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Abstract

This paper reports the synthesis of ZnS microspheith cubic and hexagonal crystal
phases using a solvothermal method. These matevels characterized by a range of
technigues. The effects of Au and Ag-doping on ZwSe also examined. Hexagonal
phase ZnO microspheres could be obtained by a G@ation process over the ZnS
microspheres. The onset of CO oxidation occurreny@l350°C, which was increased by
Au and Ag doping. The synthesized materials weredufor the photocatalytic
degradation of mixed dyes {methylene blue (MB) lmgorange (MO) + rhodamine B
(RhB)}. The observed photocatalytic degradatiom i@ter the photocatalysts was in the
order, RhB < MB << MO. The photocatalytic degradatactivity of the synthesized
materials was observed in the order, Au-ZA48-ZnS << ZnS < Zn0O. ZnO was ~6 times
more efficient in the photocatalytic synthesis diy@iroxyterephthalic acid than the ZnS
and metal-doped ZnS. These results further suppertmportance and wide applications
of the synthesized ZnS, Ag-ZnS, Au-ZnS and ZnO aspheres.

Key words. ZnO; ZnS; cubic and hexagonal, CO oxidation; phatalytic dye
degradation; 2-hydroxyterephthalic acid



1. Introduction

Metal oxides, such as T ZnO, Sn@ and CeQ are well known
semiconductors for novel applications [1-4]. Amotiggse, ZnO is one of the most
studied metal oxide materials for catalysis, phatakysis, photoelectrochemical, sensors,
solar cells, and biological applications [1-20]. &manostructures are prepared by
hydrothermal, solvothermal, electrodeposition, acdemical as well as physical
deposition methods [1-20]. ZnO has a wide direcidogap (~3.37 eV), which restricts its
activity to the UV region. In addition, a large é@®a binding energy of 60 meV (or
longer-lived electron-hole pair) limits the photgdedation reaction under normal
conditions [12,14]. ZnS is a type of semicondudicinalcogenides) that is also well
known for its photocatalytic applications [21-34].

The advances in hybrid photoactive materials (rretaticonductor) have
resulted in significant progress in heterogeneasile light-induced photocatalysis by
suppressing the recombination of photogeneratertretehole pairs. The catalytic and
photocatalytic activities of ZnO and ZnS can beaded by hybridization with noble
metals, such as silver (Ag) and gold (Au). Metatghered/loaded to ZnO and ZnS
nanocomposites have been prepared using a ranggpobaches [5-14,21-41], such as
biogenic synthesis using biofilms [14], flame sprgyrolysis [36], photo-
reduction/chemical reduction [37], and ball-millifdl]. Ansari et al. synthesized Ag-
ZnO nanocomposites by an electrochemical biogeynthesis method using an active
biofilm electrode, and observed enhanced photodatadroperties for the degradation of
methyl orange, methylene blue and 4-nitropheno]. [#anna et al. prepared Ag@ZnO-
coated cotton fabrics by polyamine-mediated mimeatibn and a reduction method and
revealed their photocatalytic activities for theodegradation of rhodamine B (RhB)
and the disinfection of bacteria under visible ti§f25]. Misra et al. prepared Au@ZnS
core-shell nanopatrticles and reported an increagghotocatalytic activity for methyl
orange and an increase in photocurrent inducedubface plasmon resonance [25].
Photocatalytic C@reduction was also tested over Ru-functionalize®,Zand C@was
found to be major reduction product [26]. Zhan@letdecorated ZnO nanorods with Ag
nanoprisms and Ag nanopatrticles, and observedAgatanoprisms produced a much

higher photocurrent intensity owing to the shappetelent localized surface plasmon
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resonance (SPR) effect [35]. The SPR of Ag (or BWelieved to enhance visible light
harvesting and increase the photocatalytic acti\dg;,35,36,38]. In addition, the band
gap and defects play important roles in the pha#abg#c activity of a material [1-
4,14,39]. Oxygen vacancies formed by impurity dgpiare also known to play a
significant role in improving the photocatalytictiaty [1-4,18]. Fang et al. controlled
the surface defects of ZnO nanorods by varyinggiirenching temperature and cooling
rate. The concentration of defects was found teesponsible for suppression electron-
hole recombination and increasing the photocatatiye degradation rates [18].

