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Abstract 

This paper reports the synthesis of ZnS microspheres with cubic and hexagonal crystal 

phases using a solvothermal method. These materials were characterized by a range of 

techniques. The effects of Au and Ag-doping on ZnS were also examined. Hexagonal 

phase ZnO microspheres could be obtained by a CO oxidation process over the ZnS 

microspheres. The onset of CO oxidation occurred above 350°C, which was increased by 

Au and Ag doping. The synthesized materials were used for the photocatalytic 

degradation of mixed dyes {methylene blue (MB) + methyl orange (MO) + rhodamine B 

(RhB)}. The observed photocatalytic degradation rate over the photocatalysts was in the 

order, RhB < MB << MO. The photocatalytic degradation activity of the synthesized 

materials was observed in the order, Au-ZnS ≈Ag-ZnS << ZnS < ZnO. ZnO was ~6 times 

more efficient in the photocatalytic synthesis of 2-hydroxyterephthalic acid than the ZnS 

and metal-doped ZnS. These results further support the importance and wide applications 

of the synthesized ZnS, Ag-ZnS, Au-ZnS and ZnO microspheres. 

 

Key words: ZnO; ZnS; cubic and hexagonal; CO oxidation; photocatalytic dye 

degradation; 2-hydroxyterephthalic acid 
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1. Introduction 

Metal oxides, such as TiO2, ZnO, SnO2 and CeO2, are well known 

semiconductors for novel applications [1-4]. Among these, ZnO is one of the most 

studied metal oxide materials for catalysis, photocatalysis, photoelectrochemical, sensors, 

solar cells, and biological applications [1-20]. ZnO nanostructures are prepared by 

hydrothermal, solvothermal, electrodeposition, and chemical as well as physical 

deposition methods [1-20]. ZnO has a wide direct band gap (~3.37 eV), which restricts its 

activity to the UV region. In addition, a large exciton binding energy of 60 meV (or 

longer-lived electron-hole pair) limits the photodegradation reaction under normal 

conditions [12,14]. ZnS is a type of semiconductor (chalcogenides) that is also well 

known for its photocatalytic applications [21-34].  

The advances in hybrid photoactive materials (metal-semiconductor) have 

resulted in significant progress in heterogeneous visible light-induced photocatalysis by 

suppressing the recombination of photogenerated electron-hole pairs. The catalytic and 

photocatalytic activities of ZnO and ZnS can be enhanced by hybridization with noble 

metals, such as silver (Ag) and gold (Au). Metals anchored/loaded to ZnO and ZnS 

nanocomposites have been prepared using a range of approaches [5-14,21-41], such as 

biogenic synthesis using biofilms [14], flame spray pyrolysis [36], photo-

reduction/chemical reduction [37], and ball-milling [41]. Ansari et al. synthesized Ag-

ZnO nanocomposites by an electrochemical biogenic synthesis method using an active 

biofilm electrode, and observed enhanced photocatalytic properties for the degradation of 

methyl orange, methylene blue and 4-nitrophenol [14]. Manna et al. prepared Ag@ZnO-

coated cotton fabrics by polyamine-mediated mineralization and a reduction method and 

revealed their photocatalytic activities for the photodegradation of rhodamine B (RhB) 

and the disinfection of bacteria under visible light [25]. Misra et al. prepared Au@ZnS 

core-shell nanoparticles and reported an increase in photocatalytic activity for methyl 

orange and an increase in photocurrent induced by surface plasmon resonance [25]. 

Photocatalytic CO2 reduction was also tested over Ru-functionalized ZnS, and CO2 was 

found to be major reduction product [26]. Zhang et al. decorated ZnO nanorods with Ag 

nanoprisms and Ag nanoparticles, and observed that Ag nanoprisms produced a much 

higher photocurrent intensity owing to the shape-dependent localized surface plasmon 
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resonance (SPR) effect [35]. The SPR of Ag (or Au) is believed to enhance visible light 

harvesting and increase the photocatalytic activity [14,35,36,38]. In addition, the band 

gap and defects play important roles in the photocatalytic activity of a material [1-

4,14,39]. Oxygen vacancies formed by impurity doping are also known to play a 

significant role in improving the photocatalytic activity [1-4,18]. Fang et al. controlled 

the surface defects of ZnO nanorods by varying the quenching temperature and cooling 

rate. The concentration of defects was found to be responsible for suppression electron-

hole recombination and increasing the photocatalytic dye degradation rates [18].  

This paper reports a very simple and facile method for the synthesis of cubic and 

hexagonal ZnS, Ag-ZnS and Au-ZnS microspheres using a solvothermal method. 

