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A B S T R A C T   

We report herein the assembly of a calcium titanate (CTO)-zinc sulfide (ZnS) heterostructure through a 
microwave-assisted solvothermal (MAS) method and its respective characterizations to evaluate its material 
properties and applicability in heterogeneous photocatalysis. The CTO-ZnS heterostructure comprises a mixture 
of the orthorhombic crystalline phase of CTO and the cubic crystalline phase of ZnS. Scanning electron micro
scopy (SEM) images have revealed that the CTO consists of mesocrystals assembled from agglomerated micro
cubes. After applying a ZnS coating, it was possible to identify the formation of a cloud of particles around parts 
of the CTO mesocrystals, thus forming the heterostructure. The presence of ZnS on the CTO surface allowed for 
greater emission of photoluminescence, resulting in improved efficiency for photocatalytic applications. Pho
todegradation tests on Rhodamine B (RhB) dye in the presence of CTO, ZnS, and CTO-ZnS revealed that the 
heterostructure led to more extensive photocatalytic degradation (50.5%) within 30 min than CTO (10%). 
Moreover, the degradation efficiency over the CTO-ZnS increased to 95.7% after 180 min, indicating that the ZnS 
coating served to increase the degree of discoloration over time. These satisfactory results demonstrate that CTO- 
ZnS is a promising photocatalyst capable of accelerating the degradation of organic dyes, thus contributing to the 
decontamination of water resources. Scavenger tests revealed holes (h+) to be the main active species in the 
photocatalytic process with CTO, whereas electrons (e− ), h+, and hydroxyl radicals (HO∗) are all involved in the 
mechanism with both CTO-ZnS and ZnS.   

1. Introduction 

Environmental sustainability and the development of alternative and 
renewable energy supplies represent two of the major challenges of 
contemporary society [1,2]. As an excellent approach for the degrada
tion of organic pollutants in water, heterogeneous photocatalysis can be 
applied to industrial wastewater for dispersing oil and removing sur
factants and dyes [2–5]. Photocatalysis involves the activation of a 
photocatalyst, usually a semiconductor, through sunlight or artificial 
light with photonic energy equal to or greater than its band-gap energy 
[6,7]. In this process, an electron is excited from the valence band (VB) 
to the conduction band (CB), giving rise to pairs of photogenerated 
charges that may participate in reactions to produce highly oxidizing 
radicals to expedite the process of heterogeneous photocatalysis [8]. 

Perovskite-based oxide materials have interesting optical and 

electrical properties and are considered as potential catalysts to remove 
pollutants from the environment, in addition to their numerous other 
applications [9–12]. Calcium titanate (CaTiO3), barium titanate 
(BaTiO3), magnesium titanate (MgTiO3), cobalt titanate (CoTiO3), and 
strontium titanate (SrTiO3) are perovskites that can be applied as 
ferroelectric materials, semiconductors, photorefractive materials, and 
catalysts due to their electrical, electro-optical, and electromechanical 
properties [13–17]. CaTiO3 (CTO) is a perovskite-type ceramic semi
conductor with an orthorhombic phase, a stable structure, and inter
esting optical, electrical, and magnetic properties [18,19]. Its main 
characteristic is its wide band gap of 3.5 eV [20,21]. Additionally, CTO 
is characterized by electron mobility, chemical stability, usability, ease 
of fabrication, and low cost [12,22–24]. For this reason, it is considered 
a good candidate as a photocatalyst for the removal of organic pollutants 
in photocatalytic processes [11,12,21,25]. However, it has a high 
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recombination rate of electron/hole pairs, which limits its photo
catalytic response [26]. 

One plausible method to improve the surface properties of materials 
is to assemble core–shell systems and heterostructures, which are ob
tained by placing two or more materials in proximity [27,28]. Hetero
structures have a high charge-separation efficiency, which can increase 
the separation process and lifetime of photogenerated charges, allowing 
their application in photocatalytic processes with superior performance 
with respect to the individual components [1,29,30]. 

The coating material must have high selectivity and reactivity [27]. 
Various metal sulfides, such as CdS, ZnS, and CuS, have been used as 
photocatalysts [31]. Among them, ZnS is a II–VI semiconductor with fast 
generation of electron–hole pairs, which leads to greater photocatalytic 
activity [32]. ZnS is a non-toxic inorganic semiconductor with two 
characteristic crystal structures: cubic and hexagonal [33,34]. It has a 
wide band gap, ranging from 3.6 to 3.7 eV for cubic structures to 
approximately 4.0 eV for a hexagonal structure [35,36]. Moreover, ZnS 
has a high negative CB level, a high theoretical efficiency of photocarrier 
generation [37], good stability against oxidation and hydrolysis, and a 
high negative reduction potential to excite electrons [38,39]. Due to 
these structural and optoelectronic properties, ZnS has become an 
interesting material to be combined with CTO to form a heterostructure 
[40]. It is worth mentioning that ZnS has been widely used as a shell 
material, as in ZnO/ZnS [37,41], CdS@ZnS [31,42], CdSe@ZnS [43], 
CsPbBr3/ZnS [44], and AgInS2/ZnS [45], among others. 