This paper reports a very simple and facile mettoodhe synthesis of cubic and
hexagonal ZnS, Ag-ZnS and Au-ZnS microspheres usingolvothermal method.
Hexagonal phase ZnO microspheres were synthesiged) @ unique CO oxidation
treatment. Most studies reported an improvementhe photocatalytic activity upon
testing with a pure dye at the optimal amount ofohgZnO. The photocatalytic activity
also dependents on the nature of the dye and oeactinditions. In this study, a more
complicated mixed dye {methyl orange (MO) + metmg@eblue (MB) + RhB} was used
as a model system. The photocatalytic dye deg@dasite was expected to be different
because the three different dyes will show varitlévisible absorption bands and
different surface charges. To the best of the asttkkmowledge, this is the first report of
the synthesis of novel photocatalysts and thertreat of mixed dyes using ZnS, Ag-ZnS,
Au-ZnS, and ZnO microspheres, on CO oxidation, thedvisible light-assisted synthesis
of 2-hydroxyterephthalic acid.The syntheses of ZnO microspheres and 2-
hydroxyterephthalic acid are the exceptional figgif this study, which is efficient and

facile.

2. Experimental Section

2.1. Chemicals

ZNn(NGs)2- 6HO (98%), ZnSQ 7HO (= 99.0%), Au(lll) chloride trihydrate (99.9%),
and thiourea%99.0%) were purchased from Sigma-Aldrich. Ethylgheol (EG, 99%,
Daejung Co., South Korea), AgN@®@uksan Co., South Korea), MO (TClI, Japan), MB
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(Merck, Germany), RhB (Junsei Chem., Japan), argphehalic acid (TCI, Japan) were
used as received.

2.2. ZnSsynthesis, and Au and Ag-loading

ZnS with two different crystal phases werethgsized using a solvothermal method
as described below. The two different ZnS nanosiras were designated ZnS(h) and
ZnS(c). For the synthesis of ZnS(h), solutions.&fM zinc nitrate and 0.1 M thiourea in
ethylene glycol (EG) were prepared. 20.0 mL oftthe solutions were mixed thoroughly,
transferred to a Teflon-lined stainless autoclaw glaced in an oven at ZWfor 12 hrs.
After the reaction, the final product was naturalbpled, collected by centrifugation, and
washed several times with deionized water and ethdie white powder was finally
dried in an oven at 8C. For the synthesis of ZnS(c), solutions of 0.ZiNt sulfate and
0.1 M thiourea were prepared in E&.20.0 mL volume of each of the two solutions
were mixed and the same experimental procedures foseZnS(h) were followed. For
Au and Ag doping, 1.0 mol% of a 0.1 M Au chlorideligion or 0.1 M Ag nitrate
solution were mixed with the abovementioned sohgibefore being placed in an oven.
For Au and Ag-doped ZnS(h) and ZnS(c) samplesstmples were designated as Au-
ZnS(h), Ag-ZnS(h), Au-ZnS(c), and Ag-ZnS(c) micrbspes.

2.3. Photocatalysts characterization

To examine the crystal structures of the synthegmevder materials, powder X-ray
diffraction (XRD, PANalytical X’Pert Pro MPD) wasegformed using Cu & radiation
(40 kV and 30 mA). The morphologies were examingdfibld-emission scanning
electron microscopy (FE-SEM, Hitachi SE-4800) arah$mission electron microscopy
(TEM, Hitachi H-7600) operated at 100 kV. For thENMs and TEM observations, the
samples were mounted on a Si substrate and a tmrbpn Cu grid, respectively. A
double beam UV-Vis spectrophotometer (SCINCO NedX®@0) was used to measure
the UV-Vis diffuse reflectance/absorption spectrh tbe powdered samples. The
photoluminescence (PL, SCINCO FluoroMate FS-2) speaaf the powder samples were
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obtained at an excitation wavelength of 250 nma)Xhotoelectron spectroscopy (XPS,
Thermo-VG Scientific K-Alpha) was performed usingr@nochromated AKa X-ray
source (1486.6V) and a hemispherical energy analyzer. An elediimod gun was used
to neutralize the surface charge. For the Brun&memett-Teller (BET) surface area
measurements, a ChemBET TPR/TPD analyzer (Quawotaehrinstruments, USA)
equipped with a thermal conductivity detector wasdi Before the BET measurements,

the samples were degassed at’@0for 2 hrs.

