that because no light can penetrate through a measured powder sample with a thickness of more than 1.5 mm, the thickness of the measured samples can be treated as infinitely thick. The values K and S in Equation (1) correspond to the absorption and scattering coefficients, respectively. Furthermore, Tauc’s relation, a well-known relationship, establishes a connection between the band gap (Eg) of materials and their absorption coefficient (α) as [38]:


  α h ν = A     h ν −  E g     n   



(2)







Equation (2) provides a mathematical representation of the relationship between the incident photon energy (hν), a proportionality constant (A), and a constant (n) that varies depending on the type of transition. For direct, allowed transitions, n has a value of 0.5. This equation is used to calculate the optical band gap values of ZnS and ZnO from their measured diffuse reflectance spectra, as it has been determined that ZnS and ZnO have direct band gaps. In the case of perfectly diffuse reflectance, the constant K is equal to 2α, and Tauc’s relation for direct band gap materials can be expressed as shown in Equation (3):


      F    R ∞    h ν    2  = A   h ν −  E g     



(3)







Figure 3a shows the       F    R ∞    h ν    2     vs  .     hν plot for 25 mg/g Cl-doped ZnS/ZnO nanoparticles sintered at 600 °C for different durations. The optical band gaps were determined by extrapolating the straight lines to the x-axis from the linearly rising part and obtained an optical band gap of 3.61 eV for a 1 h sintered sample. The optical band gaps for 25 mg/g Cl-doped ZnS/ZnO nanoparticles were found to be about 3.61 eV for durations lower than 5 h. This value is similar to the band gap value previously reported for ZnS nanoparticles [39]. The transformation from ZnS to ZnO oxide reduces the band gap, which is about 3.15 eV for 5 and 6 h of sintered powders at 600 °C.



Figure 3b shows the       F    R ∞    h ν    2     vs  .     hν plot for ZnO nanoparticles doped with various concentrations of Cl and sintered at 600 °C for a duration of 5 h. For pristine ZnO nanoparticles, an optical band gap of 3.19 eV was obtained, which was further reduced by increasing the Cl concentration in the ZnO. An optical band gap of 3.09 eV was estimated for a higher concentration of 55 mg/g of ZnO, as shown in Figure 3b. The band gap energy follows a slightly decreasing order owing to the density of defects between the conduction band and valence band of Cl-doped ZnO. The defects possibly arise from the Cl doping into ZnO. Therefore, non-metal (Cl)-doped ZnO nanostructures can decrease the optical band gap energy. The study conducted by Alshgari et al. [32] showed that the optical band gap decreased as the Cl doping concentration increased. However, the lower values obtained in their study in comparison to ours may be due to the different type and concentration of defects in the ZnO lattice. The correlation between the reflectance and PXRD analysis indicated a transformation from the ZnS to ZnO phase as the sintering time increased, and successful incorporation of Cl ions in the ZnO was also observed. Overall, our study provides valuable insights into the effects of Cl doping on the optical properties of ZnO and the role of sintering time in the synthesis of ZnO nanoparticles.




2.3. EDX and FE-SEM Analysis


An energy dispersive X-ray (EDX) analysis was carried out to calculate the atomic percentages of Zn, S, and O atoms in the synthesized nanoparticles. The EDX spectra for the nanoparticles that were sintered for 1 h and 5 h at 600 °C are illustrated in Figure 4a,b, respectively, while the percentage of each atomic element detected is given in Table 1. The nanoparticles which were sintered for 1 h at 600 °C showed the presence of only Zn and S atoms, indicating the formation of the ZnS phase. As the sintering time was increased, the percentage of detected S atoms decreased, while the amount of O atoms increased. When the sintering duration was increased to 5 h, all S atoms disappeared, while the atomic percentage of O reached 50%, which resulted in the formation of the ZnO phase exclusively. These EDX analysis findings are consistent with our PXRD analysis (see Figure 1). EDX measurements were not carried out for the pristine and different concentrations of Cl-doped ZnO nanoparticles because the sintering time and temperature used for the synthesis were the same as in the 5 h synthesized sample (refer to Figure 4b and Table 1).