In some studies, photocatalytic degradation of dyes over hetero
structures has been compared with that over the core material alone. 
Troque et al. [46] synthesized heterostructures based on titanate-ferrites 
(SrTiO3–CoFe2O4 and SrTiO3–NiFe2O4) by the hydrothermal method 
and found that both showed increased photocatalytic performance for 
RhB degradation (82% and 64%, respectively, after 240 min), compared 
to only 31% over pure SrTiO3. Yan et al. [47] obtained Ag2S@CaTiO3 
heterostructures by a conventional hydrothermal method and evaluated 
their photocatalytic performance for the degradation of RhB under UV 
irradiation, which was found to be about three times greater than that of 
pure CaTiO3. Coleto Junior et al. [48] manufactured CaO/SrTiO3 het
erostructures and tested their photocatalytic activity for the degradation 
of RhB. According to the authors, the heterostructure achieved a 
discoloration efficiency of 92.5%, whereas the pure SrTiO3 degraded 
only 37.4% in 120 min. 

The characteristics of the synthesized material are defined by the 
methodology used, and various methods can be used to obtain hetero
structures [49,50]. To compose heterostructures of CTO and ZnS, 
microwave-assisted solvothermal (MAS) synthesis was considered of 
interest due to its simplicity and processing advantages, such as homo
geneous heating, clean reactions, high yields, and reduced synthesis 
times, in addition to fast crystallization and a simple nanopowder 
preparation process [51–53]. Besides, microwave-assisted synthesis is a 
highly recommended technique because microwaves interact directly 
with ions or molecules in solution and/or with solid phases dispersed in 
a liquid medium. It should be noted that the efficiency of converting 
microwave energy into thermal energy can be assessed by the physical 
variables of loss tangent, relaxation time, and depth of penetration 
[54–59]. As the effectiveness of the method depends on structural pa
rameters, it is necessary to control the size uniformity, growth direction, 
and distribution of dopants within the nanostructure [60–62]. 

We are not aware of any previous studies on the fabrication of CTO- 
ZnS heterostructures by a microwave-assisted method. Therefore, in this 
work, we obtained a CTO-ZnS heterostructure by an MAS method, 
assessed the influence of ZnS on the surface of CaTiO3, and analyzed the 
possible differences in the properties of the heterostructure compared to 
pure CTO through various characterization techniques. In addition, the 
photocatalytic performance of the heterostructure for the degradation of 
RhB under UVC light illumination was also evaluated in comparison 
with that of pure uncoated CTO. Inspection by microscopy analyses 
showed the formation of a cloud of ZnS particles around the CTO. The 

presence of ZnS on the surface of the CTO led to a better photocatalytic 
performance than that of pure CTO due to greater absorption of light on 
the surface of the heterostructure, which facilitated charge transfer. 
Lastly, the kinetics of photogenerated reactive species and reuse of the 
photocatalyst were also investigated. The catalyst described herein has 
proved to be advantageous, with good prospects for application in the 
degradation of organic pollutants. 

2. Materials and methods 

2.1. CTO synthesis 

CTO was obtained through MAS synthesis. To this end, two solutions 
were prepared. First, titanium isopropoxide (C12H28O4Ti, Sigma- 
Aldrich; 0.01 mol) was added to distilled water (50 mL), and the solu
tion was maintained under constant stirring for 5 min. Thereafter, cal
cium chloride dihydrate (CaCl2⋅2H2O, Synth; 0.01 mol) was added, and 
the resulting solution was maintained under constant stirring for a 
further 5 min. Separately, a solution of potassium hydroxide (KOH, 
Vetec; 0.12 mol) in distilled water (20 mL) was prepared. The respective 
solutions were mixed and transferred to a polytetrafluoroethylene re
action cell, filling it to approximately 65% capacity. The cell was sealed, 
placed in a conventional microwave oven operating at a frequency of 
2.45 Hz, and heated at a constant temperature of 140 ◦C and a base 
pressure of 2.5 bar for 10 min. The system temperature and pressure 
were monitored during the synthesis by means of a thermocouple and a 
manometer coupled to the reaction cell. The obtained material was 
washed with distilled water until the washings were neutral, and the 
powder was oven-dried at 100 ◦C for 12 h. 

2.2. CTO-ZnS synthesis 

For the heterostructure synthesis, two solutions were prepared. First, 
CTO (0.01 mol; obtained according to Section 2.1) was dispersed in 
ethylene glycol (C2H6O2, EG, Synth; 25 mL). Simultaneously, a second 
solution was prepared by dispersing zinc nitrate hexahydrate (Zn 
(NO3)2⋅6H2O, Synth; 0.01 mol) and thiourea (CH4N2S, Synth; 0.03 mol) 
in EG (50 mL). The two solutions were mixed and transferred to a pol
ytetrafluoroethylene reaction cell of capacity 110 mL. The cell was 
sealed, placed in a conventional microwave oven, heated at a rate of 
5 ◦C/min to 180 ◦C, and maintained at this temperature for 32 min. The 
pressure and temperature were monitored throughout the synthesis. The 
resulting material was washed with distilled water until the washings 
were neutral, and the collected precipitate was oven-dried at 100 ◦C for 
12 h. The preparation process of the CTO and CTO-ZnS heterostructure 
photocatalyst is shown schematically in Fig. 1. 