2.4. CO oxidation and ZnO preparation

ZnS conversion to ZnO was performed by a CO oxwhateaction over the ZnS
samples. The CO oxidation experiment was conduateter CO(1.0%)/&J(2.5%)/N
mixed gas flow conditions. The gas flow rate andtimg rate were fixed at 40 mL/min
and 10 K/min, respectively. The powder sample (1) mas mounted in a U-shape
quartz tube (an inner diameter of 4.0 mm). Thetreagroduct was monitored using a
guadrupole mass spectrometer (RGA200, Stanford dRgseSystem, USA). The CO
conversion percentage (%) was calculated using@{{CO]ou)/[COJin x 100%}.

2.5. Adsor ption and photocatalytic dye degradation tests

To prepare the mixed dye solution, the same amaainteethyl orange (MO),
rhodamine B (RhB) and methylene blue (MB) solutioves mixed to have the same
concentration of 10 mg/L. For the adsorption (inrkjlaand photocatalytic dye
degradation tests (under visible light), 10 mghe&f photocatalyst was dispersed fully into
a 50 mL mixed dye solution and stirred in the daskon achieving the adsorption-
desorption equilibrium, the mixed dye solution gicbtocatalyst mixture was irradiated
with visible light with magnetic stirring. The pluztegradation experiment was observed
for 6 hrs and the rate of dye photodegradation masitored by taking 2.0 mL of the
sample every 1 hr, centrifuging it to remove théalyast and recording the UV-vis

spectrum. The dye concentrations after adsorptiohvésible light irradiation (with time)



were obtained by measuring the level of UV-visildbsorption using a UV-Vis
spectrophotometer (Jasco V-530).

2.6. Synthesis of 2-hydroxyterephthalic acid

The synthesis of 2-hydroxyterephthalic acid (HTR¥gs performed to examine
the formation of OH radicals over the photocatalyst in a solutiomirdu visible light
irradiation. The photocatalyst was dispersed im&0of a 0.002 M NaOH (with 2x410°
mol terephthalic acid) solution. After irradiatingsible light for 6 hrs, the solution was
centrifuged and the photoluminescence (PL) specwasimeasured. HTPA was formed
by a reaction of terephthalic acid (TPA) witbH radicals. The amount of HTPA could
be examined by PL because TPA is non-luminescehgreas HTPA is. The PL
measurements were conducted at an excitation wegtbleof 320 nm using a SCINCO
FluoroMate FS-2.

3. Results and Discussion

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

Figure 1 shows SEM images and XRD patterns of sh&yathesized ZnS(h), ZnS(c),
and Ag and Au-doped ZnS(h) and ZnS(c) microsphe&k$SEM images show spherical
shapes but different sizes. The diameters of th8(I)nmicrospheres prepared with
Zn(NOs), and thiourea in EG were 200-300 nm. The diamettthe Ag-doped ZnS(h)
increased to 300-500 nm. For Au-doped ZnS(h), tameters were increased further to
800-1000 nm. The diameters of the ZnS(c) samplpgpesl with ZnS@and thiourea in
EG were ~10 times larger than that of ZnS(h) and fwand to be 1 - gm. For the Ag-
doped ZnS(c) sample, the particle size was mucHleem®n the other hand, for Au-
doped ZnS(c), larger particles were also obsermv@ahpared to undoped ZnS(c).

The XRD patterns of ZnS(h) and ZnS(c) revealed different sizes. Interestingly,
both the XRD patterns were entirely different. ZmS(h), the XRD peaks were well
matched to the reference patterns of wurtzite hexalg(P63mc) ZnS (JCPDS 1-080-
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0007) [33]. On the other hand, for ZnS(c), the XR&tterns appeared to match the
reference patterns of cubic (F-43m) ZnS (JCPDS @@®0). All crystal planes were
assigned to the corresponding XRD peaks. Upon Agndpto ZnS(h), the XRD patterns
became sharper, particularly for the (002), (118) §112) planes. For the Ag-doped
ZnS(c), the (111), (220) and (311) planes becamapesh No XRD peaks for Ag were
found, indicating the amorphous nature and/or samalbunt of Ag. Upon Au-doping of
ZnS(h) and ZnS(c), the XRD patterns of hexagon@(&h and cubic ZnS(c) showed no
significant change. On the other hand, for the Apatl samples, new XRD peaks were
observed at@= 38.2°, 44.3°, 64.6°, and 77.5°, which were assigto the (111), (002),
(022), and (113) planes, respectively, of cubicstalyphase (Fm-3m, JCPDS 98-004-
4362) Au. The Au XRD peaks of Au-ZnS(c) were moreense than those of Au-ZnS(h).
This confirms the synthesis of ZnS(h), ZnS(c), Agsth), Ag-ZnS(c), Au-ZnS(h), and
Au-ZnS(c) microspheres and their purity.