Hexagonal phase ZnO microspheres were synthesized using a unique CO oxidation 

treatment. Most studies reported an improvement in the photocatalytic activity upon 

testing with a pure dye at the optimal amount of Ag on ZnO. The photocatalytic activity 

also dependents on the nature of the dye and reaction conditions. In this study, a more 

complicated mixed dye {methyl orange (MO) + methylene blue (MB) + RhB} was used 

as a model system. The photocatalytic dye degradation rate was expected to be different 

because the three different dyes will show various UV-visible absorption bands and 

different surface charges. To the best of the authors’ knowledge, this is the first report of 

the synthesis of novel photocatalysts and the treatment of mixed dyes using ZnS, Ag-ZnS, 

Au-ZnS, and ZnO microspheres, on CO oxidation, and the visible light-assisted synthesis 

of 2-hydroxyterephthalic acid. The syntheses of ZnO microspheres and 2-

hydroxyterephthalic acid are the exceptional findings of this study, which is efficient and 

facile. 

 

2. Experimental Section 

 

2.1. Chemicals 

 

Zn(NO3)2·6H2O (98%), ZnSO4·7H2O (≥ 99.0%), Au(III) chloride trihydrate (99.9%), 

and thiourea (≥99.0%) were purchased from Sigma-Aldrich. Ethylene glycol (EG, 99%, 

Daejung Co., South Korea), AgNO3 (Duksan Co., South Korea), MO (TCI, Japan), MB 
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(Merck, Germany), RhB (Junsei Chem., Japan), and terephthalic acid (TCI, Japan) were 

used as received.  

 

2.2. ZnS synthesis, and Au and Ag-loading 

 

     ZnS with two different crystal phases were synthesized using a solvothermal method 

as described below. The two different ZnS nanostructures were designated ZnS(h) and 

ZnS(c). For the synthesis of ZnS(h), solutions of 0.1 M zinc nitrate and 0.1 M thiourea in 

ethylene glycol (EG) were prepared. 20.0 mL of the two solutions were mixed thoroughly, 

transferred to a Teflon-lined stainless autoclave and placed in an oven at 200°C for 12 hrs. 

After the reaction, the final product was naturally cooled, collected by centrifugation, and 

washed several times with deionized water and ethanol. The white powder was finally 

dried in an oven at 80°C. For the synthesis of ZnS(c), solutions of 0.1 M zinc sulfate and 

0.1 M thiourea were prepared in EG. A 20.0 mL volume of each of the two solutions 

were mixed and the same experimental procedures used for ZnS(h) were followed. For 

Au and Ag doping, 1.0 mol% of a 0.1 M Au chloride solution or 0.1 M Ag nitrate 

solution were mixed with the abovementioned solutions before being placed in an oven. 

For Au and Ag-doped ZnS(h) and ZnS(c) samples, the samples were designated as Au-

ZnS(h), Ag-ZnS(h), Au-ZnS(c), and Ag-ZnS(c) microspheres. 

 

2.3. Photocatalysts characterization 

 

To examine the crystal structures of the synthesized powder materials, powder X-ray 

diffraction (XRD, PANalytical X’Pert Pro MPD) was performed using Cu Kα radiation 

(40 kV and 30 mA). The morphologies were examined by field-emission scanning 

electron microscopy (FE-SEM, Hitachi SE-4800) and transmission electron microscopy 

(TEM, Hitachi H-7600) operated at 100 kV. For the SEM and TEM observations, the 

samples were mounted on a Si substrate and a lacey carbon Cu grid, respectively. A 

double beam UV-Vis spectrophotometer (SCINCO NeoSys-2000) was used to measure 

the UV-Vis diffuse reflectance/absorption spectra of the powdered samples. The 

photoluminescence (PL, SCINCO FluoroMate FS-2) spectra of the powder samples were 
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obtained at an excitation wavelength of 250 nm. X-ray photoelectron spectroscopy (XPS, 

Thermo-VG Scientific K-Alpha) was performed using a monochromated Al  Kα X-ray 

source (1486.6 eV) and a hemispherical energy analyzer. An electron flood gun was used 

to neutralize the surface charge. For the Brunauer-Emmett-Teller (BET) surface area 

measurements, a ChemBET TPR/TPD analyzer (Quantachrome Instruments, USA) 

equipped with a thermal conductivity detector was used. Before the BET measurements, 

the samples were degassed at 200°C for 2 hrs.  

 

2.4. CO oxidation and ZnO preparation  

 

ZnS conversion to ZnO was performed by a CO oxidation reaction over the ZnS 

samples. The CO oxidation experiment was conducted under CO(1.0%)/O2/(2.5%)/N2 

mixed gas flow conditions. The gas flow rate and heating rate were fixed at 40 mL/min 

and 10 K/min, respectively. The powder sample (10 mg) was mounted in a U-shape 

quartz tube (an inner diameter of 4.0 mm). The reaction product was monitored using a 

quadrupole mass spectrometer (RGA200, Stanford Research System, USA). The CO 

conversion percentage (%) was calculated using {([CO]in-[CO]out)/[CO]in × 100%}.  

