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ABSTRACT: Novel redox-mediator-free direct Z-scheme CaIn2S4 marigold-flower-like/TiO2 (CIS/TNP) photocatalysts with
different CaIn2S4 weight percentages were synthesized using a facile wet-impregnation method. Uniform hierarchical marigold-
flower-like CaIn2S4 (CIS) microspheres were synthesized using a hydrothermal method. Field-emission scanning electron
microscopy and transmission electron microscopy analyses suggested that the formation and aggregation of nanoparticles,
followed by the growth of petals or sheets and their subsequent self-assembly, led to the formation of the uniform hierarchical
marigold-flower-like CIS structures. The photocatalytic degradation efficiency of the direct Z-scheme CIS/TNP photocatalysts
was evaluated through the degradation of the pharmaceutical compounds isoniazid (ISN) and metronidazole (MTZ). The direct
Z-scheme CaIn2S4 marigold-flower-like/TiO2 (1%-CIS/TNP) photocatalyst showed enhanced performance in the ISN (71.9%)
and MTZ (86.5%) photocatalytic degradations as compared to composites with different CaIn2S4 contents or the individual TiO2
and CaIn2S4. A possible enhancement mechanism based on the Z-scheme formed between the CIS and TNP for the improved
photocatalytic efficiency was also proposed. The recombination rate of the photoinduced charge carriers was significantly
suppressed for the direct Z-scheme CIS/TNP photocatalyst, which was confirmed by photoluminescence analysis. Radical-
trapping studies revealed that photogenerated holes (h+), •OH, and O2

•− are the primary active species, and suggested that the
enhanced photocatalytic efficiency of the 1%-CIS/TNP follows the Z-scheme mechanism for transferring the charge carriers. It
was further confirmed by hydroxyl (•OH) radical determination via fluorescence techniques revealed that higher concentration of
•OH radical were formed over 1%-CIS/TNP than over bare CIS and TNP. The separation of the charge carriers was further
confirmed using photocurrent and electron spin resonance measurements. Kinetic and chemical oxygen demand analyses were
performed to confirm the ISN and MTZ degradation. The results demonstrated that the direct Z-scheme CIS/TNP
photocatalyst shows superior decomposition efficiency for the degradation of these pharmaceuticals under the given reaction
conditions.
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■ INTRODUCTION

Since their discovery, heterogeneous TiO2-photocatalyst-based
processes have been efficiently applied for environmental
remediation and energy production.1−9 However, the commer-
cialization of these processes has been limited due to the high
recombination rate of the photogenerated electron−hole pairs
and the very poor visible-light response by TiO2 due to its high
band gap (3.2 eV). To increase the lifetimes of charge carriers
and the visible-light photocatalytic performance of TiO2,

different modifications have been attempted; however, the
problems remain unresolved.10−18 As alternatives, metal-sulfide-
based visible-light photocatalysts have been employed.
However, in addition to their toxicity, these materials are
highly unstable during the photocatalytic reaction and
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insufficiently efficient to meet practical requirements. To
surmount these problems, ternary chalcogenide AB2X4 (A =
Cu, Zn, Cd, Ca, etc.; B = In, Ga, Al; X = S, Se, Te)-based
visible-light photocatalysts have recently drawn attention due to
their unique electronic and optical properties, as well as
excellent photo- and chemical stabilities.19−22 Due to their
narrow band gaps, these catalysts have been predominantly
applied in H2 production. In 2003, Lei et al. first developed the
novel sphere-like ZnIn2S4.

23 Later, Kale et al.24 synthesized
nanotube and marigold structures of ternary CdIn2S4. Recently,
Ding et al.25,26 synthesized cubic and monoclinic CaIn2S4 for
H2 production. However, for an isolated AB2X4 component, it
is very challenging to migrate the photogenerated electron−
hole pairs and suppress their rate of recombination.
Consequently, the coupling of AB2X4 materials with other
semiconductors, metals (metal loading), or reduced graphene
oxide (RGO) has been studied to enhance the lifetimes of the
charge carriers.27−30 However, the efficiencies of the systems
must be improved to meet large-scale commercial require-
ments. Because transition-metal-based systems are expensive
and ecologically unfriendly, it has become imperative to explore
the alternative, inexpensive, metal-based ternary metal sulfides
for enhanced photocatalytic efficiency. For example, although
CaIn2S4 is the cheapest alkali earth metal based system, no
detailed investigations have focused on its synthesis, morphol-
ogy, or coupling with other semiconductors for possible
improvements in photocatalytic decomposition efficiency.
It is well-known that the construction of heterojunction or

direct Z-scheme photocatalysts by the coupling of one
semiconductor with another is a relatively effective method
for promoting photocatalytic performance by the efficient
separation of charge carriers. Along these lines, the develop-
ment of redox-mediator-free direct Z-scheme photocatalysts
has aroused significant scientific interest. Recently, Yang et al.31

synthesized TiO2- and CuO-coupled ZnIn2S4 heterojunction
photocatalysts which efficiently suppressed recombination rates
and exhibited enhanced photocatalytic efficiency. However, the
design of direct Z-scheme photocatalysts by the coupling of
AB2X4 materials with other metal oxide semiconductors has
been limited. The coupling of CaIn2S4 with other semi-
conductors, in particular, has not been explored. We expected
that the coupling of TiO2 with CaIn2S4 would form a direct Z-
scheme photocatalyst because of its suitable valence band (VB)
and conduction band (CB) edge positions, which could
suppress the recombination rate and enhance the visible-light
response of TiO2. Thus, the electrons and holes in the highly
negative and positive potentials of the CB and VB edges of
CaIn2S4 (−1.1 eV) and TiO2 (+2.91 eV) could produce a
greater number of superoxide (O2

•−) and hydroxyl (•OH)
radicals and impart increased photocatalytic decomposition
efficiency.
The antibiotics isoniazid (ISN) and metronidazole (MTZ)

are used for the treatment of tuberculosis and the infectious
diseases caused by anaerobic bacteria and protozoa, respec-
tively. Both are highly soluble in water and nonbiodegradable,
and thus, their elimination from effluent streams has received
considerable attention as they are highly toxic and carcinogenic.
To date, TiO2, CdS, ZnS, Zn2GeO4, ZnSnO3, ZnO/RGO,
BiVO4, BiVO4/FeVO4, and CdS/g-C3N4, photocatalysts have
been used for the decomposition of MTZ,32−38 whereas only a
single study has investigated ISN degradation using TiO2 and
ZnO photocatalysts.39 No detailed study has been performed

on the degradation of these pharmaceuticals using a direct Z-
scheme photocatalytic system.
Here, we report the synthesis of hierarchical marigold-flower-

like CaIn2S4 ternary metal sulfides using a hydrothermal
method; subsequently, the novel direct Z-scheme CaIn2S4
marigold-flower-like/TiO2 photocatalysts were successfully
synthesized using a facile wet-impregnation method. The
growth mechanism for formation of hierarchical marigold-
flower-like CaIn2S4 was proposed. The prepared photocatalysts
were utilized for the degradation of ISN and MTZ and
compared against the activities of the pure TiO2 and marigold-
flower-like CaIn2S4 photocatalysts. The new direct Z-scheme
CaIn2S4 marigold-flower-like/TiO2 photocatalysts displayed
enhanced photocatalytic efficiency over the individual CaIn2S4
and TiO2 catalysts for the degradation of ISN and MTZ under
our reaction conditions. A degradation mechanism for the
improved photocatalytic performance was also proposed.

■ EXPERIMENTAL SECTION
Photocatalysts Synthesis. Calcium indium sulfide (CaIn2S4) was

synthesized by the hydrothermal method.30 Briefly, calcium nitrate
tetrahydrate (5 mmol), indium nitrate hydrate (10 mmol), and
thioacetamide (40 mmol) were dissolved in ultrapure water (80 mL)
and stirred for 30 min at room temperature. Then, the reaction
mixture was transferred into a 100 mL Teflon-lined stainless steel
autoclave and heated at 393 K for 24 h. Thereafter, the autoclave was
cooled naturally to ambient temperature. The orange precipitate was
centrifuged and repeatedly washed with copious amounts of ultrapure
water and absolute ethanol. The final material, labeled as CIS, was
dried at 343 K for 12 h.