(a)

ZnS(h)

JCPDS 1-080-0020

o

Au-ZnS(h)

Sk :T ZnS(h)

Au-ZnS(h) S s JCPDS 1-080-0007

’ 20 30 40 50 60 70 80
26 (deg)

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

Au-ZnS(h), and (f) Au-ZnS(c) samples, and the gpomding XRD profiles (g and h).




3.2. UV-Vis absorption and PL of ZnSand Au and Ag-doped ZnS

Figure 2 shows the UV-Vis diffuse reflectance apson (Fig. 2a) and PL spectra
(Fig. 2c and 2d) of ZnS(h), ZnS(c), Ag-ZnS(h), Ag&c), Au-ZnS(h), and Au-ZnS(c)
samples. Theohv]? vs. photon energy (E, eV) plots are also showg.(Eb), wherex
and h are the absorbance and Planck’s constapeatasly. The Tauc equationhy =
A(hv — Eg)”’z, was used to estimate the band gap, where A érgoirical value and nis 4
for an indirect band gap (e.g., xand n = 1 for a direct band gap (e.g., ZnS an@)Zn
[42,43]. For undoped ZnS(h) and ZnS(c), the bans geere estimated to be 3.6 and 3.45
eV, respectively, which is in good agreement wité literature [33]. Zeng et al. reported
wurtzite ZnS films (band gaps of 35064 eV) prepared by spray pyrolysis at 310°C
using a solution of ZnGland thioacetamide [33]. For the Au and Ag-dopedmas, the
absorption in the visible region were strongly endeal. On the other hand, for Au-doped
ZnS(c), the band gap edge showed a slight chaogepared to that of undoped ZnS(c).
This was attributed to the quantum confinementceféend surface plasmon resonance
effects of the synthesized materials [14,35,36,38].

The PL spectra (Fig. 2c) of ZnS(h) and ZnS(c) shtbla®ad peaks near 380 nm and
470 nm, which were attributed to band gap emissioth defects, respectively [33]. For
the Au and Ag-doped samples (Fig. 2d), the PL peigkseased significantly, which is
due to a metal-dipole quenching effect [42,43]. kofZnS(c), the PL intensity showed a
small decrease compared to the other metal-dopagples. This was attributed to the

decrease in charge carrier recombination [42-46].
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Figure 2. UV-visible diffuse reflectance absorption spe¢aaand b), and PL (c, and d)
spectra of the ZnS(h), ZnS(c), Ag-ZnS(h), Ag-ZnS(Au-ZnS(h), and Au-ZnS(c)

samples. An excitation wavelength of 250 nm wasl tieebtain the PL spectra.

3.3. XPSof cubic and hexagonal phase ZnS

XPS was used to examine the surface electronictates of cubic and hexagonal
phase ZnS. Figure 3 shows the survey and highutsolZn 2p and O 1s XP spectra of
hexagonal phase ZnS(h) and cubic phase ZnS(c)sdivey scan only showed Zn and S,
with C as a surface impurity. The high resolutiom Zp peaks were normalized to the
same intensity. The S 2p peaks were rescaled hélsame normalization factor for Zn
2p. For ZnS(h), the Zn 2p (Zn 2p,) XPS peak was observed at a binding energy (BE)
of 1021.5 (1044.1) eV, with a spin-orbit splittin22.6 eV, which is in good agreement



with the literature [46-48]. For ZnS(c), the Zn 2pS peak was observed at a higher BE
(by 0.5 eV) with the same spin-orbit splitting emerThe S 2p XPS peaks of ZnS(h) and
ZnS(c) were observed at 161.6 and 161.9 eV, respictinterestingly, the S 2p XPS
peak area for ZnS(h) was ~10% larger than thaZf8(c). This indicates that the facets
of ZnS(h) have more exposed S [46].
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Figure 3. Survey and high resolution Zn 2p and O 1s XP tspenf hexagonal phase
ZnS(h) and cubic phase ZnS(c).