 

2.5. Adsorption and photocatalytic dye degradation tests 

 

To prepare the mixed dye solution, the same amounts of methyl orange (MO), 

rhodamine B (RhB) and methylene blue (MB) solutions was mixed to have the same 

concentration of 10 mg/L. For the adsorption (in dark) and photocatalytic dye 

degradation tests (under visible light), 10 mg of the photocatalyst was dispersed fully into 

a 50 mL mixed dye solution and stirred in the dark. Upon achieving the adsorption-

desorption equilibrium, the mixed dye solution and photocatalyst mixture was irradiated 

with visible light with magnetic stirring. The photodegradation experiment was observed 

for 6 hrs and the rate of dye photodegradation was monitored by taking 2.0 mL of the 

sample every 1 hr, centrifuging it to remove the catalyst and recording the UV-vis 

spectrum. The dye concentrations after adsorption and visible light irradiation (with time) 
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were obtained by measuring the level of UV-visible absorption using a UV–Vis 

spectrophotometer (Jasco V-530).  

 

2.6. Synthesis of 2-hydroxyterephthalic acid 

 

The synthesis of 2-hydroxyterephthalic acid (HTPA) was performed to examine 

the formation of •OH radicals over the photocatalyst in a solution during visible light 

irradiation. The photocatalyst was dispersed in 50 mL of a 0.002 M NaOH (with 2.4×10-5 

mol terephthalic acid) solution. After irradiating visible light for 6 hrs, the solution was 

centrifuged and the photoluminescence (PL) spectrum was measured. HTPA was formed 

by a reaction of terephthalic acid (TPA) with •OH radicals. The amount of HTPA could 

be examined by PL because TPA is non-luminescent, whereas HTPA is. The PL 

measurements were conducted at an excitation wavelength of 320 nm using a SCINCO 

FluoroMate FS-2.  

 

3. Results and Discussion 
 

3.1. Morphology and XRD of ZnS and Au and Ag-doped ZnS  

 

Figure 1 shows SEM images and XRD patterns of the as-synthesized ZnS(h), ZnS(c), 

and Ag and Au-doped ZnS(h) and ZnS(c) microspheres. All SEM images show spherical 

shapes but different sizes. The diameters of the ZnS(h) microspheres prepared with 

Zn(NO3)2 and thiourea in EG were 200-300 nm. The diameters of the Ag-doped ZnS(h) 

increased to 300-500 nm. For Au-doped ZnS(h), the diameters were increased further to 

800-1000 nm. The diameters of the ZnS(c) sample prepared with ZnSO4 and thiourea in 

EG were ~10 times larger than that of ZnS(h) and was found to be 1 - 3 µm. For the Ag-

doped ZnS(c) sample, the particle size was much smaller. On the other hand, for Au-

doped ZnS(c), larger particles were also observed, compared to undoped ZnS(c).  

The XRD patterns of ZnS(h) and ZnS(c) revealed two different sizes. Interestingly, 

both the XRD patterns were entirely different. For ZnS(h), the XRD peaks were well 

matched to the reference patterns of wurtzite hexagonal (P63mc) ZnS (JCPDS 1-080-
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0007) [33]. On the other hand, for ZnS(c), the XRD patterns appeared to match the 

reference patterns of cubic (F-43m) ZnS (JCPDS 1-080-0020). All crystal planes were 

assigned to the corresponding XRD peaks. Upon Ag-doping to ZnS(h), the XRD patterns 

became sharper, particularly for the (002), (110) and (112) planes. For the Ag-doped 

ZnS(c), the (111), (220) and (311) planes became shaper. No XRD peaks for Ag were 

found, indicating the amorphous nature and/or small amount of Ag. Upon Au-doping of 

ZnS(h) and ZnS(c), the XRD patterns of hexagonal ZnS(h) and cubic ZnS(c) showed no 

significant change. On the other hand, for the Au-doped samples, new XRD peaks were 

observed at 2θ = 38.2°, 44.3°, 64.6°, and 77.5°, which were assigned to the (111), (002), 

(022), and (113) planes, respectively, of cubic crystal phase (Fm-3m, JCPDS 98-004-

4362) Au. The Au XRD peaks of Au-ZnS(c) were more intense than those of Au-ZnS(h). 

This confirms the synthesis of ZnS(h), ZnS(c), Ag-ZnS(h), Ag-ZnS(c), Au-ZnS(h), and 

Au-ZnS(c) microspheres and their purity. 

