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Abstract. In this study ZnO/ZnS/CuS heterostructure have been controllably synthesized through a
microwave-assisted synthesis and cation exchange. The compounds ZnO, ZnO/ZnS and ZnO/ZnS/CuS
were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), ultraviolet-
visible (UV-vis) and Raman. It is found that the crystal structures obtained were Hexagonal Wurtzita
for ZnO, hexagonal Wurtzita for ZnS, and hexagonal covellina for CuS. In comparison of ZnO and
Zn0/ZnS the results show that ZnO/ZnS/CusS heterostructure has a higher photocatalytic activity under
visible light, because its photocatalytic properties increase, helping to separate the electron-hole. These
Zn0/ZnS/CusS efficiently decompose organic dyes such as methyl orange and methylene blue upon
visible light conditions. Degradation rates can reach 31% and 71% during 240 min of treatment,
respectively. The experiments revealed that the ZnO/ZnS/CuS decomposes methylene blue much faster
than methyl orange.
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Introduction

In recent years, environmental problems have generated a greater concern for
society, due to the excessive growth that companies have presented, which means an
increase in the number of pollutants they are producing. An exhaustive research of
new techniques has been developed for water treatment; that they are no only low
cost, but friendly to the planet (Chaudhuri, 2017). In the search for these new
techniques, photocatalysis plays a fundamental role mainly due to its different
applications, such as environmental remediation (Ahmad et al., 2016) and hydrogen
production (Okemoto et al., 2018).

Of the photocatalysts most widely used, it includes TiO, (Liu and Li, 2014), ZnO
(Liu et al., 2015) and ZnS (Wan et al., 2014). The semiconductor materials, either
type p or n-type (Zhang and Jaroniec, 2018), play a fundamental role due to their
different properties such as the great potential as a photocatalyst, its low cost, high
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surface area and low toxicity (Park, Kim, et al., Photoinduced charge transfer
processes in solar, photocatalysis based on modified TiO, 2016), because the energy
gap is small, An electron can be excited from the valence band to the conduction
band, and then an electron-hole pair is generate producing oxidation-reduction
reactions, taking advantage of the photocatalytic efficiency of these semiconductor
materials.

The ZnO is a wide band gap semiconductor material, with a large surface area,
photosensitivity, a high exciton binding energy of (60 mV), and a band gap of 3.37 eV
that belong to I1-VI group. ZnO is an important photocatalyst due to the rapidity to
produce electron-hole pairs, but it has an important disadvantage as a photocatalyst,
since it only can be activated in UV light A < 385 nm, therefore, several attempts have
been made to improve the absorption capacity of the structures based on ZnO.

To improve the photocatalytic performance of ZnO and to be able to accept visible
light, heterostructure are fabricated with other semiconductor material for enhanced
their photocatalytic activity (Basu et al., 2014) and its advantage is based on the fact
that each of its compounds plays an individual role in the absorption of photons (Zhu
et al., 2008).

ZnS with a wide band gap is another well-known photocatalytic, that has a band
gap of 3.72 eV belongs to I1-VI group semiconductor. However, as the ZnO is
restricted to the ultraviolet range. To extend the photoresponse of ZnO/ZnS (Li et al.,
2014). It has been shown that there is an efficient coupling between the ZnS and the
CusS. Cus is capable of activating zinc oxide and zinc sulphide in the visible region,
thus improving the separation of electron-hole pairs (Paria and Reiser, 2014).

Thus, in this study the ZnO/ZnS/CuS was synthesized by microwaves, expanding
the light absorption range and ZnO/ZnS/Cu$S can absorb photons from the range of the
solar spectrum taking advantage of the main source of renewable energy that counts
(sunlight).

Materials and methods
Materials

Zinc di-hydrated acetate (Zn(O,CCH3)2(H20), 100%, J. T. Baker), potassium
hydroxide (KOH, 85%, CIVEQ), thioacetamide (C,HsNS, 99%) and cupric nitrate
(Cu(NO3),-2.5H,0),98%,CIVEQ). The solutions were prepared with deionized water
and ethanol (C2H60, 99.5%, Meyer). For the evaluation of the photocatalytic activity,
methyl orange (C14H14N3NaO3S, Meyer) and methylene blue (C16H18CiN3S, CIVEQ)
were used.