2.3. Characterization techniques 

The crystal structures of the CTO and CTO-ZnS powders were char
acterized by X-ray diffraction (XRD) analysis on a Shimadzu diffrac
tometer model XRD 6000 (Shimadzu, Japan), employing Cu-Kα 
radiation and operated at 30 mA and 30 kV. The 2θ range from 10◦ to 
80◦ was scanned, with a sampling step of 0.02◦ and a scanning speed of 
2◦/min. Raman spectra were acquired on a confocal Raman spectrom
eter (Voyage, BWTEK, USA) with an excitation wavelength of 785 nm 
and a spectral resolution of 3 cm− 1, operating at room temperature. 
Fourier-transform infrared (FTIR) spectra were acquired in the region 
400–4000 cm− 1 on an FTIR Prestige model 21 spectrometer (Shimadzu, 
Tokyo, Japan) equipped with a diamond crystal as an attenuated total 
reflectance device. The spectra were obtained in transmittance mode 
with a resolution of 4 cm− 1. 

Diffuse-reflectance spectra were acquired on a UV/Vis spectropho
tometer (Varian Cary 5000, USA) in the wavelength range 200–800 nm. 
Optical band gaps of the samples were estimated by the Tauc method for 
an indirect semiconductor, plotting (αhν)0.5 versus hν. The 
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photoluminescence (PL) of the samples was analyzed by means of a 
Thermal Jarrel-Ash Monospec monochromator and a Hamamatsu R446 
photomultiplier. A krypton ion laser (Coherent Innova) with a wave
length of 405 nm was used as the excitation source, and the laser output 
was maintained at 200 mW. All measurements were taken at room 
temperature. 

Scanning electron microscopy (SEM) images were obtained with a 
JSM-6610LV scanning electron microscope (JEOL, Japan) in high and 
low vacuum modes, with an energy-dispersive X-ray spectroscopy (EDX) 
microprobe operating at 15 kV. Transmission electron microscopy 
(TEM) analysis was performed on a JEM-2100F scanning electron mi
croscope (JEOL, Japan) with a field emission gun (FEG) and an attach
ment for EDX, operating at 200 kV. 

2.4. Photocatalytic activity 

The photocatalytic activities of the samples in promoting the photo- 
oxidation of RhB dye (C28H31ClN2O3) in aqueous solution were tested 
under UVC illumination. First, catalyst powder (50 mg) was dispersed in 
0.01 mM RhB solution (100 mL) and the samples were placed in a 
photoreactor at 25 ◦C under constant stirring. To avoid potential errors 
in adsorption results, the samples were pre-equilibrated by constant 
stirring in the dark for 10 min. Subsequently, the samples were illumi
nated by six UVC lamps (TUV Philips 15 W, giving 90 W in total), with 
maximum intensity at 254 nm. At 30 min intervals, aliquots (2 mL) were 
withdrawn and centrifuged at 3600 rpm for 5 min to separate the 
powder from the solution. The supernatant was subjected to UV/Vis 
analysis using a Bel Photonics spectrophotometer (model SP-2000 UV) 
to monitor the variation in the maximum absorption band of RhB. 

Scavenger tests were performed using isopropyl alcohol (0.1 mM), 
ethylenediaminetetraacetic acid (0.5 mM), and AgNO3 (0.5 mM) to 

suppress the action of hydroxyl radicals (HO∗), holes (h+), and electrons 
(e− ), respectively. 

In catalyst reuse tests, after the analysis each powder was separated 
by centrifugation and dried. The powders were then weighed and 
redeployed, maintaining the same ratio between catalyst (1 mg) and 
RhB solution (1 mL). The reuse process was carried out over five cycles. 

3. Results and discussion 

The XRD patterns of the CTO and CTO-ZnS samples are shown in 
Fig. 2 (a). It can be seen that the CTO sample showed an orthorhombic 
crystalline phase (Pnma) according to JCPDS PDF no. 22–153 [63]. 
Additionally, it was possible to verify the presence of a second CaCO3 
phase at 2θ = 29◦, which is characteristic of this perovskite. The pres
ence of CaCO3 can be attributed to the use of water as the reaction 
medium and that calcium is part of the product composition. CO2 dis
solves in water, and the HCO3

− ion readily interacts with calcium in 
hydrothermal/solvothermal reactions, generating the CaCO3 phase. 
Moreover, titanium isopropoxide was used as a titanium precursor. This 
precursor has carbon in its composition, which also favors the formation 
of CaCO3 during the synthesis process. Regarding the CTO-ZnS sample, 
it exhibited all of the characteristic peaks of CTO and a further broad 
peak between 27◦ and 30◦ attributable to ZnS, in accordance with JCPDS 
no. 5–566. The ZnS present in the sample had a cubic crystallographic 
phase, with the most intense peak (1 1 1) at 2θ = 28◦. The fact that only 
the principal characteristic peak of ZnS is discernible may be due to its 
small amount on the heterostructure surface. According to some previ
ous studies, the amount of precursor used in the sulfidation process in
fluences the intensity of diffraction peaks of the cubic ZnS phase 
generated [64,65]. In the present study, it was observed that CaCO3 
disappeared when the CTO structure was covered with ZnS. The ZnS 

Fig. 1. Schematic illustration of the preparation of CTO and the CTO-ZnS photocatalyst.  