In Figure 5a, the field emission scanning electron microscopy (FE-SEM) patterns of powders synthesized through hydrothermal means are displayed. Using ImageJ (1.54h), an open-source software for image analysis [40] the particle sizes of the captured particles were calculated and averaged. These particles had spherical shapes with an average size of approximately 2.8 µm and a standard deviation of 1.5 µm. Upon doping the powders with 25 mg/g Cl and sintering them at 600 °C for 1 h, the larger-sized spheres were destroyed, resulting in the creation of larger-sized faceted particles along with smaller nanoparticles, as shown in Figure 5b. The average particle size for the 25 mg/g Cl-doped ZnS/ZnO nanoparticles sintered at 600 °C for 1 h was found to be 433 nm with a standard deviation of 361 nm. With a further increase in sintering time, the particle sizes were decreased to 95 nm with a standard deviation of 14 nm for 25 mg/g Cl-doped ZnO nanoparticles sintered at 600 °C for 5 h, as demonstrated in Figure 5c. Increasing the sintering temperature to 6 h resulted in a slight increase in particle size to about 102 nm, as shown in Figure 5d. According to these results (FE-SEM and photoluminescence (Section 2.3 and Section 2.4), it was found that the optimal sintering time for ZnO nanoparticles is 5 h at a temperature of 600 °C. This led to the production of smaller nanoparticle sizes and high luminescence intensity. In a previous study by Tao et al. [30], it was found that sintering Cl-doped ZnO nanoparticles at 700 °C produced spherical nanoparticles with an average diameter of about 60 nm. Although the results of this study were similar in terms of particle size, the morphology of the nanoparticles was different. FE-SEM measurements were not carried out for the pristine and different concentrations of Cl-doped ZnO nanoparticles because the sintering time and temperature used for the synthesis were the same as in the 5 h synthesized sample, which was considered to have similar particle sizes and morphology.




2.4. Luminescence Properties


Figure 6a displays the photoluminescence excitation spectra of 25 mg/g Cl-doped ZnS that has been sintered at 600 °C for 2 h and 5 h. These spectra were measured at room temperature under 465 nm and 503 nm emissions, respectively. As depicted in Figure 6a, these excitations consisted of a broad band resulting from the overlapping of multiple excitation peaks. The most intense excitations for the dominant ZnS phase were discovered to be situated at around 350 nm, whereas for the ZnO phase, they were at 375 nm. Similar excitation bands to those shown in Figure 6a were observed in the 25 mg/g Cl-doped samples that were sintered for over 5 h at 600 °C. Additionally, the excitation bands in the ZnO samples, which were doped with varying concentrations of Cl and sintered for 5 h at 600 °C, displayed similarities to those in Figure 6a for the 5 h sintered sample.



The emissions spectra were measured under 350 nm excitation for 25 mg/g Cl-doped ZnS/ZnO nanostructures sintered at 600 °C for varying durations, as shown in Figure 6b. When the sintering duration was less than 4 h, the ZnS phase was dominant, and a broadband emission of ZnS was observed. As the sintering time increased, the emission band was red shifted due to the increased fraction of the ZnO phase and reduction in the ZnS phase. For a sintering duration of 5 h, the characteristic green emission of ZnO was obtained. The emission spectra under 375 nm excitations for the same samples are shown in Figure 6c. Except for the 1 h sintered ZnO sample, the characteristic green emission of ZnO was obtained, confirming the presence of the ZnO phase as observed in the PXRD and EDX analyses. The intensity of this emission increased up to a sintering time of 5 h and then decreased upon a further increase in sintering time. This effect could be attributed to an increase in defect states due to off-stoichiometry, as observed in the EDX analysis for the 6 h sintered sample (see Table 1). The photoluminescence emission spectra of pristine and various concentrations of Cl-doped ZnO nanoparticles were measured under 375 nm excitation, and the results are presented in Figure 6d. It was observed that all samples had a similar broadband emission, with a peak at approximately 503 nm. However, the incorporation of Cl significantly enhanced the emission intensity.