Composites of titanium dioxide nanoparticles (TNPs) loaded with
different weight percentages of CIS (denoted as x%-CIS/TNP; x = 1,
3, 5, 7, and 10) were synthesized using a simple wet impregnation
method. First, a TiO2 suspension was prepared by dispersing the NPs
in methanol (50 mL) via ultrasonication for 30 min. Then, the
calculated amount of CIS was added into the suspension to afford the
desired weight percentage of CIS. The mixture was stirred at room
temperature for 24 h in the fume hood. Afterward the obtained solid
materials were dried at 348 K for 12 h. Subsequently, the materials
were ground using a mortar and pestle.

Photocatalytic Activity. The photocatalytic activities of the CIS,
TNP, and direct Z-scheme x%-CIS/TNP (x = 1, 3, 5, 7, and 10)
photocatalysts were studied by monitoring the degradation behaviors
of aqueous solutions of ISN and MTZ using a quartz immersion-well-
type photocatalytic reactor.6 In the photocatalytic degradation
reaction, a suspension containing the photocatalyst (100 mg) and an
aqueous solution of either ISN or MTZ (500 mL, 50 mg/L) was
loaded in the outer borosilicate glass container, ultrasonicated for 2
min, and then stirred in the dark for 30 min to establish an
adsorption−desorption equilibrium between the photocatalyst and the
substrates. Subsequently, the suspension was irradiated under a 200 W
mercury vapor lamp. The mixture was continuously stirred throughout
the reaction, and to prevent any effects on the degradation efficiency
by inadvertent heating from the lamp, the temperature was controlled
by circulating the water throughout the experiment. From the
irradiated suspension, aliquots (7 mL) were withdrawn by syringe at
10 min intervals for the first 1 h and then every 1 h up to 4 h for
absorbance measurements by UV spectroscopy. Before UV analysis,
each aliquot was centrifuged to separate the photocatalyst (10 000
rpm, 30 min), and then the absorbance was determined using a UV−
visible spectrophotometer (Shimadzu, UV-2600). The concentrations
of ISN and MTZ in the degraded solutions were obtained from their
respective calibration curves (concentration vs absorbance) prepared
with different known concentrations; then, the percentage degradation
was calculated. A blank reaction (without photocatalyst) was
performed in the presence of light irradiation only, for comparison
with the effects of the photocatalysts on degradation. Cyclic
degradation experiments were performed to evaluate the reusability
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of the photocatalyst. After each cycle of experiment, the photocatalyst
was separated by centrifugation, dried and used for the next cycle of
degradation experiment without any pretreatment.
Further confirmation of ISN and MTZ degradation was performed

by chemical oxygen demand (COD) analysis of the degraded samples
using a HACH DR/4000U spectrophotometer. A sample (2 mL) was
added to the COD reagent and digested for 2 h at 423 K in a HACH
Digital Reactor Block (DRB200). Afterward, the mixture was cooled to
ambient temperature, and the COD was analyzed.
Detection of Reactive Species. It is well-known that in

photocatalytic degradation reactions, hydroxyl (•OH) radicals,
electron (e−), holes (h+), and superoxide (O2

•−) radical anions are
the major active species in the oxidation and reduction of target
pollutants. To determine the reactive radical species involved in the
degradation of ISN and MTZ, trapping experiments were performed
by introducing various scavengers such as isopropyl alcohol (IPA, 10
mmol/L), ammonium oxalate (AO, 6 mmol/L), and 1,4-benzoqui-
none (BQ, 0.1 mmol/L) into the reaction to scavenge the •OH, h+,
and O2

•− species. The trapping experiment procedures were similar to
that of the degradation experiment, with the various scavengers
introduced separately into the aqueous substrate solution before
addition of the photocatalyst.
Analysis of Hydroxyl (•OH) Radical Formation. The superior

photocatalytic efficiency of 1%-CIS/TNP photocatalyst was confirmed
by determination of hydroxyl (•OH) radical formation during the
course of the reaction. The hydroxyl (•OH) radical formation on the
surface of CIS, TNP, and 1%-CIS/TNP photocatalysts under light
irradiation was determined by a fluorescence technique with
terephthalic acid (TA) as a probe molecule. TA reacts with •OH
radical formed in the reaction to produce a highly fluorescent product,
2-hydroxyterephthalic acid. The intensity of 2-hydroxyterephthalic acid
peak corresponds to the amount of •OH radicals formed during the
reaction.40 The experimental procedure was similar to that of
photocatalytic degradation except that pollutants solution was replaced
by terephthalic acid (5 × 10−4 M) in dilute NaOH solution (2 × 10−3

M). Then, the reaction mixture was subjected to light irradiation,

sampling was performed and separated the photocatalyst by
centrifugation. Subsequently, the formed 2-hydroxyterephthalic acid
product (λ = ∼ 425−432 nm) was analyzed by spectrofluoropho-
tometer (Shimadzu, RF-5301PC) with the excitation wavelength of
315 nm.

■ RESULTS AND DISCUSSION

PXRD Analysis. The PXRD pattern of CIS displays
diffraction peaks at 2θ = 14.58, 23.38, 27.48, 28.82, 33.42,
43.94, 48.02, 56.96, 59.7, 66.94, and 70.16°, indexed to the
(111), (220), (311), (222), (400), (511), (440), (533), (622),
(731), and (800) planes of cubic CIS (Figure 1a).25,26,30 Peaks
corresponding to binary sulfides, oxides, and unreacted
reactants were not observed, indicating the purity of the
synthesized cubic CIS. For the TNP and x%-CIS/TNP
composites, the peaks at 2θ = 25.32, 37.04, 37.82, 38.62,
48.08, 53.96, 55.10, 62.16, 68.86, 70.28, 75.12, and 76.08°
correspond to the diffractions of the (101), (103), (004),
(112), (200), (105), (211), (213), (116), (220), (301), and
(215) crystal planes of the anatase phase of TiO2 (JCPDS-00-
021-1272). In addition, a less intense diffraction peak, observed
at 2θ = 30.83° is attributed to the (121) crystal plane of the
brookite phase of TiO2 (JCPDS-00-029-1360). The anatase
and brookite phase percentages were calculated using eqs S2−
S4. The results, shown in Table 1, reveal that the TNPs
comprise 98% anatase and 2% brookite, whereas in the
composite materials, slight decreases and increases in the
anatase and brookite phase percentages were observed,
respectively. This may be due to the presence of the CIS in
the composite materials. The calculated crystallite sizes of the
anatase peaks of TiO2 were 38.40 (TNP), 38.60 (1%-CIS/
TNP), 39.26 (3%-CIS/TNP), 38.69 (5%-CIS/TNP), 38.88
(7%-CIS/TNP), and 38.88 nm (10%-CIS/TNP), indicating

Figure 1. PXRD patterns of (a) CIS, TNP, and x%-CIS/TNP composites, and (b) expanded anatase peaks of TiO2 at 25.32 and 48.08°.

Table 1. Surface Areas, Pore Volumes, Mean Pore Diameters, and Band Gaps of the Synthesized Photocatalytic Materials

phase percentage

photocatalyst anatase brookite surface area (m2/g) pore volume (cm3/g) mean pore diameter (nm) band edge (nm) band gap (eV)

TNP 98.3 1.7 56.74 0.302 21.27 388 3.20
CIS 93.52 0.081 3.47 626 1.98
1%-CIS/TNP 98.2 1.8 57.21 0.123 8.63 389 3.18
3%-CIS/TNP 98.1 1.9 58.83 0.122 8.30 392 3.16
5%-CIS/TNP 97.9 2.1 58.45 0.311 21.26 393 3.15
7%-CIS/TNP 97.6 2.4 60.27 0.309 20.54 394 3.14
10%-CIS/TNP 97.8 2.2 65.52 0.326 19.91 396 3.12
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that the addition of CIS did not exert any significant influence
on the crystallite size. Moreover, the intensities of the
diffraction peaks corresponding to CIS at 27.48 and 33.42° in
the composite materials increased with the rising CIS content
(Figure 1a). These results indicate the coexistence of the CIS
and TiO2 in the synthesized composites. For the anatase peaks
at 25.32 and 48.08°, the intensities decreased and the positions
shifted to lower diffraction angles with the increments in CIS
loading (Figure 1b). The decreases in the intensities and the
shifts of the peaks toward lower diffraction angles clearly
confirm the successful synthesis of the redox-mediator-free
direct Z-scheme CIS/TNP composite materials.
Field-Emission Scanning Electron Microscopy (FE-