Fig. 2. (a) XRD patterns and (b) Raman spectra of CTO and CTO-ZnS samples synthesized by the microwave-assisted solvothermal method.  

C.L. Ücker et al.                                                                                                                                                                                                                                 



Journal of Physics and Chemistry of Solids 172 (2023) 111050

4

coating process was conducted at a higher temperature and for a longer 
duration (180 ◦C/32 min), providing more energy to the system, and 
consequently favoring the decomposition of CaCO3. The modification of 
synthesis parameters to decrease the carbonate concentration in a 
perovskite has been reported previously [66]. In the XRD pattern of the 
CTO-ZnS heterostructure, all Bragg peaks of CTO appear at the same 
angles, indicating that modification with ZnS does not affect the struc
ture of crystalline CTO nanoparticles. 

The full-width at half-maximum (FWHM) of the three most intense 
peaks was used in Scherrer’s equation, D = 0.9λ/βcosθ, to estimate the 
average crystallite size, D, of the samples, where λ is the XRD wave
length (0.15406 nm), β is the FWHM, and θ is the Bragg angle. CTO 
presented a crystallite size of 62.14 nm, whereas for the CTO-ZnS this 
value was 64.03 nm. 

Fig. 2 (b) shows the Raman spectra of the CTO and CTO-ZnS samples. 
For both samples, it was possible to identify 9 10 vibrational modes, 
consistent with previous studies concerning CTO [18,51,57,67,68]. The 
vibrational mode at 128 cm− 1 can be ascribed to the CTO lattice mode 
[68], and those at 176, 243, 284, and 340 cm− 1 can be assigned as 
bending modes of O–Ti–O [51,57]. The peaks at 426, 453 and 534 cm− 1 

can be attributed to Ti–O3 torsional modes, and that at 650 cm− 1 can be 
assigned to a Ti–O symmetric stretching vibrational mode [18,51,67]. 
All listed peaks correspond exactly to the expected modes for the Pnma 
structure of CTO. It is important to note that, as expected, no 
Raman-active mode was identified for the cubic phase of the ZnS in the 
CTO-ZnS sample. When the structure is completely cubic, there are no 
Raman-active modes [69,70]. All vibrational modes of the CTO-ZnS 
sample were smoothed, consistent with successful covering. 

The FTIR spectra of the CTO and CTO-ZnS samples are shown in 
Fig. 3. That of CTO features a small peak at 3450 cm− 1, assigned to the 
symmetric stretching vibration of –OH groups [71,72]. In the region 
around 3000 cm− 1, three weak absorption peaks are found, due to both 
asymmetric and symmetric C–H modes [72]. The strong peak at 1737 
cm− 1 can be attributed to the C––O stretching vibration [73], and that at 
1447 cm− 1 can be assigned to the bending vibration of CO3

2− [71]. The 
peaks detected at 1365 and 1211 cm− 1 can be ascribed to the bending 
mode of H–O–H and stretching vibration of C–OH, respectively [47,74, 
75]. The weak peak at 874 cm− 1 can be assigned to the Ti–O stretching 
mode, which characteristically appears in the range 500–900 cm− 1 [76]. 
The FTIR spectrum of CTO-ZnS features peaks distinct from those of 
CTO. The peaks at 3351 and 3185 cm− 1 can be assigned to C–H 
stretching modes arising from the use of EG in the synthesis [77]. The 
peak at 2952 cm− 1 corresponds to CH3 asymmetric stretching, and those 
at 2915 and 2816 cm− 1 correspond to CH2 asymmetric and symmetric 

stretching modes, respectively [78]. A small difference in the spectrum 
can be discerned at around 2350 cm− 1, which can be ascribed to at
mospheric CO2 [79]. The peak at 2078 cm− 1 can be ascribed to O––C––O 
stretching [80]. Stretching vibrations of C––O are observed at 1742 and 
1621 cm− 1. The peak at 1417 cm− 1 can be attributed to a Ca–Ti–O bond, 
and that at 1361 cm− 1 is due to O–H deformation of a primary alcohol 
group [74]. Weak peaks in the region 1300–1000 cm− 1 can be assigned 
to C––S vibrations [77]. The peak at 1045 cm− 1 can be ascribed to the 
C–O stretching vibration mode of a primary alcohol [74]. The peak at 
921 cm− 1 can be assigned to interactions between the vibration modes 
of sulfide anions in the ZnS network [77]. Lastly, the peaks at 874 and 
834 cm− 1 can be attributed to Ti–O stretching modes, as observed in the 
spectrum of CTO [76]. 