 

 

Figure 1. SEM images (left) of (a) ZnS(h), (b) ZnS(c), (c) Ag-ZnS(h), (d) Ag-ZnS(c), (e) 

Au-ZnS(h), and (f) Au-ZnS(c) samples, and the corresponding XRD profiles (g and h). 
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3.2. UV-Vis absorption and PL of ZnS and Au and Ag-doped ZnS 

 

Figure 2 shows the UV-Vis diffuse reflectance absorption (Fig. 2a) and PL spectra 

(Fig. 2c and 2d) of ZnS(h), ZnS(c), Ag-ZnS(h), Ag-ZnS(c), Au-ZnS(h), and Au-ZnS(c) 

samples. The [αhν]2 vs. photon energy (E, eV) plots are also shown (Fig. 2b), where α 

and h are the absorbance and Planck’s constant, respectively. The Tauc equation, αhν = 

A(hν – Eg)
n/2, was used to estimate the band gap, where A is an empirical value and n is 4 

for an indirect band gap (e.g., TiO2) and n = 1 for a direct band gap (e.g., ZnS and ZnO) 

[42,43]. For undoped ZnS(h) and ZnS(c), the band gaps were estimated to be 3.6 and 3.45 

eV, respectively, which is in good agreement with the literature [33]. Zeng et al. reported 

wurtzite ZnS films (band gaps of 3.50−3.64 eV) prepared by spray pyrolysis at 310°C 

using a solution of ZnCl2 and thioacetamide [33]. For the Au and Ag-doped samples, the 

absorption in the visible region were strongly enhanced. On the other hand, for Au-doped 

ZnS(c), the band gap edge showed a slight change, compared to that of undoped ZnS(c). 

This was attributed to the quantum confinement effect and surface plasmon resonance 

effects of the synthesized materials [14,35,36,38]. 

The PL spectra (Fig. 2c) of ZnS(h) and ZnS(c) showed broad peaks near 380 nm and 

470 nm, which were attributed to band gap emission and defects, respectively [33]. For 

the Au and Ag-doped samples (Fig. 2d), the PL peaks decreased significantly, which is 

due to a metal-dipole quenching effect [42,43]. For Au-ZnS(c), the PL intensity showed a 

small decrease compared to the other metal-doped samples. This was attributed to the 

decrease in charge carrier recombination [42-46]. 
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Figure 2. UV-visible diffuse reflectance absorption spectra (a, and b), and PL (c, and d) 

spectra of the ZnS(h), ZnS(c), Ag-ZnS(h), Ag-ZnS(c), Au-ZnS(h), and Au-ZnS(c) 

samples. An excitation wavelength of 250 nm was used to obtain the PL spectra. 

 

3.3. XPS of cubic and hexagonal phase ZnS 

 

XPS was used to examine the surface electronic structures of cubic and hexagonal 

phase ZnS. Figure 3 shows the survey and high resolution Zn 2p and O 1s XP spectra of 

hexagonal phase ZnS(h) and cubic phase ZnS(c). The survey scan only showed Zn and S, 

with C as a surface impurity. The high resolution Zn 2p peaks were normalized to the 

same intensity. The S 2p peaks were rescaled with the same normalization factor for Zn 

2p. For ZnS(h), the Zn 2p3/2 (Zn 2p1/2) XPS peak was observed at a binding energy (BE) 

of 1021.5 (1044.1) eV, with a spin-orbit splitting of 22.6 eV, which is in good agreement 
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with the literature [46-48]. For ZnS(c), the Zn 2p XPS peak was observed at a higher BE 

(by 0.5 eV) with the same spin-orbit splitting energy. The S 2p XPS peaks of ZnS(h) and 

ZnS(c) were observed at 161.6 and 161.9 eV, respectively. Interestingly, the S 2p XPS 

peak area for ZnS(h) was ~10% larger than that for ZnS(c). This indicates that the facets 

of ZnS(h) have more exposed S [46].  

 

 

Figure 3. Survey and high resolution Zn 2p and O 1s XP spectra of hexagonal phase 

ZnS(h) and cubic phase ZnS(c). 

 

3.4. Photocatalytic dye degradation over bare ZnS and Au and Ag-doped ZnS 

 

 The photocatalytic dye degradation of mixed dyes (MO + RhB + MB) was 

performed under visible light irradiation. First, adsorption-desorption was examined and 

the photocatalytic dye degradation of mixed dyes over ZnS(h), ZnS(c), Ag-ZnS(h), Ag-

ZnS(c), Au-ZnS(h), and Au-ZnS(c) was then performed [41,49,50]. Each sample was 

dispersed in 50 mL of the mixed dye solution, which were a mixture of MO, RhB and 

MB with the same concentration of 10 mg/L. Figure 4 shows the UV-Vis absorption 
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spectra of each sample after adsorption in the dark and after photoirradiation. Because the 

mixed dye contains three different dyes, the corresponding absorption spectrum shows 

three absorption regions of MO (450 nm), RhB (550 nm) and MB (650 nm). The three 

peaks positions were used to analyze the extent of photocatalytic dye degradation. For 