3.4. Photocatal ytic dye degradation over bare ZnSand Au and Ag-doped ZnS

The photocatalytic dye degradation of mixed dy®KO(+ RhB + MB) was
performed under visible light irradiation. Firsgsarption-desorption was examined and
the photocatalytic dye degradation of mixed dyesr&nS(h), ZnS(c), Ag-ZnS(h), Ag-
ZnS(c), Au-ZnS(h), and Au-ZnS(c) was then perfornit,49,50]. Each sample was
dispersed in 50 mL of the mixed dye solution, whiatre a mixture of MO, RhB and

MB with the same concentration of 10 mg/L. Figurshbws the UV-Vis absorption
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spectra of each sample after adsorption in the aladkafter photoirradiation. Because the
mixed dye contains three different dyes, the cpoading absorption spectrum shows
three absorption regions of MO (450 nm), RhB (556 mand MB (650 nm). The three
peaks positions were used to analyze the extephofocatalytic dye degradation. For
ZnS(c), upon adsorption in the dark, the three U¥-absorption intensities decreased by
less than 10% (or JCo = 90%), where gand Gq are the UV-Vis absorption intensities
before (initial) and after adsorption, respectivélypon Ag and Au-doping of ZnS(c), the
adsorption performance was decreased. The UV-\4erghion intensities in the MO and
RhB regions showed a negligible decrease, andirinéie MB region showed only a 2-
3% decrease. For ZnS(h), MO and RhB showed 12%rittso, whereas MB showed
only 2% adsorption over the photocatalyst. Upon ahgl Au-doping into ZnS(h), the
adsorption performance for MO and RhB decrease@redas that of MB increased. For
the photocatalytic dye degradation over ZnS(c), théVis intensity was decreased
gradually with increasing visible light irradiatioAfter 6 h, the UV-Vis absorption in the
case of MO was decreased drastically. In the ca$thB, the UV-Vis absorption was
decreased by 47% (oreflCag = 53%), where g, and Gg are the UV-Vis absorption
intensities after 6 h photoirradiation and adsomtirespectively. For MB, the UV-Vis
absorption was decreased by 79% (eWCiq = 21%). The photocatalytic performance
was observed in the order, RhB < MB << MO over Z90S(pon Ag and Au-doping, the
photocatalytic performance for RhB and MB decreasgdificantly but the performance
for MO was unaffected. For Ag-doped ZnS(c), the Raridl MB absorption spectra
decreased in intensity by 12% (06Cag = 88%) and 51% (or &Caq = 49%),
respectively. For Au-doped ZnS(c), the catalyticfgrenance was somewhat better than
the Ag-doped ZnS(c). The UV-Vis absorption speofrRhB and MB were decreased by
17% (or Gy Cag = 83%) and 59% (or §/Caq = 41%), respectively. For ZnS(h), the UV-
Vis absorption spectra of RhB and MB were decredged7% (or G/Caq = 53%) and
81% (or G Cag= 19%), respectively. Upon Ag and Au-doping, théatytic activity also
decreased. For Ag-ZnS(h), the UV-Vis absorptioncspeof RhB and MB were
decreased by 10% (0fsCag = 90%) and 62% (or &/Caq = 48%), respectively. For Au-
ZnS(h), the catalytic performance was somewhat poonpared to that for Ag-doped
ZnS(h). The UV-Vis absorption spectra of RhB and Bti®wed decrease in intensity of
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3% (or GWCag = 97%) and 44% (or &/Cay = 56%), respectively. Although the
absorption in the visible light was increased aftgrand Au-doping, the catalytic activity
was poorer. This suggests that the photocatalyichanism is likely governed more by a

dye-sensitized mechanism, which will be discusssadv.
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Figure 4. UV-Vis absorption spectra for the adsorptiondCy) and photocatalytic dye
degradation (C/6€) under visible light irradiation over bare (lefblamn), Ag (middle
column) and Au-doped (right column) cubic (top damad hexagonal (bottom panel)

crystal phase ZnS microspheres.
3.5. CO oxidation of ZnSand Ag and Au-doped ZnS

The conversion of ZnS to ZnO is very important istially. Figure 5 shows the
first and second run CO oxidation profiles of ZnS@nS(h), Ag-ZnS(c), Ag-ZnS(h),