As shown in Fig. 4 (a) and (b), respectively, the band gaps of the CTO 
and CTO-ZnS samples were calculated by the Tauc model from the in
tercepts of tangents drawn to plots of (αhν)0.5 vs. hν, where α is the 
absorption coefficient and hν is the photon energy in eV [81–83]. An 
appropriate relationship between the model and the data can be 
observed, resulting in R2 values higher than 0.99 for both samples. In 
addition, CTO and CTO-ZnS showed the same band-gap value (3.58 eV), 
corresponding to a wavelength of 346 nm. It is worth mentioning that 
the band gap of the CTO obtained here is in accordance with values 
found in other works (around 3.5 eV) [51,57,84]; however, the value 
reported for ZnS is different (around 3.60 eV) [39,85]. Due to the sim
ilarity of the band gaps, no change in the value for the heterostructure 
with ZnS was perceivable. 

Fig. 4 (c) shows photoluminescence curves for the CTO and CTO-ZnS 
samples, in which predominantly wide bands can be seen for both 
samples. This is characteristic when there are different intermediate 
levels in the band-gap energy resulting from relaxation processes 
[86–88]. This occurrence of intermediate, lower energy states can be 
explained by the contribution of the surface energies of the CTO and the 
ZnS thereon through the interaction between their respective CBs, in 
addition to the contribution of the interaction between the unfilled 
connections of the ZnS surface and the CTO surface. This leads to fewer 
energy transitions in the material, resulting in more emissions, and 
consequently reducing the distance that originates the intermediate 
states. The main peak for the CTO-ZnS heterostructure and the CTO is 
seen at 525 nm. It can be observed that the CTO-ZnS heterostructure had 
a higher PL intensity than the CTO, indicating that the superficial layer 
of ZnS had a great effect on the emission. The TEM images in Fig. 4 
(further detailed in Fig. 6, along with the respective PL emission spectra 
of the samples), provide evidence of the importance of the ZnS surface 
layer on the CTO. 

The CTO obtained by MAS is characterized by mesocrystals in the 
form of agglomerated microcubes, generated through the mechanism 
shown in Fig. 5 (a). To better illustrate this mechanism, Fig. 6 (a, c, and 
d) show SEM and TEM images of the CTO. Pereira et al. [56] demon
strated that the duration of MAS can influence the sample morphology; 
the longer the synthesis time, the more regular and cubic the CTO. To 
obtain CTO mesocrystals, a specific set of thermodynamic conditions (i. 
e., pressure and temperature), such as those implemented in this work, 
must be fulfilled [24]. Fig. 5 (b) shows the mechanism of formation of 
the ZnS particle cloud around the CTO. It is possible to follow the for
mation on the basis of the respective SEM and TEM images presented in 
Fig. 6 (e, g, and h). 

Particle size was estimated from SEM images of the CTO, as exem
plified by Fig. 6 (a), using Image J software. The CTO, which was 
composed of a cluster of cubic particles, had an average size of 
approximately 1.37 μm, as confirmed by TEM images, Fig. 6 (c, d). 

When synthesizing CTO with ZnS, it was found that the latter did not 
form a covering ring on the former, but clouds of agglomerated particles 
around and over it, as indicated in Fig. 6 (e), evidencing heterostructure 
formation. In TEM images, it is possible to observe a large and dense 
CTO particle, and clouds of ZnS particles around it. This was confirmed 
by EDX analysis, Fig. 6 (f), which verified the presence of ZnS. As Fig. 3. FTIR spectra of the CTO and CTO-ZnS samples.  
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expected, the EDX pattern of the sample containing only CTO indicates 
the absence of ZnS-related peaks. As a CTO particle consists of a cluster 
of mesocrystals, the detected image has a higher density, making it 
difficult to visualize the ZnS present on the particle even though the 
surrounding particles indicate its presence on the CTO structure. This is 
corroborated by the TEM images in Fig. 6 (g, h), in which it can be seen 
that the CTO particle is largely covered by clouds of ZnS particles. 

The particle size of the ZnS is difficult to estimate, as it does not have 
a defined shape. According to the SEM and TEM images, the ZnS par
ticles are dispersed throughout the material and are much smaller than 
the CTO particles. 

The photocatalytic activities of the CTO, ZnS, and CTO-ZnS hetero
structure samples were tested in the degradation of RhB under UV ra
diation for a duration of 180 min. Fig. 7 displays the effect of the samples 
on the RhB concentration at intervals of 30 min, where C0 is the initial 
concentration of the RhB dye solution and C is the RhB dye concentra
tion at a given time. Fig. 7 (a) reveals that the CTO-ZnS achieved better 
results than the ZnS and CTO samples. The plot corresponding to the dye 
alone (without the addition of a semiconductor) is important to 
demonstrate that there was only slight natural discoloration over time, 
evidencing that the photocatalyst has an important effect on the process. 
ZnS alone showed a good discoloration ability compared to pure CTO. It 
can be noted that both ZnS and the heterostructure induced significant 
discoloration in the first hour of analysis, reaching equilibrium after this 

time. A plausible explanation for the greater photocatalytic discolor
ation facilitated by the samples containing ZnS may be physisorption of 
the dye on the surface of these materials [89,90]. In addition, the ZnS 
tends to lose most of its active sites during photocatalysis due to its rapid 
growth, requiring particle control to ensure an equilibrium during 
photocatalytic degradation [91]. 