SEM) Analysis. The FE-SEM image of CIS (Figure 2a)
reveals that it consists of monodispersed uniform microspheres
with marigold-flower-like morphologies. A magnified FE-SEM
image (Figure 2b) shows that the microspheres are composed
of numerous, very thin, densely packed “petals”, which leads to
the marigold-flower-like morphology. Similar morphologies

have been reported by Shen et al.41 and Chen et al.42 in the
synthesis of ZnIn2S4. However, previous reports for CIS have
described a mixture of nanoparticles and nanosheet-like
morphologies.25,26,30 Figure 2c shows the spherical morphology
of TiO2, which was unchanged upon the addition of CIS
(Figure 2d−h), although some TiO2 agglomeration did occur.
In the 1−7%-CIS/TNP composites, the marigold-flower-like
microspherical morphology of the CIS is not observed (Figure
2d−g), although it is clearly visible in the 10%-CIS/TNP
composite (Figure 2h, marked with yellow arrow). However,
the CIS loading is evident from the change in the TiO2 color
from white to orange (Figure 7). In the 10%-CIS/TNP
composite (Figure 2h), the added CIS appears to exhibit a
curved sheet- or tube-like structure. It is possible that, while
stirring during preparation, some of the thin petals of the
microspheres were exfoliated and formed curled sheets, which
were subsequently rolled into tube-like structures. Similar
results have been reported by Gou et al.22 in the ZnIn2S4
system. The failure to observe the CIS in the 1−7%-CIS/TNP

Figure 2. FE-SEM images of (a and b) CIS, (c) TNP, (d) 1%-CIS/TNP, (e) 3%-CIS/TNP, (f) 5%-CIS/TNP, (g) 7%-CIS/TNP, and (h) 10%-CIS/
TNP composites.

Figure 3. TEM images of (a and b) CIS, (c) HR-TEM image of b, (d) TNP, (e) 1%-CIS/TNP, (f) SAED pattern of e, (g) 5%-CIS/TNP, (h) HR-
TEM image of g, (i) 10%-CIS/TNP, and (j) HR-TEM image of i.
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composites may be due to its uniform distribution; however,
the FE-SEM-EDX analysis of the 10%-CIS/TNP composite
(Figure S2) confirmed the presence of Ti, O, Ca, In, and S. The
marigold-flower-like microspherical morphologies of the CIS
and its composites were further confirmed by TEM analysis.
Transmission Electron Microscopy (TEM) Analysis.

The TEM image of CIS (Figure 3a) clearly shows that its
marigold-flower-like microspherical morphology is derived
from a large number of sheets, which is inaccordance with
the FE-SEM results. The TEM image further reveals that the
sheets are very thin and interwoven, forming the marigold-
flower-like morphology (Figure 3b). The high-resolution
transmission electron microscopy (HR-TEM) image of the
thin sheets (Figure 3c) demonstrates the lattice lines of the
marigold-flower-like CIS with intervals of 0.311 and 0.308 and
0.263 nm, corresponding to the (222) and (400) crystal planes
of cubic CIS. In addition to the marigold-flower-like structure
of CIS, CIS NPs were observed in the HR-TEM image of CIS
(Figure S3a). This suggests that the formation of CIS NPs
could be an initial step in the generation of the CIS marigold-
flower-like nanostructures. Furthermore, the integrity of the
marigold-flower-like microspherical morphology was main-
tained despite being subjected to ultrasonic treatment before
the TEM analysis, suggesting the structural robustness of the
synthesized microspheres. To our knowledge, the previous
studies of synthesized CaIn2S4 have shown it to consist of a
mixture of NPs, nanorods, and nanosheet-like structures.25,26,30

However, in this case, we obtained a large number of uniform
CIS microspheres with marigold-flower-like morphologies and
diameters of 1.1−1.5 μm (Figure S3b). Hence, this is the first
report of the synthesis of uniform marigold-flower-like CIS
microspheres.
The TEM image in Figure 3d shows the spherical

morphology of the TNP. The presence of the marigold-
flower-like CIS was not observed in the TEM images of the 1,
5, or 10%-CIS/TNP composites, which may be due to its
uniform distribution in the TNP. However, the HR-TEM
image of 1%-CIS/TNP (Figure 3e) clearly shows the lattice
lines of both the TNP and CIS materials. The lattice fringes
distance of 0.267 nm corresponds to the (400) plane of cubic
CIS, whereas the 0.357 and 0.362 nm distances may be
attributed to the (101) plane of anatase TiO2. The presence of
CIS and TNP in the 1%-CIS/TNP was also confirmed by
elemental mapping analysis. The high-angle annular dark field
(HAADF, Figure 4a) image and element mapping analysis
(Figure 4b−f) of 1%-CIS/TNP reveals the presence of Ti, O,
Ca, In, and S, suggesting the coexistence of both CIS and TNP.
These data also show that the CIS is uniformly distributed in
the composite, affording intimate contact between the two
materials. The selected area electron diffraction (SAED)
pattern of the 1%-CIS/TNP composite (Figure 3f) corresponds
to the TNP, substantiating its polycrystalline nature. The
diffraction pattern matches with the (101), (004), (200), and
(105) planes of anatase TiO2.
From Figure 3f, it is clear that the circular diffraction patterns

are not uniform, due to the presence of both CIS and TNP in
the composite materials. The TEM images of the 5 and 10%-
CIS/TNP (Figure 3g,i) revealed that the dark regions increased
with increments in CIS loading, and thus may be related to the
presence of CIS; the gray areas were denoted as TNP. These
assignments were confirmed by the elemental mapping analysis
of the Z-scheme 10%-CIS/TNP material (Figure S3c−h),
which showed the presence of Ti, O, Ca, In, and S elements

and further supported the identification of the dark and gray
regions as CIS and TNP, respectively. It was apparent that the
CIS is uniformly distributed throughout the TNP, confirming
the construction of the Z-scheme and close contact of the two
materials through the wet-impregnation method. This intimate
contact is beneficial for the separation of photogenerated
charge carriers in the direct Z-scheme CIS/TNP photocatalyst.
Though the marigold-flower-like morphology of CIS was not

observed, the HR-TEM images of the 5 and 10%-CIS/TNP Z-
scheme photocatalysts (Figure 3h,j) obviously show the lattice
lines corresponding to both the CIS and TNP materials. The
lattice fringe intervals of 0.334, 0.311, and 0.267 nm are indexed
to the (311), (222), and (400) crystal planes of cubic CIS,
whereas those at 0.352 and 0.362 nm correspond to the (101)
plane of anatase TiO2. From the FE-SEM and TEM results, we
conclude that the direct Z-scheme CaIn2S4 marigold-flower-
like/TiO2 photocatalysts were successfully synthesized.

Growth Mechanism of CaIn2S4. Generally, different
nanomaterial morphologies can be obtained during synthesis
by the addition of various surfactants. In this instance, however,
the uniform marigold-flower-like microspherical morphology of
the CIS synthesized without addition of any surfactants. It is
well-known that, in the absence of surfactants, the geometrical
building blocks or individual building components of a material
may pave the way for the formation of a marigold-flower-like
morphology by a self-assembly process.43,44 On the basis of FE-
SEM and TEM images, we proposed a possible formation
mechanism for the CIS microspheres with the marigold-flower-
like morphology, and is schematically represented in Scheme 1.

Figure 4. (a) HAADF image and elemental mapping images of (b) Ti,
(c) O, (d) Ca, (e) In, and (f) S elements of the 1%-CIS/TNP
composite material.
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Under the reaction conditions, the nucleation of a precursor
leads to the formation of the CIS NPs (step 1). Subsequently,
these NPs tend to aggregate to reduce their surface energies,
forming the CIS microspheres (step 2). At high temperature,
the petal- or sheet-like morphology of the CaIn2S4 starts to
grow from the microspheres (step 3, Figure S4a−c); single
petal- or sheet-like morphologies can be clearly observed in the
TEM analysis (Figure S4f). Then, the prolonged hydrothermal
reaction may lead to the self-assembly of these petals or sheets
(step 4) into the uniform hierarchical marigold-flower-like
morphology of CIS (Figure S4d). The magnified FE-SEM
image of the CIS (Figure S4e) clearly demonstrates that the
CIS microspheres consist of numerous petals. Similar micro-
spheres with uniform marigold-flower-like morphologies have
been reported for CdIn2S4 and ZnIn2S4.