The dependence of integrated luminescence intensity of the emission bands presented in Figure 6c as a function of sintering time is shown in Figure 7a. These results showed that the highest luminescence light yield was achieved by sintering samples for 5 h at a temperature of 600 °C. The dependence of integrated luminescence intensity of the emission bands presented in Figure 6d as a function of Cl doping concentrations in the ZnO nanoparticles is shown in Figure 7b. These results showed that 25 mg/g Cl-doped ZnO samples had the highest luminescent light yield, which decreased upon a further increase in Cl concentration in ZnO, as illustrated in Figure 7b.



Moreover, the emission spectra of 25 mg/g Cl-doped ZnO nanoparticles sintered for 2 h and 5 h at 600 °C were deconvoluted using a Gaussian function. The emission spectrum of the sample sintered for 2 h was deconvoluted with the sum of two Gaussians, as shown in Figure 8a. The emission maximums of these two bands were found to be at 2.40 eV and 2.69 eV, respectively. On the other hand, the emission spectrum of the sample sintered for 5 h was also deconvoluted with the sum of two Gaussians, as shown in Figure 8b, with the emission maximums of these two bands found at 2.26 eV and 2.47 eV, respectively. The green emission bands observed in the range of 2.26–2.47 eV in the synthesized ZnS and ZnO nanoparticles were previously reported for ZnO phosphors, films, and nanocrystals [29,41,42,43]



Valence band maxima in Cl-doped ZnO are formed mainly from O-2p states, while occupied states near the conduction band minimum, around the Fermi level, are formed mainly from Cl-3s states, confirming the donor (n-type) levels [44]. It is essential to note that Cl− ions replace O2− ions in the lattice structure, as reported earlier [37]. Three types of O vacancies, namely,    V O  ,    V O .   ,   and    V O  ..   ,     can be formed, among which    V O .    is believed to be responsible for the observed green emission in ZnO [42]. The green emission is caused by the recombination of electrons in the    V O .    center with photoexcited holes in the valence band. Some studies suggest that the green emission peaking at around 500 nm is caused by the recombination of photoexcited electrons with deeply trapped holes in the    V O .    [44]. As previously stated, Cl doping gives rise to the formation of a new defect level in the ZnO lattice with an excitation band at around 375 nm due to the excitation of electrons in the valence band to   C  l O .   :


  C  l O .  +  e −    →   C  l O ×   



(4)







The   C  l O ×    did not exhibit any new emission band in this study or in previous literature, indicating that it does not function as a luminescent center [30]. Theoretical investigations demonstrated that   C  l O ×    acts as a donor in the ZnO lattice [44]. Therefore, it contributes the captured electron to    V O  ..    , forming    V O .   :


  C  l O ×  +  V O  ..     →   C  l O .  +  V O .   



(5)







The concentration of    V O .    in ZnO increases significantly as a result of Cl doping. Consequently, nonradiative recombination decreases, and the radiative recombination of charge carriers increases, giving rise to the increase in photoluminescence intensity as oberved in this study and reported previously.



The ZnS lattice structures can form several defect states due to S/Zn vacancies and interstitials. Donor defects can be created by interstitial Zn atoms and S vacancies, while acceptor defects can be formed by interstitial S atoms and Zn vacancies. The energy levels of S interstitials/vacancies and Zn vacancies/interstitials are near the valance band maximum (VBM) and conduction band minimum (CBM), respectively [39] As a result of these defects, multiple transitions are possible, as previously reported [22,42]. The excitation bands depicted in Figure 6a for a 1 h sintered sample, which depicts a dominant ZnS phase, were broad, with several overlapped peaks resulting from the transitions from the defect states < 350 nm (i.e., below the band gap energies) and the characteristic states of Zn, with S atoms > 350 nm (i.e., above the band gap). Cl doping gives rise to the formation of a new defect level in the ZnO lattice, with an excitation band > 350 nm (see Figure 6a) due to the excitation of electrons in the valence band to   C  l O .   .