ZnS(c), upon adsorption in the dark, the three UV-Vis absorption intensities decreased by 

less than 10% (or Cad/C0 = 90%), where C0 and Cad are the UV-Vis absorption intensities 

before (initial) and after adsorption, respectively. Upon Ag and Au-doping of ZnS(c), the 

adsorption performance was decreased. The UV-Vis absorption intensities in the MO and 

RhB regions showed a negligible decrease, and that in the MB region showed only a 2-

3% decrease. For ZnS(h), MO and RhB showed 12% adsorption, whereas MB showed 

only 2% adsorption over the photocatalyst. Upon Ag and Au-doping into ZnS(h), the 

adsorption performance for MO and RhB decreased, whereas that of MB increased. For 

the photocatalytic dye degradation over ZnS(c), the UV-Vis intensity was decreased 

gradually with increasing visible light irradiation. After 6 h, the UV-Vis absorption in the 

case of MO was decreased drastically. In the case of RhB, the UV-Vis absorption was 

decreased by 47% (or C6h/Cad = 53%), where C6h and Cad are the UV-Vis absorption 

intensities after 6 h photoirradiation and adsorption, respectively. For MB, the UV-Vis 

absorption was decreased by 79% (or C6h/Cad = 21%). The photocatalytic performance 

was observed in the order, RhB < MB << MO over ZnS(c). Upon Ag and Au-doping, the 

photocatalytic performance for RhB and MB decreased significantly but the performance 

for MO was unaffected. For Ag-doped ZnS(c), the RhB and MB absorption spectra 

decreased in intensity by 12% (or C6h/Cad = 88%) and 51% (or C6h/Cad = 49%), 

respectively. For Au-doped ZnS(c), the catalytic performance was somewhat better than 

the Ag-doped ZnS(c). The UV-Vis absorption spectra of RhB and MB were decreased by 

17% (or C6h/Cad = 83%) and 59% (or C6h/Cad = 41%), respectively. For ZnS(h), the UV-

Vis absorption spectra of RhB and MB were decreased by 47% (or C6h/Cad = 53%) and 

81% (or C6h/Cad = 19%), respectively. Upon Ag and Au-doping, the catalytic activity also 

decreased. For Ag-ZnS(h), the UV-Vis absorption spectra of RhB and MB were 

decreased by 10% (or C6h/Cad = 90%) and 62% (or C6h/Cad = 48%), respectively. For Au-

ZnS(h), the catalytic performance was somewhat poor compared to that for Ag-doped 

ZnS(h). The UV-Vis absorption spectra of RhB and MB showed decrease in intensity of 
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3% (or C6h/Cad = 97%) and 44% (or C6h/Cad = 56%), respectively. Although the 

absorption in the visible light was increased after Ag and Au-doping, the catalytic activity 

was poorer. This suggests that the photocatalytic mechanism is likely governed more by a 

dye-sensitized mechanism, which will be discussed below.   

 

 

Figure 4. UV-Vis absorption spectra for the adsorption (Cad/C0) and photocatalytic dye 

degradation (C/Cad) under visible light irradiation over bare (left column), Ag (middle 

column) and Au-doped (right column) cubic (top panel) and hexagonal (bottom panel) 

crystal phase ZnS microspheres. 

 

3.5. CO oxidation of ZnS and Ag and Au-doped ZnS 

 

The conversion of ZnS to ZnO is very important industrially. Figure 5 shows the 

first and second run CO oxidation profiles of ZnS(c), ZnS(h), Ag-ZnS(c), Ag-ZnS(h), 

Au-ZnS(c), and Au-ZnS(h) samples. The CO conversion % was calculated using 
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{([CO] in-[CO]out)/[CO]in×100%} [51-57]. For the first runs of the ZnS(c) and ZnS(h) 

microspheres, CO oxidation began to occur at approximately 370 and 350°C, respectively. 

In the second runs, the onset of CO oxidation was observed at 400 and 350°C, 

respectively. With increasing temperature, the CO oxidation conversion (%) in the 

second run was higher than that in the first run. The increase in CO conversion in the 

second run was attributed to the change in crystal phase [51,55] from ZnS to ZnO, as 

discussed below. For Ag and Au-doped ZnS(c), the CO oxidation profiles were similar. 

In addition, a difference in the onset of CO oxidation between the first and the second 

runs was also observed at a similar temperature of 420°C. The level of CO conversion 

increased sharply at the above temperature. For Ag and Au-doped ZnS(h), the CO 

oxidation profiles were somewhat different from those of the bare ZnS(c) and ZnS(h), 

and Ag and Au-doped ZnS(c). For the first runs of the Ag-ZnS(h) and Au-ZnS(h) 

microspheres, the CO oxidation onsets were observed at ~390 and 400°C, respectively. In 

the second runs, the CO oxidation onsets were observed at ~430 and 400°C, respectively. 