Au-ZnS(c), and Au-ZnS(h) samples. The CO conversionwas calculated using
12



{([CO]in-[COJow)/[COJinx100%} [51-57]. For the first runs of the ZnS(c) a@dS(h)
microspheres, CO oxidation began to occur at apmabely 370 and 350°C, respectively.
In the second runs, the onset of CO oxidation whsexwed at 400 and 350°C,
respectively. With increasing temperature, the C@dation conversion (%) in the
second run was higher than that in the first rume ihcrease in CO conversion in the
second run was attributed to the change in crystake [51,55] from ZnS to ZnO, as
discussed below. For Ag and Au-doped ZnS(c), theoRi@ation profiles were similar.
In addition, a difference in the onset of CO oxidkatbetween the first and the second
runs was also observed at a similar temperatud20fC. The level of CO conversion
increased sharply at the above temperature. Forad) Au-doped ZnS(h), the CO
oxidation profiles were somewhat different from saoof the bare ZnS(c) and ZnS(h),
and Ag and Au-doped ZnS(c). For the first runs loé tAg-ZnS(h) and Au-ZnS(h)
microspheres, the CO oxidation onsets were obseatved90 and 400°C, respectively. In
the second runs, the CO oxidation onsets were vbdeat ~430 and 400°C, respectively.
The Ag and Au-doped samples showed poor CO oxidaodivity compared to the other

samples.
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Figure 5. 1% and 29 run CO oxidation profiles of the ZnS(c), ZnS(h)g-&nS(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) Am8(h) were examined after
the CO oxidation reactions. Figure 6 shows SEM BEM images and XRD patterns of
the samples. The SEM and TEM images revealed npbeyss with two different sizes;
the samples from ZnS(h) and ZnS(c) were 200-30@ndl - 3um in size, respectively.

Although the sizes showed no critical changes d@r oxidation, the surface became
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rough. TEM revealed the slight aggregation of semaparticles. Finally, the crystal
structures of ZnS(c) and ZnS(h) were examined &fieeilCO oxidation reaction. The two
samples showed the same XRD patterns that matcleidwith those of hexagonal
(P63mc) ZnO (JCPDS 1-089-7102). The three majokgpeeere observed ab2= 31.7°,
34.4° and 36.2°, corresponding to the (100), (0&&) (101) planes, respectively. The
other peaks were assigned to the correspondinggldrhe samples obtained from CO
oxidation over ZnS(h) and ZnS(c) were designate@-A(h) and ZnO-c(h), respectively.
Based on the XRD results (Figure 6) and the COatiad profiles (Figure 5), ZnO was
formed from ZnS via 2ZnS + 3G~ 2Zn0 + 2SQ at above 400°C. Once ZnO is formed,
CO oxidation begins to occur via ZnO + CO + 1426 ZnO + CQ. ZnS(h) showed a
lower CO oxidation onset compared to ZnS(c). ThveeloCO oxidation onset could be
attributed to the smaller size (SEM images in Feguiand 6) and/or more exposed sulfur
(S 2p XP spectra in Figure 3) results for ZnS(H)e BET surface area of a selected
ZnS(h) was examined before and after CO oxidafitve measured BET surface area of
ZnS(h) was 65.8 ffig, which decreased substantially to 17.@grafter CO oxidation,
forming ZnO-h(h).
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Figure 6. SEM (top left), TEM (bottom left) images and pavdXRD profiles (right) of
the ZnO-c(h) and ZnS-h(h) samples prepared by theogidation 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/alpgion and PL spectra of the ZnO-
h(h) and ZnO-c(h) samples. The reference ZnO (Sigldach) sample showed a sharp
absorption edge at approximately 387 nm (or 3.2 @¥ie absorption edges of the ZnO
samples extended to the visible region (red shiftedl showed smooth arising edges.
Both the ZnO samples showed enhanced visible Byisorption. The absorption band
gaps were calculated from the plots (inset of Fjgf [«hv]? versushy [42,43]. The band
gaps of the ZnO-h(h) and ZnO-c(h) samples wereutatied 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 p¢ak0 nm, which could be
attributed to defects [2,46,51]. The PL intensifyZoO-h(h) was somewhat lower than
that of ZnO-c(h) because of high charge separati@hlow recombination of the charge
carriers [2,46,51]. Therefore, more effective el@cthole pair separation in the ZnO-
h(h) microspheres will be expected to improve thetpcatalytic activity.
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Figure 7. UV-visible diffuse reflectance/absorption (lefthd PL (right) spectra of the
Zn0-h(h) and ZnO-c(h) samples. The UV-Vis absorpspectrum of a commercial ZnO

is shown as a reference. The excitation wavelefogtRL 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-ZnY(c), Au-ZnS(h), and Au-ZnS(c) microspheres