Based on the literature and the emission peaks observed in the synthesized ZnS and ZnO nanoparticles in this study, it was concluded that these bands were assigned to the transition from O vacancies. Furthermore, the band located at about 2.69 eV for the 2 h sintered sample (Figure 8a) was assigned to the transition from the divalent Zn interstitial defect to the CBM [44]. It is worth noting that previous studies have reported the presence of blue and green emission bands in pure and activated ZnO [28,29,30,44]. However, in our study of ZnO nanoparticles, we did not observe any blue emission band. This could be attributed to the emergence of different defect states in our samples as compared to those in previous studies.



The intense emission that was observed from the Cl-doped ZnO nanoparticles, which were optimally sintered at 600 °C, is promising for the future development of radiation detectors, particularly for radon monitoring in the environment. We are currently working on further improving the Cl-doped ZnO nanoparticles and will be using them to develop a radiation detector. The results of our study will be communicated in our follow-up report.





3. Materials and Methods


3.1. Materials


Zinc acetate dihydrate and sodium thiosulfate pentahydrate powders, both of which had a purity level of 99.9%, were acquired from Sigma Aldrich (St. Louis, MO, USA). Absolute ethanol, which had a purity level greater than 99.8%, was also obtained from Sigma Aldrich. These materials were utilized in their original form, without undergoing any further purification process.




3.2. Synthesis


A batch of ZnO nanoparticles was synthesized using the hydrothermal method followed by sintering at 600 °C in an air environment. To begin with, 77 g of zinc acetate dihydrate and 85.5 g of sodium thiosulfate pentahydrate powders were separately dissolved in 350 mL of distilled water. The two solutions were thoroughly mixed for an hour under vigorous stirring at room temperature. Next, 100 mL of the mixed solution was transferred to several Teflon-lined autoclaves of 150 mL capacity each. The autoclaves were then placed in a furnace at 200 °C for four hours and then cooled to room temperature. The synthesized powders were washed multiple times with distilled water and ethanol and then dried at 60 °C. Subsequently, 25 mg/g of NH4Cl was added to the synthesized powders to incorporate Cl ions as an activator, and sintering was carried out at different times (1, 2, 3, 4, 5, and 6 h) at a temperature of 600 °C in an air atmosphere. The sintered powders were subjected to several characterization techniques such as PXRD, EDX, SEM, reflectance spectroscopy, and photoluminescence to determine the optimal sintering time. Further, NH4Cl with different concentrations (0, 5, 15, 25, 35, 45, and 55 mg/g) was incorporated into the hydrothermally synthesized powders and sintered at the optimum time and temperature. These nanoparticles were characterized with different techniques to study the effect of Cl on the structural, morphological, optical, and luminescence properties.




3.3. Characterizations


To understand the crystal structure of the synthesized nanoparticles, PXRD measurements were conducted using an XPERT-MED (Malvern Panalytical, Malvern, UK) X-ray diffractometer. The samples were exposed to 0.154 nm Cu Kα1 radiation and measured in the 2θ range of 10° to 80° with a step size of 0.020° and a scanning rate of 2 s/step. The X-ray generator was operated at 40 kV and a tube current of 30 mA during the measurement process. In addition, the diffuse reflectance spectra of the synthesized ZnS nanoparticles were measured using a UV-3600 Plus Shimadzu UV–Vis–NIR spectrometer (Shimadzu corporation, Kyoto, Japan) ranging from 200 nm to 800 nm at room temperature. This helped to determine the optical properties of the nanoparticles. EDX analysis was also conducted to investigate the chemical composition of these nanoparticles. FE-SEM was used to provide detailed information on the size and morphology of the prepared samples. The EDX and FE-SEM analyses were conducted using a high-resolution JSM-6700F FE-SEM instrument (JEOL company, Tokyo, Japan) with an operating voltage of 10 kV. Lastly, the emission spectrum of the ZnS nanoparticles was recorded using a Hitachi F-7000 fluorescence spectrophotometer (Hitachi Ltd., Tokyo, Japan). To conduct the photoluminescence measurement, 20 mg of powder was precisely weighed for each sample and placed inside a cylindrical solid sample holder. The holder had a super quartz window, and the lid was screwed on tightly. The surface area of the illuminated surface was 1.57 cm2 for all the samples. During the measurements, both the excitations and emission slits were set at 1.5 nm, the acquisition speed was 200 nm/s, and the number of scans was 5 for all the samples. These conditions were maintained to ensure identical measurement conditions, which were necessary for comparative analysis.