The Ag and Au-doped samples showed poor CO oxidation activity compared to the other 

samples.  
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Figure 5. 1st and 2nd run CO oxidation profiles of the ZnS(c), ZnS(h), Ag-ZnS(c), Ag-

ZnS(h), Au-ZnS(c), and Au-ZnS(h) samples. 

 

3.6. Morphology and XRD of ZnO by CO oxidation of ZnS 

 

The morphologies and XRD patterns of the ZnS(c) and ZnS(h) were examined after 

the CO oxidation reactions. Figure 6 shows SEM and TEM images and XRD patterns of 

the samples. The SEM and TEM images revealed microspheres with two different sizes; 

the samples from ZnS(h) and ZnS(c) were 200-300 nm and 1 - 3 µm in size, respectively. 

Although the sizes showed no critical changes after CO oxidation, the surface became 
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rough. TEM revealed the slight aggregation of smaller particles. Finally, the crystal 

structures of ZnS(c) and ZnS(h) were examined after the CO oxidation reaction. The two 

samples showed the same XRD patterns that matched well with those of hexagonal 

(P63mc) ZnO (JCPDS 1-089-7102). The three major peaks were observed at 2θ = 31.7°, 

34.4° and 36.2°, corresponding to the (100), (002) and (101) planes, respectively. The 

other peaks were assigned to the corresponding planes. The samples obtained from CO 

oxidation over ZnS(h) and ZnS(c) were designated ZnO-h(h) and ZnO-c(h), respectively. 

Based on the XRD results (Figure 6) and the CO oxidation profiles (Figure 5), ZnO was 

formed from ZnS via 2ZnS + 3O2 → 2ZnO + 2SO2 at above 400°C. Once ZnO is formed, 

CO oxidation begins to occur via ZnO + CO + 1/2O2 → ZnO + CO2. ZnS(h) showed a 

lower CO oxidation onset compared to ZnS(c). The lower CO oxidation onset could be 

attributed to the smaller size (SEM images in Figure 1 and 6) and/or more exposed sulfur 

(S 2p XP spectra in Figure 3) results for ZnS(h). The BET surface area of a selected 

ZnS(h) was examined before and after CO oxidation. The measured BET surface area of 

ZnS(h) was 65.8 m2/g, which decreased substantially to 17.0 m2/g after CO oxidation, 

forming ZnO-h(h). 

 

 

Figure 6. SEM (top left), TEM (bottom left) images and powder XRD profiles (right) of 

the ZnO-c(h) and ZnS-h(h) samples prepared by the CO oxidation of ZnS(c) and ZnS(h), 

respectively. 
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3.7. UV-visible absorption and PL of ZnO 

 

Figure 7 shows UV-visible diffuse reflectance/absorption and PL spectra of the ZnO-

h(h) and ZnO-c(h) samples. The reference ZnO (Sigma-Aldrich) sample showed a sharp 

absorption edge at approximately 387 nm (or 3.2 eV). The absorption edges of the ZnO 

samples extended to the visible region (red shifted) and showed smooth arising edges. 

Both the ZnO samples showed enhanced visible light absorption. The absorption band 

gaps were calculated from the plots (inset of Fig. 7) of [αhν]2 versus hν [42,43]. The band 

gaps of the ZnO-h(h) and ZnO-c(h) samples were calculated to be 2.97 and 2.85 eV, 

respectively, which is in the visible light range.  

The PL spectra of ZnO commonly showed a broad peak at 470 nm, which could be 

attributed to defects [2,46,51]. The PL intensity of ZnO-h(h) was somewhat lower than 

that of ZnO-c(h) because of high charge separation and low recombination of the charge 

carriers [2,46,51]. Therefore, more effective electron–hole pair separation in the ZnO-

h(h) microspheres will be expected to improve the photocatalytic activity. 

 

 

Figure 7. UV-visible diffuse reflectance/absorption (left) and PL (right) spectra of the 

ZnO-h(h) and ZnO-c(h) samples. The UV-Vis absorption spectrum of a commercial ZnO 

is shown as a reference. The excitation wavelength for PL was 250 nm. 
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3.8. Photocatalytic dye degradation using ZnO, ZnS(h), ZnS(c), ZnO-h(h), ZnO-c(h), Ag-

ZnS(h), Ag-ZnS(c), Au-ZnS(h), and Au-ZnS(c) microspheres 

 