The adsorption and photocatalytic performance & #mO-h(h) and ZnO-c(h)
samples were examined for the mixed dyes. Figush@vs the UV-Vis absorption
spectra of the two samples after adsorption in tak and under increasing
photoirradiation times. Similar to the ZnS samptés, adsorption performances of ZnO-
h(h) and ZnO-c(h) were quite low. The UV-Vis absamp intensities were decreased by
less than 10% (or LCo = 90%). Upon irradiating with visible light forHr, the UV-Vis
absorption for MO was decreased abruptly, wherkat for RhB showed a negligible
change. The UV-Vis absorption for MB was decredsgd 5% (or Gy Cag = 85%) and
18% (or GH/Caq = 82%), where ¢, and Gq are the UV-Vis absorption intensities after 1
hr photoirradiation and adsorption, respectivelyithAincreasing irradiation time, the
UV-Vis absorption intensities for RhB and MB de@ed gradually. For MB, the UV-Vis
absorption intensity decreased more rapidly thaamt for RhB. The photocatalytic
performance over the ZnO-h(h) and ZnO-c(h) sampias in the order, RhB < MB <<
MO. After photoirradiation over ZnO-h(h) for 6 hthe UV-Vis absorption intensities for
RhB and MB decreased by 61% (0s/fCaq = 39%) and 83% (or §/Caq = 17%),
respectively. For ZnO-c(h), the UV-Vis absorptiamensities of RhB and MB were
decreased by 51% (0orsfCaq = 49%) and 86% (or §/Caq = 14%), respectively. In the
UV-Vis absorption spectra with increasing irradatitime, no change in peak position
was observed, but the peak intensity decreasedugiad This suggests that the dye
molecules were oxidized/decomposed completely witfiarming any intermediate. The
de-ethylation products from RhB were reported topheduced from activé), radical
species [42,49,50]. As a result, the UV-Vis absomppeak of RhB is found to be blue-
shifted [42,49,50]. In the present study, howevew, change in peak position was
observed. Thereforé&), radicals are not the major active species fordbgradation.

Figure 8 shows the plots of photocatalytic degradafCs/C,g of RhB and MB in
the mixed dye solution over the ZnS(h), ZnS(c), 2n®@), ZnO-c(h), Ag-ZnS(h), Ag-
ZnS(c), Au-ZnS(h), and Au-ZnS(c) microspheres afisible light irradiation for 6 hrs.
For RhB and MB in the mixed dye, the photocatalgiitivity was observed in the order,
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Au-ZnS = AQg-ZnS << ZnS < ZnO. The undoped ZnS(c) and Zn%&nd Ag-doped

samples) showed no critical differences in activay both RhB and MB. On the other
hand, ZnO-h(h) showed somewhat higher activity tZai®-c(h) for RhB, but lower

activity for MB. The Au-ZnS(c) showed higher activithan Au-ZnS(h) for both RhB
and MB.
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Figure 8. UV-Vis absorption spectra for the photocatalgye degradation (top panel) of
mixed dyes under visible light over the ZnO-h(hjl @nO-c(h) samples obtained by CO
oxidation. The inset shows the corresponding degtadlye solutionsPhotocatalytic
degradation (6/C,g of RhB (left) and MB (right) regions for the mokelye solution
over ZnS(h), ZnS(c), ZnO-h(h), ZnO-c(h), Ag-ZnS(Ag-ZnS(c), Au-ZnS(h), and Au-
ZnS(c) microspheres after visible light irradiatitor 6 h. G, and Gq are the UV-Vis

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

Finally, this study examined the photocatalytiawatt of ZnS(c), ZnS(h), ZnS-c(h),
and ZnS-h(h) microspheres by probing the hydroagligal (OH) formation. For this, 2-
hydroxyterephthalic acid (HTPA) synthesis was paried, which is formed by a
reaction of terephthalic acid (TPA) wit®H radicals [41-44]. TPA is non-luminescent,
whereas HTPA is luminescent, showing a broad Pldlz25 nm under the excitation
of UV light. For this reason, the PL intensity eated directly to the amount of HTPA
formed (or’OH radicals) [41-44]. Figure 9 shows the PL speofréhe TPA solutions
reacted with ZnS(c), ZnS(h), ZnS-c(h), and ZnS-hth¢rospheres under visible light
irradiation for 6 hrs. A broad peak was commonlsated at 425 nm, which was
assigned to HTPA synthesized from TPA. The PL isitgrwas observed in the order,
ZnS(h) < ZnS(c) << ZnO-h(h) < ZnO-c(h). ZnO showedsignificantly stronger PL
intensity than ZnS. The Ag and Au-doped ZnS samales showed weak PL intensities.
In addition, the larger microspheres (related wdtibic phase) commonly showed a
somewhat stronger PL intensity than smaller midnesps (related to hexagonal phase).
This might be due to the lower band gap of ZnO-{dn)more absorption of visible light).