4. Conclusions


Nanoparticles of ZnO doped with Cl were synthesized at a sintering temperature of 600 °C for 5 h, with a particle size of around 95 nm, as confirmed by FE-SEM analysis. The introduction of Cl led to an increase in the lattice parameters a and c and lattice volume, as Cl− ions with slightly larger ionic diameters replaced O2− ions in the ZnO lattice. With increasing Cl concentrations, the optical band gap decreased, and a new defect level was created in the ZnO lattice, resulting in an excitation band at approximately 375 nm. The emission intensity was observed to increase significantly with a sintering time of up to 5 h and Cl concentration of 25 mg/g. The photoluminescence emission intensity for 25 mg/g Cl-doped ZnO nanoparticles was found to be eight times higher than the pristine sample. The green emission observed in the range of 2.26–2.47 eV is attributed to the transition from O defects.
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Figure 1. PXRD patterns of (a) 25 mg/g Cl-doped ZnS/ZnO nanoparticles sintered at 600 °C for various durations. (b) Cl-doped ZnO nanoparticles sintered at 600 °C for a duration of 5 h. (c) Phase fractions of ZnS and ZnO phases as a function of sintering time for 25 mg/g Cl-doped ZnS/ZnO nanoparticles sintered at 600 °C. 
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Figure 2. Dependence of lattice parameter a and c (a) and unit cell volume (b) on Cl concentrations for the ZnO nanoparticles. 
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Figure 3. The Tauc’s plot obtained from the diffuse reflectance data of (a) 25 mg/g Cl-doped ZnS/ZnO nanoparticles sintered at 600 °C for different durations and (b) ZnO nanoparticles doped with various concentrations of Cl and sintered at 600 °C for 5 h. For both graphs, the Y-axis is presented as normalized for better readability. 
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Figure 4. EDX spectra of 25 mg/g Cl-doped ZnS/ZnO nanoparticles sintered at 600 °C (a) for 1 h and (b) for 5 h. 
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Figure 5. FE-SEM photographs of (a) hydrothermally synthesized ZnS nanoparticles without any annealing and 25 mg/g Cl-doped ZnS/ZnO nanoparticles sintered at 600 °C (b) for 1 h, (c) for 5 h, (d) for 6 h. 
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Figure 6. (a) Excitation spectra of 1 h and 2 h sintered samples measured at 460 nm and 503 nm emissions, respectively. Emission spectra of the samples sintered for different durations measured under (b) 350 nm excitations and (c) 375 nm excitations. (d) Emission spectra of pristine and various concentrations of Cl-doped samples sintered for 5 h and measured under 375 nm excitations. The sintering temperature for all these samples was 600 °C, and the nominal Cl concentration in the samples in (a–c) was 25 mg/g. 
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Figure 7. (a) Integrated luminescence intensity of the 25 mg/g Cl-doped ZnS/ZnO nanoparticles as a function of sintering time. (b) Integrated luminescence intensity as a function of Cl doping concentration for the ZnO nanoparticles sintered for five hours at 600 °C. 
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Figure 8. Gaussian function deconvoluted emission spectrum of (a) 2 h and (b) 5 h for 25 mg/g Cl-doped samples sintered at 600 °C measured under 340 nm and 375 nm excitations, respectively. 
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Table 1. Atomic percentages of Zn, S, and O atoms calculated from EDX analysis for 25 mg/g Cl-doped ZnS/ZnO nanoparticles sintered at 600 °C for different durations.
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Samples

	
1 h

	
2 h

	
3 h

	
4 h

	
5 h

	
6 h




	
Elements

	
At.%

	
At.%

	
At.%

	
At.%

	
At.%

	
At.%






	
Zn

	
52.02

	
52.42

	
47.01

	
43.92

	
50.07

	
39.96




	
S

	
47.98

	
43.44

	
40.11

	
18.51

	
0

	
0




	
O

	
0

	
4.15

	
12.88

	
37.56

	
49.93

	
60.04
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