24,45 From these results,
we conclude that CIS NPs were initially formed and aggregated
into the CIS spheres; these grew into petals or sheets that then
self-assembled to form the uniform hierarchical marigold-
flower-like morphology of the CIS microspheres.
XPS Analysis. To investigate the valence states and surface

chemical composition of the CIS/TNP composites, we
performed XPS analyses of the TNP, CIS, 1%-CIS/TNP, and
10%-CIS/TNP composites, and the results are shown in Figure
5 and Figure S5. The survey spectra of all of the samples show a
carbon peak at a binding energy of ∼284.9−285.9 eV, derived
from the carbon tape used for fixing the sample and from the
adsorption of atmospheric CO2 on the sample surface. In the
CIS survey spectrum (Figure 5b), the binding energy of the
oxygen peak located at 532.9 eV may be due to adsorbed H2O
and O2 on the sample surface. In the survey spectra of all the
samples, no other impurity peaks could be identified, which
suggests the high purity of the obtained materials and supports
the PXRD results. Figure 5c presents the high resolution XPS
spectrum of Ti 2p; the peaks positioned at 459.75 and 465.20
eV are assigned to the Ti 2p3/2 and Ti 2p1/2 levels of TiO2 and
demonstrate that the valence of Ti is four. The peak at 531.03
eV corresponds to the O 1s level of O2− in the TiO2 (Figure

S5a).46 The CIS survey spectra (Figure 5b) reveal the presence
of Ca 2p, In 3d, and S 2p in the sample. In the high-resolution
Ca 2p XPS spectrum (Figure 5d), the binding energies at
342.99 and 348.99 eV with a peak splitting of 6 eV correspond
to the 2p3/2 and 2p1/2 levels of the Ca

2+ 2p orbitals. In Figure
5e, the In 3d core splits into 445.69 (3d5/2) and 453.26 eV
(3d3/2) peaks with a peak splitting of 7.57 eV, which are
consistent with the values for In3+. Figure 5f shows a peak
centered at 162.69 eV which is assigned to the 2p1/2 level of S

2−

and is attributed to S coordinated to Ca and In in the CIS. The
XPS results for CIS are in accord with standard reference XPS
spectra, and further validate the oxidation state assignments for
Ca, In, and S in the CIS marigold flowers as +2, +3, and −2,
respectively.25,26,30

From Figure 5c and Figure S5a, we observed that the
intensities of the Ti 2p and O 1s peaks decrease with increases
in the CIS content, and the peak positions are shifted to higher
binding energies. The decrease in the intensity and shift to
higher binding energy as compared to TNP suggests the strong
interaction between the TNP and CIS and validates the
successful synthesis of the direct Z-scheme CIS/TNP
composites. The survey spectra of the 1 and 10%-CIS/TNP
composites (Figure S5b,c) reveal that the Ca, In, and S peaks
are less intense with respect to the Ti and O peaks; this may be
due to the lower percentage loading of CIS on TNP. However,
the high-resolution XPS data clearly show the presence of Ca
2p, In 3d, and S 2p in the CIS/TNP composites, in agreement
with the PXRD, FE-SEM, and TEM results. We further
observed that the intensities of the Ca 2p, In 3d, and S 2p peaks
increased with increases in the amounts of CIS loading,
confirming the successful incorporation of the CIS and also the
formation of the direct Z-scheme with TNP (Figure S5d−f).
For In 3d, only one peak at a binding energy of 445.85 and
445.91 eV, corresponding to the 3d5/2 level, was observed for
the 1 and 10%-CIS/TNP composites, respectively. A peak
related to the 3d3/2 level of In 3d with a binding energy of
453.26 eV was not observed, which may be due to overlap with

Scheme 1. Schematic Representation of the Formation Mechanism of Marigold Flower-Like CaIn2S4 (CIS) Structure
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the Ti 2p3/2 peak in both composites. From the PXRD, FE-
SEM, TEM, and XPS analyses, we conclude that the redox-
mediator-free direct Z-scheme x%-CIS/TNP composites was
successfully synthesized.
UV−Vis−DRS Analysis. The band gap energies of the CIS,

TNP, and x%-CIS/TNP composites were determined using
UV−vis−diffuse reflectance spectroscopy (UV−vis−DRS); the
results are shown in Figure 6. TNP shows a broad absorbance
with an absorption edge around at ∼388 nm, attributed to the
charge transfer from the VB to the CB of the TNP. CIS exhibits
a strong and broad absorption in the visible region around
635−660 nm, indicating the intrinsic band gap transition of the

CaIn2S4 rather than a transition from impurity levels.25 From
Figure 6a, we can see that the x%-CIS/TNP composites show
two absorption edges corresponding to TNP and CIS, which
increase with increasing CIS content. This could also be
observed from the change of TiO2 color from white to orange
(Figure 7). The band gaps were calculated from the Kubelka−
Munk function-transformed reflectance spectra (Figure 6b),
and the results are shown in Table 1. The band gaps of CIS and
TNP were 1.98 and 3.20 eV, respectively, whereas in the
composites, the band gap of TNP was decreased with increases
in the amount of CIS loading. A significant reduction in the

Figure 5. (a and b) XPS survey spectra of TNP and CIS, (c) high-resolution Ti 2p spectra of TNP, 1%-CIS/TNP, and 10%-CIS/TNP composites,
and (d−f) high-resolution Ca 2p, In 3d, and S 2p spectra of CIS.
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TNP band gap would help to enhance its visible-light
absorption and photocatalytic decomposition efficiency.
In the composites, the photocatalytic activity can best be

explained from the VB and CB positions of the constituent
semiconductors. The VB and CB positions of CIS and TNP
can be calculated using the following equations.

χ= − +E E 0.5BGVB e (1)

= −E E BGCB VB (2)

where EVB and ECB are the valence and conduction band
potentials, respectively, BG is the band gap, χ is the geometric
mean of the absolute electronegativity of the constituent atoms
in the semiconductor, and Ee is the energy of free electrons on
the hydrogen scale (4.5 eV vs NHE). The values of χ for TNP
and CIS are 5.81 and 4.39 eV, respectively, and the data used to
calculate χ for the semiconductors are tabulated in Table S2.
The calculated VB and CB positions of TNP and CIS are +2.91
and −0.29 eV, and +0.88 and −1.1 eV, respectively.

Surface Area Analysis. The surface areas, pore volumes,
and pore diameters of CIS, TNP, and the x%-CIS/TNP
composites were analyzed by N2 adsorption−desorption
analysis, the results shown in Table 1. The N2 isotherm of
CIS reveals a type IV isotherm with a distinct hysteresis loop in
the relative pressure (P/P0) range of 0.45−1.0, corresponding
to the mesoporous structure of CIS. Similarly, the N2 isotherms
of TNP and all the x%-CIS/TNP composites show typical type
IV isotherms with H3-type hysteresis loops, which are usually
obtained for mesoporous materials with slit-like pores (Figure
S6). The surface areas and pore volumes of CIS and TNP were
93.52 and 56.74 m2/g, and 0.081 and 0.302 cm3/g, respectively.
The surface areas of the x%-CIS/TNP composites increased
with increases in the CIS loading, again indicating their
successful syntheses. Pore size distribution analysis (Figure S7)

Figure 6. (a) UV−vis-DRS, (inset) orange color of the CaIn2S4 sample, and (b) Kubelka−Munk function-transformed differential spectra of CIS,
TNP, and the x%-CIS/TNP composites.

Figure 7. Photographic image of (A) TNP, (B) CIS, (C) 1%-CIS/
TNP, (D) 3%-CIS/TNP, (E) 5%-CIS/TNP, (F) 7%-CIS/TNP, and
(G) 10%-CIS/TNP composites.