PL Intensity (arb. unit)

400 450 500 550
Wavelength (nm)
Figure 9. PL spectra (left) of the TPA solutions reactedhwanS(c), Zn(h), ZnS-c(h),
and ZnS-h(h) microspheres under visible light fdr.6An excitation wavelength of 320

nm was used to collect the PL. PL intensities & A&\ 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),dBAu/ZnS-h(h) microspheres. The
left inset shows that terephthalic acid reacts wiH to form luminescent 2-

hydroxyterephthalic acid.

Based on the present photocatalytic dye degradaiqeriments, the following
simplified mechanism can be proposed [41-44,49,50]:
Mixed dyes + visible light> Dye (€cg + h'vs)
ZnO + visible light— ZnO (€cg + h'vg)
Dye (€cg + h'vg) + ZnO (or ZnS)— ZnO or ZnS (&) + Dye (fyp)
ZnO or ZnS (&g ) + adsorbed ©— 'O, + ZnO or ZnS

‘0,7 + H — "OyH (or ‘'OH)

ZnO or ZnS (Ag) + O — H"™ + "OH

ZnO or ZnS (hs) + OH — 'OH

‘02, h" or"OH species + Dye» dye degradation and mineralization

Compared to ZnO (or ZnS), the dyes absorb mordleidight due to conjugation.
Therefore, the initial dye degradation mechanisstasted mainly by formation of a hole
in the valence band (VB) and an electron in thedaotion band (CB) of a dye. The
electrons in the CB are transferred to the CB o©Zor ZnS). The electron transfer
efficiency is determined mainly by the aligned @yetevel [14,42,43]. ZnO could
directly absorb visible light. This is because ta¢culated band gap (2.85 eV) of ZnO-
c(h) is lower than that (2.97 eV) of ZnO-h(h) andQ%c(h), which absorbs more visible
light to form electrons and holes. The acti@e species are formed by electron capture
by adsorbed oxygen, which depends on the oxygesoldisd in solution. On the other
hand, based on the present stud, is not a major species. ActivOH radicals are
formed by the mechanisms described above. The famaf ‘OH radicals was much
greater for ZnO than for ZnS. Therefore, minerdi@ddegradation of the dyes is

facilitated mainly by the formation of land’OH species.
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4, Summary

This paper reported the synthesis of different tatyshases (cubic and hexagonal)
and sizes (1-3im and 200-300 nm) of ZnS, Ag-ZnS, and Au-ZnS mipheses, which
were synthesized using a solvothermal method. Hma&gZnO microspheres were
synthesized by a CO oxidation reaction of ZnS. Phgsicochemical properties of the
synthesized materials were examined by UV-visilbgogption/reflectance spectroscopy,
PL spectroscopy, SEM, TEM/HRTEM, and XPS spectrpgcdlheir photocatalytic
activities and characteristics were first testeddegrading a mixed dye (MO + MB +
RhB) under visible light irradiation. The dye dedm#ion rate of the mixed dye over the
photocatalysts was observed in the order, RhB <d¥BVO, whereas the photocatalytic
activity was in the order, Au-Zn8S Ag-ZnS << ZnS < ZnO. The slight photo-degraded
MO was sensitized by the dyes, resulting in rapdrddation. Finally, ZnS and ZnO
were also used for the successful synthesis of deexyterephthalic acid from
terephthalic acid under visible light irradiaticfnO showed ~6 times moif®H radical
formation activity (probed from the synthesis dfiydroxyterephthalic acid) than the ZnS
and metal-doped ZnS. The CO oxidation activity waserved at above 350°C. The
activity was higher for smaller size ZnO and bec#omeer after Au and Ag doping. This
novel method can offer new strategies for the ssgithof chalcogenides (such as ZnS),
metal oxides (such as ZnO), and nanocompositet (aacAg-ZnS and Au-ZnS) for
visible light-induced photocatalysis as well as axile 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.