The adsorption and photocatalytic performance of the ZnO-h(h) and ZnO-c(h) 

samples were examined for the mixed dyes. Figure 8 shows the UV-Vis absorption 

spectra of the two samples after adsorption in the dark and under increasing 

photoirradiation times. Similar to the ZnS samples, the adsorption performances of ZnO-

h(h) and ZnO-c(h) were quite low. The UV-Vis absorption intensities were decreased by 

less than 10% (or Cad/C0 = 90%). Upon irradiating with visible light for 1 hr, the UV-Vis 

absorption for MO was decreased abruptly, whereas that for RhB showed a negligible 

change. The UV-Vis absorption for MB was decreased by 15% (or C1h/Cad = 85%) and 

18% (or C6h/Cad = 82%), where C1h and Cad are the UV-Vis absorption intensities after 1 

hr photoirradiation and adsorption, respectively. With increasing irradiation time, the 

UV-Vis absorption intensities for RhB and MB decreased gradually. For MB, the UV-Vis 

absorption intensity decreased more rapidly than that for RhB. The photocatalytic 

performance over the ZnO-h(h) and ZnO-c(h) samples was in the order, RhB < MB << 

MO. After photoirradiation over ZnO-h(h) for 6 hrs, the UV-Vis absorption intensities for 

RhB and MB decreased by 61% (or C6h/Cad = 39%) and 83% (or C6h/Cad = 17%), 

respectively. For ZnO-c(h), the UV-Vis absorption intensities of RhB and MB were 

decreased by 51% (or C6h/Cad = 49%) and 86% (or C6h/Cad = 14%), respectively. In the 

UV-Vis absorption spectra with increasing irradiation time, no change in peak position 

was observed, but the peak intensity decreased gradually. This suggests that the dye 

molecules were oxidized/decomposed completely without forming any intermediate. The 

de-ethylation products from RhB were reported to be produced from active •O2
− radical 

species [42,49,50]. As a result, the UV-Vis absorption peak of RhB is found to be blue-

shifted [42,49,50]. In the present study, however, no change in peak position was 

observed. Therefore, •O2
− radicals are not the major active species for dye degradation. 

Figure 8 shows the plots of photocatalytic degradation (C6h/Cad) of RhB and MB in 

the mixed dye solution over the ZnS(h), ZnS(c), ZnO-h(h), ZnO-c(h), Ag-ZnS(h), Ag-

ZnS(c), Au-ZnS(h), and Au-ZnS(c) microspheres after visible light irradiation for 6 hrs. 

For RhB and MB in the mixed dye, the photocatalytic activity was observed in the order, 
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Au-ZnS ≈  Ag-ZnS << ZnS < ZnO. The undoped ZnS(c) and ZnS(h) (and Ag-doped 

samples) showed no critical differences in activity for both RhB and MB. On the other 

hand, ZnO-h(h) showed somewhat higher activity than ZnO-c(h) for RhB, but lower 

activity for MB. The Au-ZnS(c) showed higher activity than Au-ZnS(h) for both RhB 

and MB.  

 

 

Figure 8. UV-Vis absorption spectra for the photocatalytic dye degradation (top panel) of 

mixed dyes under visible light over the ZnO-h(h) and ZnO-c(h) samples obtained by CO 

oxidation. The inset shows the corresponding degraded dye solutions. Photocatalytic 

degradation (C6h/Cad) of RhB (left) and MB (right) regions for the mixed dye solution 

over ZnS(h), ZnS(c), ZnO-h(h), ZnO-c(h), Ag-ZnS(h), Ag-ZnS(c), Au-ZnS(h), and Au-

ZnS(c) microspheres after visible light irradiation for 6 h. C6h and Cad are the UV-Vis 

absorption intensities after 6 hrs visible irradiation and adsorption in dark, respectively. 
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3.9. Synthesis of 2-hydroxyterephthalic acid  

 

Finally, this study examined the photocatalytic activity of ZnS(c), ZnS(h), ZnS-c(h), 

and ZnS-h(h) microspheres by probing the hydroxyl radical (•OH) formation. For this, 2-

hydroxyterephthalic acid (HTPA) synthesis was performed, which is formed by a 

reaction of terephthalic acid (TPA) with •OH radicals [41-44]. TPA is non-luminescent, 

whereas HTPA is luminescent, showing a broad PL band at 425 nm under the excitation 

of UV light. For this reason, the PL intensity is related directly to the amount of HTPA 

formed (or •OH radicals) [41-44]. Figure 9 shows the PL spectra of the TPA solutions 

reacted with ZnS(c), ZnS(h), ZnS-c(h), and ZnS-h(h) microspheres under visible light 

irradiation for 6 hrs. A broad peak was commonly observed at 425 nm, which was 

assigned to HTPA synthesized from TPA. The PL intensity was observed in the order, 

ZnS(h) < ZnS(c) << ZnO-h(h) < ZnO-c(h). ZnO showed a significantly stronger PL 

intensity than ZnS. The Ag and Au-doped ZnS samples also showed weak PL intensities. 

In addition, the larger microspheres (related with cubic phase) commonly showed a 

somewhat stronger PL intensity than smaller microspheres (related to hexagonal phase). 