We believe that the photocatalytic behavior of this system is affected 
by an intermediate level of order and disorder between the hetero
structure interfaces. The structure of defects and density variation in the 
interface regions may be responsible for the different photocatalytic 
properties of systems based on heterostructures. After a photon with 
energy equal to or greater than the band gap of the semiconductor is 
absorbed, an electron/hole pair is generated on its surface. These charge 
carriers migrate to the catalytic surface, where the defect-free or 
defective surface and adsorbed oxygen molecules produce various spe
cies, such as peroxide ions (O2

2− ). Molecular oxygen reacts with CTO and 
ZnS species, resulting in more active species, thereby incorporating 
oxygen into the crystal lattice. 

The Langmuir–Hinshelwood kinetic model was used to determine 
the reaction rate constant (k) of each sample in the photocatalytic 
discoloration process. Plots of –ln(C/C0) as a function of time in Fig. 7 
(b) reveal a good linear relationship, with R2 > 0.99. This suggests that 
the photocatalytic degradation of the dye follows a pseudo-first-order 
process, expressed as –ln(C/C0) = kt, where t is the time in min. The k 

Fig. 4. Estimation of band-gap energies of (a) CTO and (b) CTO-ZnS heterostructure, and (c) PL emission spectra of both samples with the respective TEM images.  
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values shown in Fig. 7 (c) demonstrate that the heterostructure pre
sented the highest value (0.01748), followed by ZnS (0.00946), and then 
CTO (0.00390), as compared to the blank of RhB without a catalyst 
(0.00087). These data indicate that the CTO-ZnS heterostructure is 
about 1.85, 4.48, and 19.4 times more efficient than pure ZnS, pure CTO, 
and the uncatalyzed system, respectively. 

In terms of the extent of discoloration (Fig. 7 (d)), the heterostructure 
achieved 95.7% dye degradation in 180 min, whereas the ZnS and CTO 
samples achieved efficiencies of 81.8% and 50.5%, respectively. With 
the heterostructure and pure ZnS, 70% and 55%, respectively, of the dye 
degradation occurred in the first 60 min. 

The improved photocatalytic activity of the CTO-ZnS heterostructure 
under UV irradiation in comparison with the pure samples can be 
ascribed to the combination of the respective semiconductors, both of 
which are capable of absorbing UV radiation, thus exciting electrons to 
the VB, mainly on surfaces with more disorder. This leads to the creation 
of some disordered surface states, which improves the photocatalysis of 
the material. These states are responsible for receiving electrons and 
confining photogenerated electrons, resulting in a more efficient trans
fer of charge carriers and preventing recombination, thus increasing the 
ability of the heterostructure to degrade the dye [92]. This was also 
demonstrated by PL analysis, as shown in Fig. 4 (c), whereby it was 
observed that the CTO-ZnS heterostructure led to more efficient pho
ton–electron shocks and increased the electron density in the excited 
states and the number of holes in the VB. 

The photocatalytic effects of the CTO-ZnS heterostructures with 
different proportions of ZnS were systematically compared, and the 
corresponding plots are displayed in the supplementary material 
(Fig. S1). Four different CTO:ZnS ratios (1:0.5, 1:1, 1:2, and 1:3) were 
tested. In Fig. S1, it can be seen that over 180 min of photocatalysis, the 
degradation efficiency of the sample with the highest proportion (1:3) 
tended to tail off before 180 min. However, after 180 min, the 1:1, 1:2, 

and 1:3 samples achieved the same % of RhB degradation, showing that 
the use of different proportions of CTO:ZnS did not influence the pho
tocatalytic performance of the heterostructure. 

Even though studies combining CTO and ZnS are still scarce in the 
literature, it is possible to find some works evaluating the respective 
individual materials. Kumar et al. [93] performed photocatalytic tests 
on a CTO heterostructure in combination with g-C3N4 under three 
different irradiation conditions, i.e., UV, visible, and sunlight, and found 
that regardless of the radiation used, the heterostructure showed the 
best photocatalytic performance. According to the authors, this 
improved photocatalytic activity was due to adequate band positions, as 
well as good interfacial contact of the two materials. In this work, we 
decided to test the photocatalytic degradation of the samples using only 
UV irradiation (254 nm), since the band gaps of both CTO and the 
CTO-ZnS heterostructure are in the UV range of the spectrum (3.58 eV). 
In the work by Han et al. [11], the photocatalytic degradation efficiency 
of CTO was tested under different heat treatments using methylene blue 
dye. The authors reported that CTO samples submitted to higher tem
peratures achieved greater efficiency. Additionally, when assessing the 
influence of different CTO synthesis strategies, which resulted in 
different particle shapes, they concluded that a sample synthesized by a 
solvothermal method gave the best dye degradation. It is worth 
mentioning that although the catalyst in this work was obtained by MAS 
synthesis, its particles consisted of cubes, whereas Han et al. [11] ob
tained CTO in the form of small spheres. According to these authors, it is 
possible to control the parameters of solvothermal synthesis in order to 
achieve different particle sizes, which can directly influence the 
photovoltaic response. Previous studies concerning CTO synthesis by the 
MAS method have also involved the generation of cubic particles after 
different synthesis times [51,56,67]. 