Figure 8. Percentage degradation of (a) isoniazid and (b) metronidazole using CIS, TNP, and the x%-CIS/TNP composites with error bar.
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revealed that the pore volume (0.302 cm3/g) and pore diameter
(21.27 nm) of TNP were reduced to 0.123 and 0.122 cm3/g
and 8.63 and 8.30 nm after the 1 and 3% loading of CIS,
whereas further increases in the CIS amount (5, 7, and 10%)
resulted in increasing pore volumes and diameters (Table 1).
This may be because, at a lower percentage, some of the TNP
pores may be blocked by the added CIS, whereas at a higher
percentage loading, both the TNP and excess CIS pores are
available, increasing the adsorption of N2. The surface area
analysis again supports the successful synthesis of the direct Z-
scheme x%-CIS/TNP composites, in agreement with the
preceding analyses.
Photocatalytic Activity. The photocatalytic efficiency of

the synthesized CIS, TNP, and direct Z-scheme x%-CIS/TNP
photocatalysts was evaluated through the decomposition of
pharmaceutical compounds ISN and MTZ. The percentage
degradation of ISN and MTZ was calculated and the results are
shown in Figure 8a,b with standard error analysis. Under light
irradiation alone (without catalyst, Figure 8a), 2% of the ISN
was degraded, perhaps by photolysis. However, the ISN
degradation process was very slow, and no apparent changes
in the concentration of ISN were observed. This clearly
indicates that the self-degradation of ISN is negligible in the
presence of light irradiation, and further suggests that both the
photocatalyst and light irradiation are necessary for the
degradation to ensue. For the CIS and TNP photocatalysts
(Figure 8a), 3.7 and 56.3% of the ISN was degraded after 4 h.
However, with the direct Z-scheme x%-CIS/TNP photo-
catalysts, the percentage degradation of ISN was significantly
enhanced. After 4 h irradiation, 71.9, 66.2, 59.8, 56.8, and 56.9%
of the ISN was degraded when using the 1, 3, 5, 7, and 10%-
CIS/TNP photocatalysts, respectively. The percentage degra-
dation of ISN decreased with increasing CIS content, and the
highest value was obtained with the 1%-CIS/TNP photo-
catalyst. The order of photocatalytic activity in ISN degradation
was 1%-CIS/TNP > 3%-CIS/TNP > 5%-CIS/TNP > 7%-CIS/
TNP > 10%-CIS/TNP > TNP > CIS.
For the MTZ substrate, 92% was degraded after 4 h in the

presence of light irradiation (without catalyst). This indicates
that, compared to ISN, MTZ is less stable under photolysis
conditions. All the photocatalysts revealed enhanced photo-
catalytic efficiencies over the blank reaction (without catalyst).
Indeed, 97% (4 h), 100% (3 h), 100% (2 h), 100% (4 h), 100%
(4 h), 99% (4 h), and 99% (4 h) of the MTZ was degraded
using the CIS, TNP, 1%-CIS/TNP, 3%-CIS/TNP, 5%-CIS/
TNP, 7%-CIS/TNP, and 10%-CIS/TNP photocatalysts,
respectively, for the given time periods. Thus, MTZ was almost
completely degraded by any of the photocatalysts, and the 1%-
CIS/TNP composite exhibited the highest photocatalytic
activity. However, to study the influence of the added CIS on
the TiO2 photocatalyst, the degradation efficiencies were
calculated for the first 1 h of reaction (Figure 8b). Without a
catalyst (blank reaction), 60.9% of the MTZ was decomposed,
but percentage degradation was significantly enhanced to 70,
82.1, 86.5, 81.9, 76.5, 76.2, and 73.6% in the presence of the
CIS, TNP, 1%-CIS/TNP, 3%-CIS/TNP, 5%-CIS/TNP, 7%-
CIS/TNP, and 10%-CIS/TNP photocatalysts, respectively.
From these results, it is evident that the synthesized CIS
efficiently utilizes the visible-light region of the supplied light
source and enhances the visible-light photocatalytic activity of
TNP. Similarly to the ISN degradation, the 1%-CIS/TNP
composite photocatalyst showed higher photocatalytic activity
in the degradation of MTZ than the other photocatalysts. The

order of photocatalytic activity in the MTZ case was 1%-CIS/
TNP > TNP > 3%-CIS/TNP > 5%-CIS/TNP > 7%-CIS/TNP
> 10%-CIS/TNP > CIS. The adsorption results revealed that
very small amounts of ISN and MTZ were adsorbed on the
photocatalyst surface. Even though the surface area of all of the
composite photocatalysts were higher than the CIS and TNP,
nevertheless the percentage adsorption of ISN and MTZ was
lower, suggesting that the surface area did not exert any
significant effect on the photocatalytic activity of the x%-CIS/
TNP composites. Nevertheless, the higher percentage degra-
dation of ISN and MTZ using the 1%-CIS/TNP composite is
mainly attributed to the decreased band gap as compared to
TNP, which led to the absorption of the visible-light portion of
the applied light source by the TNP (Figure S1). Though the
other composites (3, 5, 7, and 10%-CIS/TNP) possess lower
band gaps than 1%-CIS/TNP, they exhibit lower photocatalytic
activity in the degradation of ISN and MTZ (Table 1). At CIS
amounts exceeding 1%, the TNP surface could be completely
blocked by the added CIS, and as a consequence, the intensity
of the light reaching the TNP surface is significantly reduced.
This was supported by the changing of the TNP color from
white to orange (Figure 7). Thus, the photogeneration of active
•OH and O2

•− species is reduced, which results in the
decreased degradation of ISN and MTZ. Hence, the x%-CIS/
TNP photocatalyst with 1% CIS is optimal for improved
photocatalytic performance in the degradation of ISN and
MTZ using the current reaction conditions. Standard error
analysis also reveals the reproducibility of the results.
To confirm the degradation of ISN and MTZ, COD analysis

was performed on the photodegraded samples. In the CIS-only
and blank (without catalyst) reactions, no reductions in the
COD values were observed for the ISN reaction samples,
whereas COD was reduced by 45, 70.1, 61.2, 53.4, 50.6, and
47.4% in the presence of the TNP, 1%-CIS/TNP, 3%-CIS/
TNP, 5%-CIS/TNP, 7%-CIS/TNP, and 10%-CIS/TNP photo-
catalysts, respectively. In the case of MTZ, 33.7 and 43.4% of
the COD was reduced in the blank and CIS-mediated
photocatalytic reactions, although 60.9 and 70% of the MTZ
was degraded after UV analysis. Nevertheless, the COD analysis
revealed that MTZ was degraded into intermediate products.
The 43.4% COD reduction in the presence of the CIS
photocatalyst further evidence that the visible-light region of
the light source could be effectively utilized by CIS, which
would enhance the visible-light response of TNP. The
percentage reductions in the COD when using the TNP, 1%-
CIS/TNP, 3%-CIS/TNP, 5%-CIS/TNP, 7%-CIS/TNP, and
10%-CIS/TNP photocatalysts were 78.3, 82.8, 77.4, 72.8, 70.5,
and 68.2%, respectively. The percentage reduction of COD for
both the ISN and MTZ degradation using optimized 1%-CIS/
TNP photocatalyst were 70.1 and 82.8% respectively. The
reductions in COD values for both the ISN and MTZ
degradations agree with the degradation percentage results
attained from the UV−vis spectroscopic analysis. Thus, we
conclude that the presence of CIS promotes significant
improvement in the photocatalytic performance of TNP.
The enhanced photocatalytic activity of the direct Z-scheme

1%-CIS/TNP photocatalyst on the degradation of ISN and
MTZ can be explained by the Langmuir−Hinshelwood
mechanism. The plot of ln C0/Ct versus t affords a straight
line, suggesting that the degradations of ISN and MTZ by all
the catalysts follow pseudo-first-order kinetics. Moreover, the
regression coefficient values (R2 = 0.9) show that the ISN and
MTZ degradations by all the photocatalysts fit the Langmuir−
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Hinshelwood kinetic model. The initial rates and rate constants
for the ISN and MTZ degradation reactions were calculated,
and the results are given in Table 2. Kinetic analysis revealed

that the direct Z-scheme 1%-CIS/TNP photocatalyst afforded
higher initial rates for both ISN (2.33 × 10−6 mol L−1 min−1)
and MTZ (5.79 × 10−6 mol L−1 min−1) degradation than the
other photocatalysts. These kinetic studies confirmed that the
direct Z-scheme 1%-CIS/TNP composite displays enhanced
photocatalytic efficiency for ISN and MTZ degradation under
the current reaction conditions, in support of the UV results.
Photocatalytic Mechanism. The photocatalytic efficiency