Synthesis of ZnO

In a typical synthesis 4.4506 g of Zn(O,CCH3)2(H20) and 720 pL of deionized
water was dissolved in 50 mL of ethanol, the solution was under constant stirring at
30 RPM. After 5 min of stirring the pH was modified with potassium hydroxide
(KOH) to pH 8. The mixture was then transferred to a vial which was sealed and
heated to 130 °C by microwave irradiation for 15 min. After cool down the mixture
was filtered and washed with deionized water and acetone at least three times, in order
to eliminate residual precursors, finally was dried for 24 h at 80 °C in an electric hot
air oven.
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Synthesis of Zn0O/ZnS

0.050 g of ZnO previously synthesized, and 0.041 g of thioacetamide C,HsNS was
dissolve in 40 mL of deionized water. The solution was stirred with an ultrasonic bath
for 20 min, then the solution was transferred to a vial which was sealed and irradiated
with microwaves for 30 min at 650 W. After cool down the mixture was washed with
deionized water and acetone for three times, and finally dried in an electric hot air oven
for 24 h at 90 °C.

Fabrication of ZnO/ZnS/CuS

The synthesis method of the ZnO/ZnS/CuS heterostructure was similar to that
reported by Can Lu (Lu and Otros, 2016). ZnO/ZnS/CuS was synthesized by cation
exchange. 0.0139 g of ZnO/zZnS and 0.0317 g of copper nitrate Cu(NO3),-2.5H,0 was
dissolve in 20 ml of deionized water. The solution was kept under constant stirring in an
ultrasonic bath, at 80° C during 4 h. The precipitate obtained was washed and dried for
24 h in an electric hot air oven and then pulverized.

Characterization

In order to know the crystal structure and its phases, the powders were studied using
a Rigaku diffractometer (XRD), with Cu-Ka radiation (A = 1.544 A) over the range of
2 0 between 20° and 80°. The average crystallite size was calculated using the Scherrer
equation (Eg. 1), which is described below;

kxd

g = (Eq.1)

- Brxcos#

where, 1 is the wavelength, k is a constant (shape factor of the diffraction peak), £ is the
average crystal size, @ is the peak position and B is the full width at half maximium
intensity (Patterson, 1939).

The Surface morphology of powders was characterized by using a scanning electron
microscopy (SEM) JEOL microscope model JSM-7100F with 10 kV acceleration
voltage and a working distance WD. of 9.8 mm. The powders of ZnO, ZnO/ZnS and
Zn0O/ZnS/CuS were adhered to a double-sided carbon tape for the correct taking of
micrographs at magnifications of 1500x, 20,000x, 25,000%, 50,000x and 100,000x.

The optical properties were obtained using UV-Visible spectrophotometer
SHIMADZU model UV-2600, with a R-928 photomultiplier over the range of 185 to
900 nm. The band gap was calculated by the modified function of Kubelka-Munk
(F(R)*hv) 1/2, and the calculation of F (R) (Eq. 2).

1-R2

Rx2 (Eq.2)

F(R) =

where R is the diffuse reflectance and F (R) is the absorbance (Choudhury, 2013).

Raman spectra of the samples were recorded with a HORIBA sciencific
spectrophotometer model XploRA PLUS in a spectral range of 100 to 800 cm™ with a
532 nm laser.
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Photocatalytic test

The photocatalytic activity of ZnO, ZnO/ZnS and ZnO/ZnS/CuS were evaluated
using Methyl Orange (10 mg/l) and Methylene Blue (10 mg/l) as an organic pollutant
using a Halogen FTK lamp 120 V, model 54875 placed at 10 cm.

0.0249 g of photocatalyst was added in 60 ml of the dye, and kept in an ultrasonic
bath in the dark to establish the absorption-desorption equilibrium. After 30 min, an
aliquot were removed and centrifuged at 4000 RPM for 25 min to separate the powders
from the solution. The irradiation of visible light was started with the remaining dye in
constant agitation at 180 RPM, at 28 °C. Aliquots were taken every 30 min and
centrifuged with the same conditions mentioned above. The degradation was monitored
by UV-Vis absorption spectroscopy in the range of 340-600 nm for Methyl Orange, and
500-750 nm for Methylene Blue. The measurements were made during 240 min. The
degradation efficiency of the dyes was calculated with the degradation efficiency
equation (Eq. 3).

Degradation efficiency

A,—A

ED(%) = ==

x 100 (Eq.3)

where Ay is the initial absorbance of the dye and A is the absorbance of the dye at a time
t (Alvi et al., 2017).