Based on the abovementioned results, it can be inferred that the 
combination of CTO and ZnS increases electron density, leading to an 

Fig. 5. Mechanism of CTO mesocrystal formation and CTO-ZnS heterostructure manufacture with the corresponding SEM and TEM images (shown in more detail in 
Fig. 6). (a) Formation of CaTiO3 cubic mesocrystals. (b) Addition of ZnS particles onto the CaTiO3 surface. 
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Fig. 6. Scanning electron microscopy images of (a) CTO and (e) CTO-ZnS samples; energy-dispersive X-ray patterns of (b) CTO and (f) CTO-ZnS samples; and 
transmission electron microscopy images of (c, d) CTO and (g, h) CTO-ZnS samples. 
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efficient transfer to O2 and electron absorption by H2O, ultimately 
generating HO∗

2 and HO∗, thus enhancing the photodegradation per
formance of the material. 

The proposed mechanism underpinning the photocatalytic activity 
of the heterostructure is elaborated below. First, to understand the 
photocatalytic mechanism it is necessary to know the VB and CB energy 
levels of the heterostructure components of CTO and ZnS. The formulae 
used to obtain ECB and EVB are as follows [93,94]: 

ECB =X − Ee − 0.5Eg (1)  

EVB =ECB + Eg (2)  

where EVB and ECB are the VB and CB edge potentials of the semi
conductors, respectively, Ee is the energy of free electrons on the 
hydrogen scale (4.5 eV vs. NHE, normal hydrogen electrode), Eg is the 
band-gap energy of the semiconductor (3.58 eV for CTO and 3.7 eV for 
ZnS), and X is the average of absolute electronegativity (x) of each 
semiconductor atom (xCa = 2.2 eV, xTi = 3.45 eV, xO = 7.54 eV, xZn =

4.45 eV, and xS = 6.22 eV) [95]. The X value for each semiconductor 
was evaluated as follows [94,96]: 

X(CaTiO3)=
(
xCa × xTi × x3

O

)1/5 (3)  

X(ZnS)= (xZn × xS)
1/2 (4)  

After assigning the respective values in the above formulae, the values of 
X(CaTiO3) and X(ZnS) were determined as 5.04 eV and 5.26 eV, 
respectively. Based on this information, the calculated ECB values for 
CTO and ZnS are − 1.25 eV and − 1.09 eV vs. NHE, respectively, and the 
EVB values are 2.33 eV and 2.61 eV, respectively. 

As the heterostructure is formed by covering the CTO structure with 
ZnS (both n-type semiconductors), there are changes in the charge- 

transfer process. The CB of ZnS has a more positive potential (vs. 
NHE) than that of CTO, whereas the VB of CTO is more negative (vs. 
NHE) than that of ZnS, as shown in Fig. 8. The MAS method increases the 
semiconductor character by creating a higher order/disorder density 
between the clusters of the two compounds. When photons (hν) with 
energy equal to or greater than the CTO-ZnS band gap impinge upon the 
heterostructure surface, electron/hole (e′

/h•) pairs are generated ac
cording to Eq. (5). The coating material (ZnS) has a larger band gap, 
causing the photogenerated electrons to migrate from the CB of the ZnS 
to the CB of the material present in the nucleus (CTO). Meanwhile, holes 
migrate from the VB of the CTO to the VB of the ZnS through the het
erostructure interface [Eqs. (6) and (7)] [42,97–100]. It has been 

Fig. 7. (a) Time-dependent photocatalytic degradation of RhB over CTO, ZnS, and CTO-ZnS heterostructure under UV irradiation; (b) kinetic plots of dye degra
dation using the samples under UV irradiation; (c) pseudo-first-order rate constants (k) for the samples; (d) % of RhB discoloration over the respective samples after 
180 min. 

Fig. 8. Proposed band structure scheme involving the CTO-ZnS 
heterostructure. 
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reported that electrons reduce adsorbed oxygen to the superoxide 
radical (O′

2) [Eq. (9)] [47,93] and that the formation of this radical is 
facilitated since the reduction potential of O2/ O′

2 is − 0.13 eV vs. NHE; 
this value is more negative than the CB edge potential of the CTO 
(− 1.25 eV) [101]. The hole in the VB reacts with OH′ ions to form HO∗

and H• radicals [Eq. (8)] due to its more positive potential than OH′/ 
HO∗ (1.99 eV vs. NHE) [93,94]. Regarding the H2O potential, the CTO 
has a less positive VB (2.33 eV) than the H2O/ HO∗ potential (2.38 eV vs. 
NHE), suggesting that it cannot couple to H2O to produce HO∗ radicals 
[101]. In contrast, the VB of the ZnS (2.61 eV) is more positive than the 
H2O/ HO∗ potential, indicating that it can react with H2O species to 
produce HO∗ radicals. 