of a system relies primarily on the rate of recombination of the
photogenerated electron−hole pairs, as well as the production
and participation of active radical species. To ascertain the
enhancement in the photocatalytic activity of 1%-CIS/TNP
photocatalyst relative to the other composites, TNP, and CIS in
the degradation of ISN and MTZ, we determined the
recombination behavior of the photogenerated charge carriers
and the contribution of radical species in the reaction using
photoluminescence (PL) analysis and radical-trapping experi-
ments, respectively. These results were then correlated with the
photocatalytic efficiency and proposed the mechanism.
The intensity of a PL spectrum can be correlated with the

recombination rate of the photogenerated electron−hole pairs.
A lower PL intensity may signify that the rate of recombination
is lower, which increases the lifetimes of the charge carriers and
the photocatalytic degradation efficiency. The reverse case
would lead to lower photocatalytic activity. The PL spectra of
the CIS, TNP, and x%-CIS/TNP Z-scheme photocatalysts
were recorded at excitation wavelength of 330 nm, and the
results are presented in Figure 9. TNP shows emissions at 384,
415, 469, and 508 nm. At 330 nm excitation, CIS does not
show any apparent emission peaks, but the emission at 384 nm
may be due to the radiative annihilation of the photoexcited
electrons in the CB with the holes in the VB of TNP. The
emissions at 415, 469, and 508 nm are attributed to surface
state emissions. Such emissions occur mainly because of the
presence of surface defects or oxygen vacancies associated with
the Ti3+ in anatase TiO2.

47−54 From Figure 9, we can see that
the PL intensities of the direct Z-scheme x%-CIS/TNP
photocatalysts are lower than those of TNP, suggesting that
these composite materials have lower recombination rates.

Moreover, the PL intensities decrease with the increase in the
CIS content, indicating that the recombination rate of charge
carriers is lower than the TNP. Among the x%-CIS/TNP
composites, 1%-CIS/TNP exhibited higher photocatalytic
efficiency than the other composites and TNP. Although the
PL intensities of the other composites were lower than that of
1%-CIS/TNP, they nevertheless showed lower photocatalytic
efficiency. This is because, when the amount of CIS exceeds
1%, the TiO2 surface is totally occluded by the added CIS and
the intensity of the light reaching the TNP is reduced.
Therefore, the generation of the active •OH and O2

•− radicals
is decreased, which results in the reduced photodegradation of
ISN and MTZ at higher percentages of CIS. From the PL
analysis, we can conclude that the recombination rate of the
charge carriers was efficiently decreased after forming the TNP
composites with CIS. The electron−hole transfer mechanism
and the enhanced photocatalytic degradation efficiency of 1%-
CIS/TNP were further confirmed by radical trapping experi-
ments, hydroxyl (•OH) radical determination, photocurrent,
and electron spin resonance (ESR) analysis.
The photocatalytic degradation of pollutants occurs mainly

through the involvement of photogenerated holes (h+),
hydroxyl (•OH) radicals, and superoxide (O2

•−) radical anions.
To determine the radicals involved in the reaction and the
mechanism underlying the enhanced photocatalytic activity of
1%-CIS/TNP, radical trapping experiments were performed. In
this study, the scavengers AO, IPA, and BQ were used to
scavenge the h+, •OH, and O2

•− species in the photocatalytic
processes, respectively. The effects of different scavengers on
the degradation efficiency of ISN and MTZ are shown in Figure
10a,b. The results revealed that the percentage degradation of
ISN was dramatically decreased to 14.3, 29.5, and 30.2% after
the addition of AO, IPA, and BQ, respectively, as compared to
71.9% in the absence of the scavengers (Figure 10a). Similarly,
the percentage degradation of MTZ was decreased from 86.5%
(no scavenger) to 67.1% (AO), 52.4% (IPA), and 53.2% (BQ;
Figure 10b). We infer that h+, •OH, and O2

•− radicals play
equally vital role in the photocatalytic degradation reaction.
According to these results, the main reactive species
participated in the photocatalytic degradation of ISN and
MTZ over the 1%-CIS/TNP photocatalyst are h+, •OH, and
O2

•−.

Table 2. Kinetic Analysis Data for the Photocatalytic
Degradation of ISN and MTZ

isoniazid (ISN) metronidazole (MTZ)

photocatalyst

initial rate,
× 10−6

(mol L−1 min−1)

rate
constant,
k, × 10−3

(min−1)

initial rate,
× 10−6

(mol L−1 min−1)

rate
constant,
k, × 10−2

(min−1)

CIS 0.15 0.41 4.89 1.61
TNP 2.26 6.26 5.38 1.77
1%-CIS/
TNP

2.33 6.49 5.79 1.91

3%-CIS/
TNP

1.96 5.50 5.54 1.82

5%-CIS/
TNP

1.91 5.36 5.04 1.66

7%-CIS/
TNP

1.57 4.40 5.07 1.67

10%-CIS/
TNP

1.78 4.97 5.32 1.75

Figure 9. PL spectra of CIS, TNP, and the x%-CIS/TNP composites
at 330 nm excitation wavelength.
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From the foregoing results and the band gap structures of
CIS and TNP, a possible mechanism for the enhanced
photocatalytic activity of the 1%-CIS/TNP Z-scheme photo-
catalyst was proposed and is schematically represented in
Figure 11. The calculated VB and CB positions of TNP and
CIS are shown in Figure 11a. Under irradiation, both TNP and
CIS absorb light, and excitation of the electrons to the CBs of
both TNP and CIS creates holes in the VBs. If the coupling of
CIS and TNP forms a heterojunction-type photocatalyst, then
photogenerated electrons and holes transfer processes occur, as
shown in Figure 11b, which is the common charge carrier
separation process for a large number of composite photo-
catalysts.

The charge carriers are separated by the migration of the
electrons from the CB of the CIS to the CB of the TNP, while
holes in the VB of TNP simultaneously migrate into the VB of
CIS. This can offer the efficient separation of the photo-
generated electrons and holes. However, the accumulated holes
on the VB of CIS cannot produce •OH radicals by the
oxidization of surface hydroxyl groups or adsorbed water
molecules. Similarly, the electron on the CB of TNP cannot
reduce oxygen molecules (O2) into superoxide radicals (O2

•−).
Because the CB potential of TNP (−0.29 eV vs NHE) is more
positive than the redox potential of O2

•− formation (O2/O2
•− =

−0.33 eV vs NHE) and the VB potential of the CIS (+0.88 eV
vs NHE) is more negative than the potential required to oxidize
H2O or −OH to •OH radicals (+2.4 eV vs NHE). Therefore, if

Figure 10. Effect of scavengers on the percentage degradation of (a) isoniazid and (b) metronidazole using direct Z-scheme 1%-CIS/TNP
photocatalyst with error bar.

Figure 11. Schematic representation of (a) the band positions of CIS and TNP, and (b and c) heterojunction and Z-scheme-type electron−hole
transfer mechanisms.
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the charge carriers transfer follows the heterojunction (Figure
11b), then it is not encouraging the production of the main
reactive species (•OH, and O2

•−) and decreased the photo-
catalytic decomposition efficiency of CIS/TNP composites.
However, the degradation results demonstrated that reactive
species show higher oxidizability and reducibility in the reaction
and increased the photocatalytic activity. Therefore, the
photogenerated electron−hole pair separation process follows
the Z-scheme mechanism, as shown in Figure 11c. It is well
supported by radical-trapping experiments (Figure 10) that the
percentage of degradation of ISN and MTZ was dramatically
decreased after the addition of AO and IPA scavengers. From
these results, it can be evidently suggested that photogenerated
holes are actively involved in the reaction and yielded higher
concentration of •OH radicals. In the Z-scheme mechanism,
the photogenerated electrons in the CB of TNP are transferred
to the VB of the CIS, where they recombine with holes in the
VB of the CIS. Consequently, the electrons in the CB of the
CIS and the holes in the VB of the TNP are well separated,
which effectively participate in the reaction to produce a higher
quantities of •OH and O2

•− and enhances the photocatalytic
activity of CIS/TNP composites. Because the higher positive
VB potential of TNP (+2.91 eV) oxidizes the surface hydroxyl
groups or adsorbed water molecules to •OH radicals (H2O or
−OH/•OH = +2.4 eV vs NHE). Similarly, the higher negative
CB potential of CIS (−1.1 eV) reduces O2 to O2

•− (O2/O2
•− =

−0.33 eV vs NHE). The higher amounts of •OH and O2
•−

radicals would lead to higher oxidation/reduction abilities in
the CIS/TNP composite, which would result in enhanced
photocatalytic performance as compared to the individual CIS
and TNP photocatalysts. Similar Z-scheme transfer of photo-
generated charge carriers and its supporting evidence by radical
scavenging studies has been reported for various direct Z-
scheme photocatalysts such as g-C3N4/TiO2, NaNbO3/WO3,
WO3/g-C3N4, BiOCl/g-C3N4, Bi2O3/g-C3N4, Bi2O3/NaNbO3,
BiVO4/g-C3N4, Ag3PO4/g-C3N4, SnO2−x/g-C3N4, and α-
Fe2O3/Cu2O.