Results and discussion

The X-ray diffraction pattern was performed for the samples of ZnO, ZnO/ZnS and
Zn0O/ZnSICusS (Fig. 1).
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Figure 1. XRD patterns of the ZnO, ZnO/ZnS and ZnO/ZnS/CuS
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The ZnO crystallizes in a hexagonal wurtzite phase (JCPDF 89-7102), and the average
crystallite size is 21 nm. The compound ZnO/ZnS shows the characteristic peaks of
both compounds ZnO and ZnS; checking the obtaining of the hexagonal Wurtzite phase
for ZnO (JCPDF 89-7102), and the appearance of zinc sulfide (JCPDF 72-0162) for the
Waurtzita Hexagonal phase. Finally, the X-ray diffraction pattern of the heterostructure
ZnO/ZnSICusS is corrobored with the peaks of the coveline phase of CuS (JCPDS 74-
1234).

The ZnO powders have an irregular morphology of semi-spherical shape and
agglomerations, with particles ranging from 205 to 702 nm in diameter (Fig. 2), this
morphology is characteristic of the materials prepared by the microwave-assisted
method (Kajbafvala et al., 2012; Sooksaen and Chuankrerkkul, 2017).

Figure 2. SEM images of ZnO a) 2 500x b) 15 000x c) 25 000x d) 20 000x

The SEM images of ZnO/zZnS after adding TAA and do not show variation with
respect to the micrographs for ZnO (Fig. 3). Semi-spherical forms are presented with
the formation of small spherical assembled particles, the size of these particles varies
from 677 to 1400 nm in diameter.

Finally, the ZnO/ZnS/CuS heterostructure have a variation in the morphology with
respect to the micrographs for ZnO, and ZnO/ZnS in which the circular morphology
prevailed, varying for them to elongated forms with 380 nm in length (Fig. 4), which
coincides with the morphology reported for this compound (Lu et al., 2016).

The optical absorbance was performed for the samples of ZnO, ZnO/ZnS and
Zn0O/ZnS/CuS (Fig. 5). The absorption Edge value of ZnO was obtained at 470 nm
wich coinciding with the absorption edge values of the ZnO (3.37 eV). For ZnO/ZnS is
possible to observe two edges values of absorption which is associated with the
electronic interaction between the ZnO and ZnS with the increase of ZnS in the surface
of ZnO (Jia et al., 2013) however no significant changes of the absorption increase
above 400 nm are observed. For the ZnO/ZnS/CuS the absorption edges of the
heterostructure have been significantly improved allowing the absorption of light in the
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visible region (400-800 nm), which implies that the sample has a good activity
photocatalytic in visible light (Lu et al., 2016).

The band gap was calculated with the modified function of Kubelka-Munk (F(R)*hv)
1/2 as a function of the photon energy (hv), It shows the band gap value of the ZnO of
3.18 eV which is similar to the value reported for the ZnO (Munirah et al., 2017). The
band gap 3.17 eV of the ZnO/ZnS/CusS is significantly decreased compared with to
individual ZnO, so that the increase of the surface of the ZnS over the ZnO produces a
decrease in its band gap (Torabi and Staroverov, 2015), in the same way the value
obtained from the band gap for the ZnO/ZnS/CusS is 3.09 eV (Fig. 6).

Figure 4. SEM images of ZnO/ZnS/Cus$ a) 2 500x b) 15 000x c) 25 000x d) 20 000x
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Figure 5. Plot of absorbance vs wavelength ZnO, ZnO/ZnS and ZnO/ZnS/CuS
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Figure 6. Band gap of a) ZnO, b) ZnO/ZnS and ¢) ZnO/ZnS/CuS

To confirm the formation of the compounds, raman scattering analyzes were
performed for the ZnO, ZnO/ZnS and ZnO/ZnS/CuS samples (Fig. 7). Zinc Oxide ZnO,
where the location of the vibrational modes located at 105, 385, 445, 585 and 663 cm™
are associated with the vibrational active modes of the Wurtzite phase of ZnO (Ruiz et
al., 2011) the dominant peak at 445 cm’* is attributed to high-frequency phonons from

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(5):5745-5756.
http://www.aloki.hu e ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1605_57455756
© 2018, ALOKI Kft., Budapest, Hungary