This might be due to the lower band gap of ZnO-c(h) (or more absorption of visible light). 

 

 

Figure 9. PL spectra (left) of the TPA solutions reacted with ZnS(c), Zn(h), ZnS-c(h), 

and ZnS-h(h) microspheres under visible light for 6 h. An excitation wavelength of 320 

nm was used to collect the PL. PL intensities at 425 nm for ZnS(c), ZnS(h), ZnO-c(h), 
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ZnO-h(h), Ag/ZnS-c(h), Ag/ZnS-h(h), Au/ZnS-c(h), and Au/ZnS-h(h) microspheres. The 

left inset shows that terephthalic acid reacts with •OH to form luminescent 2-

hydroxyterephthalic acid. 

 

Based on the present photocatalytic dye degradation experiments, the following 

simplified mechanism can be proposed [41-44,49,50]: 

Mixed dyes  +  visible light → Dye (e−CB + h+
VB) 

ZnO + visible light → ZnO (e−CB + h+
VB) 

Dye (e−
CB + h+

VB)  +  ZnO (or ZnS)  → ZnO or ZnS (e−CB )  +  Dye (h+VB) 

ZnO or ZnS (e−CB )  +  adsorbed O2 → •O2
−   +  ZnO or ZnS 

•O2
−  +  H+ → •O2H (or •OH) 

ZnO or ZnS (h+VB)  +  H2O → H+  +  •OH 

ZnO or ZnS (h+VB)  +  OH- → •OH 
•O2

-, h+ or •OH species  +  Dye → dye degradation and mineralization 

 

Compared to ZnO (or ZnS), the dyes absorb more visible light due to conjugation. 

Therefore, the initial dye degradation mechanism is started mainly by formation of a hole 

in the valence band (VB) and an electron in the conduction band (CB) of a dye. The 

electrons in the CB are transferred to the CB of ZnO (or ZnS). The electron transfer 

efficiency is determined mainly by the aligned energy level [14,42,43]. ZnO could 

directly absorb visible light. This is because the calculated band gap (2.85 eV) of ZnO-

c(h) is lower than that (2.97 eV) of ZnO-h(h) and ZnO-c(h), which absorbs more visible 

light to form electrons and holes. The active •O2
− species are formed by electron capture 

by adsorbed oxygen, which depends on the oxygen dissolved in solution. On the other 

hand, based on the present study, •O2
− is not a major species. Active •OH radicals are 

formed by the mechanisms described above. The formation of •OH radicals was much 

greater for ZnO than for ZnS. Therefore, mineralization/degradation of the dyes is 

facilitated mainly by the formation of h+ and •OH species. 
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4. Summary 

 

This paper reported the synthesis of different crystal phases (cubic and hexagonal) 

and sizes (1-3 µm and 200-300 nm) of ZnS, Ag-ZnS, and Au-ZnS microspheres, which 

were synthesized using a solvothermal method. Hexagonal ZnO microspheres were 

synthesized by a CO oxidation reaction of ZnS. The physicochemical properties of the 

synthesized materials were examined by UV-visible absorption/reflectance spectroscopy, 

PL spectroscopy, SEM, TEM/HRTEM, and XPS spectroscopy. Their photocatalytic 

activities and characteristics were first tested by degrading a mixed dye (MO + MB + 

RhB) under visible light irradiation. The dye degradation rate of the mixed dye over the 

photocatalysts was observed in the order, RhB < MB << MO, whereas the photocatalytic 

activity was in the order, Au-ZnS ≈ Ag-ZnS << ZnS < ZnO. The slight photo-degraded 

MO was sensitized by the dyes, resulting in rapid degradation. Finally, ZnS and ZnO 

were also used for the successful synthesis of 2-hydroxyterephthalic acid from 

terephthalic acid under visible light irradiation. ZnO showed ~6 times more •OH radical 

formation activity (probed from the synthesis of 2-hydroxyterephthalic acid) than the ZnS 

and metal-doped ZnS. The CO oxidation activity was observed at above 350°C. The 

activity was higher for smaller size ZnO and became lower after Au and Ag doping. This 

novel method can offer new strategies for the synthesis of chalcogenides (such as ZnS), 

metal oxides (such as ZnO), and nanocomposites (such as Ag-ZnS and Au-ZnS) for 

visible light-induced photocatalysis as well as a facile route to synthesis of novel 

chemicals. 
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Highlights 

► Undoped, Au and Ag-doped cubic and hexagonal ZnS 

microspheres were prepared. 

► Hexagonal ZnO microspheres were prepared by post-CO 

oxidation of the ZnS.  

► Photocatalytic dye degradation was tested for mixed dye (MO + 

RhB + MB) under visible light. 

► Photocatalytic synthesis of 2-hydroxyterephthalic acid was 

examined. 