55−64 The PL analysis results further support
the superior photocatalytic efficiency of the direct Z-scheme
CIS/TNP photocatalysts (Figure 9). At 330 nm excitation
(Figure 9), the PL intensities of the x%-CIS/TNP composites
are lower than that of TNP indicating slower recombination
rates. This clearly suggests that after forming a direct Z-scheme
between the TNP and CIS, the recombination rates on the
TNP surface are significantly suppressed, which increases the
photocatalytic activity. This validates that the electron−hole
transfer process follows the Z-scheme mechanism shown in
Figure 11c and proves the successful formation of the redox-

mediator-free direct Z-scheme between these two semi-
conductors. Thus, it shows a significantly improved photo-
catalytic activity for the CIS/TNP composites under light
irradiation. However, the 1%-CIS/TNP composite showed
higher photocatalytic activity than the TNP and other
composites, and therefore, 1% CIS appears to be the optimum
loading for enhancing photocatalytic efficiency. Overall, we
conclude that the superior photocatalytic performance of 1%-
CIS/TNP is mainly due to the efficient separation of charge
carriers by following the Z-scheme mechanism, as shown in
Figure11c. Further confirmation of Z-scheme transfer of charge
carriers was carried out by hydroxyl (•OH) radicals formation
determination studies and photocurrent and ESR analyses.

Evidence of the Mechanism. Hydroxyl Radical Deter-
mination. The enhanced photocatalytic activity of 1%-CIS/
TNP composite and the direct Z-scheme principled mechanism
of photogenerated charge carriers transfer were further
confirmed by hydroxyl radicals (•OH) determination using
fluorescence spectroscopy and terephthalic acid (TA) as a
probe molecule. It is well-known that fluorescence intensity
corresponds to the concentration of •OH radicals; thus, higher
the fluorescence intensity results generation of large number of
•OH radicals in a particular reaction.40 The •OH radical
determination reaction using CIS, TNP, and 1%-CIS/TNP
photocatalysts were performed, and the results are shown in
Figure 12. The results reveal that in all the photocatalytic
system fluorescence intensity is increased with increase in the
irradiation time (Figure 12a−c). It is suggested that •OH
radicals are formed in the photocatalytic degradation reaction,
which agrees well with the results of •OH radicals quenching by
IPA. However, the 1%-CIS/TNP composite shows higher
fluorescence intensity results, and the formation rate of •OH
radicals on this surface is much higher than that of the CIS and
TNP photocatalyst. This should be ascribed to the Z-scheme
charge carrier transfer over 1%-CIS/TNP photocatalyst,59,60

consequence enhancements of holes on the VB of TNP to
produce higher concentration of •OH radicals and yielded
higher fluorescence intensity than the CIS and TNP. We infer
that 1%-CIS/TNP composite surface is more suitable for
generation of higher number •OH radicals, which leads to the
higher percentage degradation of ISN and MTZ pharmaceut-
icals (Figure 8a,b). Whereas, in the case of TNP photocatalyst,
low fluorescence intensity was observed due to the lower
formation rate of •OH radicals (Figure 12b) and showed less
percentage degradation of ISN and MTZ. Moreover, the very
low fluorescence intensity of CIS (Figure 12a) suggested that
negligible amount of •OH radicals were formed on its surface.

Figure 12. Fluorescence spectral changes observed during irradiation of the (a) CIS, (b) TNP, and (c) 1%-CIS/TNP sample in a 5 × 10−4 M basic
solution of terephthalic acid (excitation at 315 nm).
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This may be due to the reaction of formed superoxide radicals
with water. It proves that lower VB potential of CIS cannot
generate •OH radicals by the reaction of photogenerated holes
with water and displayed very less fluorescence intensity
(Figure 12a). Therefore, if both the TNP and CIS form a
heterojunction type photocatalyst then the accumulated
photogenerated holes on the VB of CIS cannot produce a
•OH radicals for degradation. This result evidently confirms
that photogenerated electrons and holes in the CIS/TNP
composites are well separated in the CB and VB of the CIS and
TNP by following the Z-scheme mechanism, which results in
the higher formation rate of •OH radicals over the 1%-CIS/
TNP sample and shows higher fluorescence intensity (Figure
12c) and photocatalytic activity than those of the TNP and CIS
photocatalysts. From these results, we further observed that
•OH radicals are one of the prime reactive radical species for
the higher photocatalytic decomposition efficiency of 1%-CIS/
TNP composite and support the radical scavenging studies
results (Figure 10). From these reactive species, scavenging and
•OH radicals determination studies evidently proved that
photogenerated electron−hole transfer on the 1%-CIS/TNP
composite follow the Z-scheme mechanism as shown in Figure
11c.
Photocurrent Measurement. To further prove the efficient

separation of photogenerated charge carriers in the synthesized
CIS/TNP composites, we carried out photocurrent measure-
ments of CIS, TNP, and 1%-CIS/TNP samples in several on−
off intermittent irradiation cycles, and the results are shown in
Figure 13. The results revealed that photocurrent intensity was
remained higher when the light was on, and it quickly
decreased to zero when the light was off. Furthermore, 1%-
CIS/TNP composite showed about 10 and 2 times higher
photocurrent response than the CIS and TNP photocatalyst,
respectively. This result is consistent with the PL analysis. The
increased photocurrent response of 1%-CIS/TNP suggested
that photogenerated electron−hole pairs are highly separated
and decreased their recombination rate under light irradiation.
This result corroborates that charge carriers transfer process
over the CIS/TNP composite photocatalyst could be attributed
to the Z-scheme transfer, yielded higher concentration of holes
in the CIS/TNP composite, which leads to the production of
higher concentration of •OH radicals (Figure 12c) and
enriched the photocatalytic activity in degradation of ISN and
MTZ. Similar enhanced photocurrent response through the
effective separation of electrons and holes by following the Z-
scheme transfer were reported in the direct Z-scheme BiVO4/g-

C3N4,
61 SnO2−x/g-C3N4,

63 and α-Fe2O3/Cu2O
64 photocata-

lysts. This was further supported by reactive species quenching
studies, the percentage degradation of ISN and MTZ was
drastically decreased after the addition of AO and IPA (Figure
10). From the Results and Discussion, it is apparent that
transfer of photogenerated charge carriers in the CIS/TNP
composite photocatalyst follows the mechanism presented in
Figure 11c and the CIS/TNP composites are indeed typical
direct Z-scheme photocatalysts.

Electron Spin Resonance (ESR) Measurement. To validate
the proposed mechanism for separation of photogenerated
electrons and holes on the CIS/TNP composite, we carried out
ESR experiments of CIS, TNP, and 1%-CIS/TNP. ESR analysis
was performed as follows 10 μL of DMPO and 0.25 mL of
methanol were added into 5 mg of samples separately,
sonicated and irradiated for 300 s. Subsequently, this methanol
dispersion was used for the detection of O2

•− radicals and the
results were shown in Figure 14. The results revealed that there

were no DMPO-O2
•− adducts under blank condition, and thus,

we infer that O2
•− radicals were generated only in the presence

of photocatalysts. In the ESR patterns of the CIS, TNP and 1%-
CIS/TNP samples show six characteristic peaks of the DMPO-
O2

•− adducts, proving that O2
•− radicals have been generated

during the photocatalytic degradation reaction. Moreover, the
intensity of these characteristic peaks of DMPO-O2

•− adducts
in 1%-CIS/TNP sample is higher than that of the TNP sample.
This suggests that the concentration of O2

•− radicals on the
surface of 1%-CIS/TNP is higher than that of TNP. It evidently

Figure 13. (a) Chopping visible-light photocurrent−voltage curves for CIS, TNP and 1%-CIS/TNP composites in 0.1 M Na2SO4 aqueous solution
and (b) the curves expanded in the range of 0.6−0.7 V.