The active species are then formed through the superoxide radical, 
whereby O′

2 reacts with H• in solution to form the hydroperoxyl radical 
(HO∗

2), which in turn is converted into hydrogen peroxide (H2O2) [Eqs. 
(10) and (11)]. It is important to mention that this H2O2 can produce 
both HO∗ and OH• [Eq. (12)]. RhB reacts with active species, such as 
HO∗

2 and HO∗, being degraded into intermediate products according to 
Eq. (13). The semiconductors serve both to transport the electron to 
oxygen in an exothermic reaction and to break the O–H bond of water by 
absorbing an electron in the VB of the semiconductor in an endothermic 
reaction. 

CTO
/

ZnS+ hν → CTO
/

ZnS+ e′

(CB) + h•
(VB) (5)  

CTO
/

ZnS
(

e′

(CB)

)
→CTO

(
e′

(CB)

) /
ZnS (6)  

CTO
(

h•
(VB)

)/
ZnS→CTO

/
ZnS

(
h•
(VB)

)
(7)  

h•
(VB) +H2O → HO∗ + H• (8)  

e′

(CB) +O2ads→O′

2 (9)  

O′

2 +H•→HO∗
2 (10)  

2HO∗
2→O2 + H2O2 (11)  

H2O2 + e′

(CB) → HO∗ + OH• (12)  

RhB+HO∗
2 +HO∗ →degradation products (13) 

The scavenger methodology was applied to the photocatalytic 
mechanism in order to identify the main active species operative. Fig. 9 
shows plots of RhB dye concentration as a function of assay time in the 
presence of charge scavengers. To identify the active species in the 
photocatalytic process, isopropyl alcohol (C3H8O), silver nitrate 
(AgNO3), and disodium ethylenediaminetetraacetate (EDTA) were used 
as scavengers for HO∗, e− , and h+, respectively. Fig. 9 (a) displays the 

plots for the CTO sample. It can be observed that the use of EDTA 
scavenger caused a decrease in the photocatalytic RhB degradation ef
ficiency, suggesting that h+ plays an important role in the oxidation of 
RhB. Since the addition of isopropyl alcohol slightly increased the 
degradation of RhB in the last hour of analysis, it can be concluded that 
hydroxyl radicals were not the main species operative in the photo
catalytic mechanism. Although AgNO3 greatly increased dye adsorption, 
it also inhibited the photocatalytic activity of CTO. In addition, the use 
of AgNO3 suppressed e− recombination with h+. As a result, e− became 
available to act in the photocatalytic process, consequently increasing 
the degradation ability of the sample. This implicates both e− and h+ as 
principal active species in the photocatalysis. In Fig. 9 (b) and (c), cor
responding to the CTO-ZnS and ZnS samples, respectively, it is possible 
to observe that even though the addition of scavengers provided an in
crease in the dye adsorption on the heterostructure surface, it also 
inhibited the photocatalytic degradation of the material, demonstrating 
that e− , h+ and HO∗ were the main species acting in the photocatalytic 
process. 

Fig. 10 shows the results of cyclic tests of RhB degradation over 180 
min for the CTO-ZnS, CTO, and ZnS samples. Reuse tests are important 
to determine the chemical stability of the material during repeated 
photocatalytic cycles. After five successive cycles, the samples main
tained consistent photocatalytic efficiency without apparent deactiva
tion, indicating that the pure CTO, pure ZnS, and CTO-ZnS 
heterostructure were stable during the degradation process. In addition, 
the heterostructure recovered after the five cycles was characterized by 
XRD, as shown in Fig. S2 of the supplementary material. No noticeable 
changes were observed after the stability test, evidencing that the CTO- 
ZnS heterostructure has high stability. 

4. Conclusion 

Microwave-assisted solvothermal synthesis has been proved to be a 
favorable method for obtaining CTO and a CTO-ZnS heterostructure due 
to its versatility, simplicity, and rapidity for synthesizing nano
particulate materials. The CTO-ZnS heterostructure obtained by the 
MAS method showed vastly superior results in RhB dye degradation than 
pure CTO synthesized by the same method. Specifically, it achieved 95% 
RhB degradation in 180 min under UVC irradiation, as compared to just 
53% over pure CTO. The cloud of ZnS particles formed around the CTO 
structure favors physisorption of the dye on the semiconductor surface. 
Furthermore, the formation of disordered surface states at the hetero
junction expedites charge transfer, thus increasing the ability of the 
material to degrade RhB. These results suggest that it is possible to 
obtain a CTO-ZnS heterostructure through a simple and rapid MAS 
synthesis method. Moreover, the cloud of ZnS particles around CTO 
increases the dye photodiscoloration capacity of the material, thus 
contributing to studies on photocatalytic processes aimed at removing 
pollutants from effluents. 

Fig. 9. Plots of RhB dye degradation in the presence of isopropyl alcohol (C3H8O), silver nitrate (AgNO3), and EDTA as scavengers, along with those without 
scavengers, for (a) CTO, (b) CTO-ZnS, and (c) ZnS samples. 
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