Izquierdo de la Cruz et al.: Synthesis assisted by microwave of ZnO/ZnS/Cus$S heterostructures and its photoactivity using visible
light for dyes degradation
-5752 -

oxygen atoms (Fletcher et al., 2014), and E1 (LO) mode at 585 cm™ is associated with
interstitial zinc and oxygen vacancies, the E2, peak at 105 cm ™ is associated with the
vibrations of the zinc (Scepanovic et al., 2009), the vibrational mode E2high - E2jow at
337 cm™ is associated with multifononic processes (Londofio-Calderén et al., 2012) and
finally the vibrational mode A, TO at 385 cm™ is associated with intrinsic defects
(Sundara Venkatesh et al., 2016), for the ZnS the additional presence of two resonant
raman lines is observed in 217 and 350 cm™ that correspond to the active vibrational
modes of the ZnS, the spectrum shows the dominant peak in 350 cm™ identified as a
mode T2 (LO) of first order [20] (Milekhin et al., 2012), the LO mode in 217 cm™ is
attributed to the second order of raman scattering (Fairbrother et al., 2014). The
heterostructure ZnO/ZnS/CuS locates the characteristic peaks that are associated with
the presence of ZnO, ZnS and CuS and the appearance of the new peak that denotes the
presence of the coveline phase of CuS at 165 cm™ and 465 cm™ (Baert et al., 2013).
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Figure 7. Raman spectra of ZnO, ZnO/ZnS and ZnO/ZnS/CuS

The photocatalytic test was performed with the degradation of MB (methylene blue),
and MO (methyl orange). The test was prepared with 0.0249 g of photocatalyst and a
concentration of 10 ppm of each of the dyes with the use of a lamp in the range of
visible light. As mentioned in the methodology aliquots were taken every 30 min to
measure its dye concentration during 240 min of reaction.

The UV-Vis absorption spectra show the degradation for the MB and MO dye with
the time exposed to visible light radiation for ZnO/ZnS/CusS at a specific wavelength of
464 nm and 664 nm respectively (Fig. 8). As seem the aborbance intensity gradually
decreased over time, according to what was reported by Lu et al. in 2016 this
improvement can be attributed to the formation of the heterostructure constituted by the
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three semiconductors ZnO, ZnS and CuS with which it is possible to reduce the
recombination of the electron-hole pair due to the difference of their band gap (Liu et
al., 2014).
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Figure 8. Photocatalytic decomposition of a) methylene blue and b) methyl orange

With the data obtained from the UV-Vis and applying the formula of the degradation
efficiency (Eq. 3) to these values, it is established that the photocatalytic degradation of
the MB increased by ~ 57% of its efficiency for the pure ZnO at ~ 61 with ZnO/ZnS
and up to ~ 71% for the ZnO/ZnS/CuS heterostructure under visible light irradiation
during 240 min of reaction and the photocatalytic degradation efficiency of MO
increased from ~ 5% for ZnO to ~ 16% ZnO/ZnS and up to ~ 35% for ZnO/ZnS/CuS
under the same conditions.

Figure 9 shows the values of the degradation of methyl orange and methylene blue in
terms of C/Co, where C is the concentration of MB/MO at time t and C, is the initial
concentration of MB/MO.
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All samples of heterostructures exhibit greater photocatalytic activity than pure ZnO.
The synthesized ZnO/ZnS/CuS showed high photocatalytic activity in methylene blue
MB (~ 71%) unlike orange of methyl NM (~ 35%), this because the hydroxyl radicals
play an important role in the breakdown of the anionic anionic dye orange methyl, while
in cationic dyes such as methylene blue are involved in controlled reactions on the
surface, resulting in the formation of intermediates that generally compete with the
degradation of the original dye in solution (Li et al., 2014) than ZnO/ZnS and ZnO
powders according to the exposure time (Fig. 9).

The difference of efficiencies in the degradation of contaminants is valid since each
material is capable of degrading an organic compound efficiently or less efficiently due
to the parameters that control the photocatalytic reactions such as temperature and pH
(Scuderi et al., 2014).
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Figure 9. Photocatalytic decomposition of a) methylene blue and b) methyl orange
Conclusions

In this work, the ZnO/ZnS/CuS heterostructure was synthesized by microwave-
assisted synthesis and cation exchange, which considerably modified its band gap. The
Zn0O/ZnS/ICusS heterostructure can effectively decrease the recombination and exhibit a
better photocatalytic activity in visible light compared to ZnO compared to the dyes
analyzed in this study. We could also say that the heterostructure has a selective effect
on the type and structure of the dye. It is recommended to modify the pH of the initial
ZnO to improve the efficiency in the degradation, as well as to perform photocatalytic
tests with mixed dyes.
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