Figure 14. ESR signals of the DMPO-O2
•− with irradiation for 300 s

in methanol dispersion (blank = methanol dispersion without
photocatalyst).
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proves the formation of Z-scheme between CIS and TNP;
subsequently, electrons in the CB of TNP migrate to the VB of
CIS and recombine with the holes in the VB of CIS. Afterward,
the photogenerated electrons and holes in the CB and VB of
the CIS and TNP were effectively separated, as shown in Figure
11c, and involved in the reduction and oxidation of O2 and
−OH to O2

•− and •OH radicals. Moreover, 1%-CIS/TNP
sample shows lower peak intensity than the bare CIS because,
under reaction conditions, some of the produced O2

•− radicals
were transferred into •OH radicals, which supports the
fluorescence spectroscopy results (Figure 12c). Furthermore,
the higher intensity of DMPO-O2

•− adducts in CIS samples
suggested that CB position of CIS possesses sufficient negative
potential to reduce the molecular oxygen to O2

•− radicals.
Similar results were obtained for NaNbO3/WO3,

56 Bi2O3/g-
C3N4,

59 Bi2O3/NaNbO3,
60 Ag3PO4/g-C3N4,

62 and N-doped
ZnO/g-C3N4

65 core−shell nanoplates direct Z-scheme photo-
catalysts. From the aforementioned reactive radicals quenching,
hydroxyl radical determination, band gap structures of CIS and
TNP, and photocurrent and ESR analyses, we conclude that the
photogenerated electron and hole transfer follows the Z-
scheme mechanism (Figure 11c) and supports the enhanced
photocatalytic decomposition efficiency of CaIn2S4 marigold-
flower-like/TiO2 photocatalyst in the degradation of ISN and
MTZ using our current experimental conditions.
Reusability of the Photocatalyst. Reusability of the

photocatalyst is one of the most important factors in catalysis
research and for practical application. To evaluate the
reusability and higher photocatalytic performance of 1%-CIS/
TNP, the degradation reaction of ISN and MTZ were
performed up to five cycles. The results revealed that there
was no obvious loss of percentage degradation of ISN and
MTZ after five cycles of degradation experiment using 1%-CIS/
TNP sample (Figure S8a,b). However, the slight decrease in
the percentage degradation after the third cycle may be due to
the loss of photocatalyst during the cycling experiment.
Moreover there was no change in the PXRD patterns of the
used and fresh photocatalyst (Figure S8c), indicating that
photocatalyst is highly stable under our photocatalytic
degradation experiment condition and retain its degradation
performance.
Comparison of Photocatalytic Efficiency of Present

System with Literature. Generally, photocatalytic decomposi-
tion efficiency of any photocatalyst system is mainly dependent

on experimental conditions such as light source, concentration
and volume of pollutants, amount of photocatalyst, and
irradiation time. In this work, to the best of our knowledge,
we have developed a novel redox-mediator-free direct Z-
scheme CaIn2S4 marigold-flower-like/TiO2 photocatalyst for
the degradation of ISN and MTZ pharmaceuticals. To justify
the superior photocatalytic efficiency of the present system, we
have compared with earlier reported work on the photocatalytic
degradation of ISN and MTZ. It is understood that only one
study is available on the degradation of ISN using Degussa P25
TiO2 (P25) and ZnO photocatalyst.39 The results demon-
strated that 94% ISN was degraded after 300 min using P25;
however, in our system 71.9% of ISN was degraded after 240
min. It seems that the reported system is more efficient than
our system; however, in the reported system, the concentration
of ISN (10 mg/L) is very low, and the amount of photocatalyst
(1g/L) and time of irradiation (300 min) used for degradation
higher than those of our catalytic system (50 mg/L of ISN, 0.2
g/L of photocatalyst, 240 min). It is clearly suggested that
present redox-mediator-free direct Z-scheme CaIn2S4 marigold-
flower-like/TiO2 photocatalyst is more efficient than the
reported literature in degradation of ISN. For MTZ
degradation, the photocatalytic activity was compared with
the reported literature, and the results are tabulated in Table 3.
Similar to ISN degradation, the higher amount of photocatalyst
has been used for the degradation of very low concentration of
MTZ, and degradation reactions were performed using low
volume of MTZ solution. However, in our catalytic system, we
have used a lesser amount of photocatalyst for the degradation
of higher concentration and volume of MTZ. The treatment of
higher concentration and volume of pollutants using less
photocatalyst will reduce needless waste. Subsequently, this will
be very helpful for the treatment of industrial wastewater with
low cost and energy utilization, which is one of the most
important features of green chemistry. Therefore, the higher
photocatalytic activity of 1%-CIS/TNP can be attributed to the
efficient separation of photogenerated electron−hole pairs by
Z-scheme mechanism. From the aforementioned comparative
results, we infer that redox-mediator-free direct Z-scheme
CaIn2S4 marigold-flower-like/TiO2 photocatalyst may be a
superior photocatalyst than the reported system for the
degradation of ISN and MTZ using our current experimental
conditions.

Table 3. Comparison of Degradation Percentages of Metronidazole (MTZ) with Literature

sample
no. catalyst light source

concentration (mg/L) and
volume (mL) of MTZ

catalyst
amount (mg) degradation (%)

illumination
time (min) ref

1 Ag-doped TiO2,
CdS, ZnS

HPMV lamp (125 W) 15 and − 0.5 g/L 94.39 (1% Ag−TiO2) 120 32

95.11 (1.5% Ag−CdS)
94.9 (1.25% Ag−ZnS)

2 Zn2GeO4 HS UV light (20 W) 10 and 100 100 100 80 33
3 ZnSnO3 HNS/

RGO
U-shaped xenon lamp
(500 W)

5 and 200 200 72.5 180 34

4 ZnO/RGO HPMV lamp (300 W) 5 and 200 200 49.3 160 35
5 BiVO4

microcolumns
U-shaped xenon lamp
(500 W)

20 and 150 150 70 180 36

6 BiVO4/FeVO4 Xe lamp (500 W) 10 and 50 200 91 90 37
7 CdS/g-C3N4 Xe lamp (500 W) 5 and 400 400 98 300 38
8 1%-CIS/TNP HPMV lamp (200 W) 50 and 500 100 100 120 this

study
*RGO, reduced graphene oxide; HS, hollow sphere; HNS, hollow nanosphere; HPMV, high-pressure mercury lamp; −, no data available.
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■ CONCLUSION

Novel redox-mediator-free direct Z-scheme CaIn2S4 marigold-
flower-like/TiO2 photocatalysts were synthesized. Uniform
hierarchical marigold-flower-like CaIn2S4 microspheres were
obtained through the formation and aggregation of nano-
particles, followed by the growth and subsequent self-assembly
of petals or sheets. The firm, intimate contact between the
CaIn2S4 marigold flowers and TiO2 in the Z-scheme photo-
catalyst was confirmed by PXRD, FE-SEM, TEM, XPS, and
UV−vis-DRS analyses. The photocatalytic activity results
demonstrated that the direct Z-scheme CaIn2S4 marigold-
flower-like/TiO2 photocatalysts showed relatively improved
photocatalytic performance in the degradation of ISN and
MTZ over the individual CaIn2S4 and TiO2 materials. The
order of photocatalytic activity for ISN degradation was 1%-
CIS/TNP > 3%-CIS/TNP > 5%-CIS/TNP > 7%-CIS/TNP >
10%-CIS/TNP > TNP > CIS, and for MTZ, 1%-CIS/TNP >
TNP > 3%-CIS/TNP > 5%-CIS/TNP > 7%-CIS/TNP > 10%-
CIS/TNP > CIS. Hence, a 1% loading of CaIn2S4 was the
optimum percentage for enhanced photocatalytic activity.
Radical-trapping experiments, hydroxyl radical determination
studies, and photocurrent and ESR analyses proved that the
considerably enhanced photocatalytic efficiency could be
ascribed to a Z-scheme-type migration of the photogenerated
charge carriers. ISN and MTZ degradation was confirmed using
kinetic studies and COD analyses. These results also concluded
that the redox-mediator-free direct Z-scheme CaIn2S4/TiO2

photocatalyst is a superior photocatalyst for the degradation of
the ISN and MTZ pharmaceutical compounds under the given
reaction conditions.
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