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Abstract In this study, CeO,@Zn( sCdy sS heterostructure (Ce@ZCS) is synthesized via a simple
two-step hydrothermal method. The effect of CeO, loading on the visible-light photoactivity of
Zny sCdo sS is mainly investigated. It is found that Ce@ZCS shows a 1.9 times activity as high
as ZCS for the MB degradation. The improved activity mainly results from the significant enhanced
charge separation by CeO,, in which the electron transfer is obviously promoted by the facile Ce
(IV)/Ce(III) cycle. The excited electrons of ZCS is easy to transfer to CeO,, thus obviously increas-
ing the charge separation of ZCS. The accepted electrons by CeO, may easily be captured by the
adsorbed O, to form O3, and then O3 could combine with H* /H,O to form HO5, and "OH.
Finally, O5, h* and "OH are confirmed as the major oxidative species in photocatalytic reaction
for Ce@ZCS, and a possible photocatalytic mechanism is proposed. The cheap, efficient Ce@ZCS
photocatalyst could be applied for practical waste water treatment.
© 2019 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Recently, water pollution caused by organic contamination has got
more attention of the researchers, especially, toxic organic dyes
released by textile industry are becoming a serious threat to environ-

E-mail address: tfwd@163.com (F. Teng). ment and aquatic life (Gongalves et al., 2013; Yuan et al., 2011;
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Correia et al., 1994). Many methods have been developed to deal with
the organic pollutants (Ye et al., 2019a, 2017a, 2017b). Amongst, solar
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energy photocatalysis is considered as a promising technology for dye
degradation (Fujishima and Honda, 1972). During recent decade, a
remarkable progress in environmental photocatalysis have been
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acquired (Ye et al., 2019a, 2019b; Chen et al., 2013; Zhang et al., 2011;
Long et al., 2013; Fisher et al., 2013; Gu et al., 2018; Hua et al., 2019).
Amongst semiconductor photocatalysts, ZnO and TiO, are extensively
used for the degradation of organic pollutants due to the high activity
and relatively low cost (Chen et al., 2014; Lu et al., 2011; Ong et al.,
2014). Due to the wide band gaps, however, they are effective only
under UV light (A <420 nm), which comprises 5% of solar energy,
compared with visible light (45%) (Ong et al., 2013; Tan et al.,
2014). To fully utilize solar energy, the efficient visible light photocat-
alysts are highly needed.

In the past decades, chalcogenides have been widely investigated as
the efficient photocatalysts (Abideen and Teng, 2019, 2018; Liu et al.,
2008; Ke et al., 2009). Amongst, CdS (band gap: 2.35eV) (Abideen
and Teng, 2019) and ZnS (3.10 eV) (Abideen and Teng, 2018) are con-
sidered as efficient visible-light and ultraviolet-light responsive photo-
catalysts, respectively. However, the severe photocorrosion limits their
practical applications (Liu et al., 2008; Ke et al., 2009). To minimize
these problems, solid solution is an effective way to enhance photocat-
alytic performances (Abideen and Teng, 2019; Xue et al., 2018). Fur-
thermore, the band gap of solid solution can be easily adjusted by
changing the molar ratio of Cd/Zn, which balance the redox ability
of photoinduced carries and light absorption (Xue et al., 2018; Qin
Li et al., 2013).

In addition, to develop efficient photocatalysts, co-catalysts are
often used as efficient electron transport mediums to improve charge
transfer and separation. Furthermore, co-catalysts can also provide
active sites favouring for photocatalytic reactions, for example, in
water splitting, noble metals can serve as an active sites for O, or H,
generation (Zong et al., 2010). Hence, a suitable co-catalyst can effec-
tively enhance the photocatalytic activity. Mostly, noble metals or their
oxides have been confirmed to be active co-catalysts for photocatalytic
reaction, such as Pt and RuO, (Yan et al., 2009; Maeda et al., 2006).
But noble metals are expensive and rare in the earth, therefore, it is
highly desirable to explore new active cheap co-catalysts. For example,
CeO, is believed as an attractive material for the degradation of
organic dyes, due to the flexible Ce®*/Ce*" conversion, low cost
and environmental friendliness (Li et al., 2016). Furthermore, the dis-
tinctive Ce 4f electron configuration makes it suitable for doping or
modification with other material to enhance catalytic activity (Song
et al., 2007). Heterostructure photocatalysts with similar band poten-
tials can efficiently suppress the recombination of photo-induced carri-
ers. Therefore, CeO, coupled with Zng sCd, sS solid solution may be
useful to improve charge separation and charge transfer.

In our work, a two-step hydrothermal process was designed for the
synthesis of CeO,@Zn sCdg sS (Ce@ZCS). The relationship between
the Ce@ZCS heterostructure and photocatalytic performances is dis-
cussed in detail. The as-synthesized Ce@ZCS heterostructure showed
an improved charge separation, an increased light absorption, and
an increased surface area. Under visible-light irradiation (A > 420 nm),
the photocatalytic activity of Zn, sCdg sS was obviously increased by
loading CeO, for the degradation of methylene blue (MB). The effi-
cient Ce@ZCS photocatalyst could be applied for practical waste
water treatment.

2. Experimental

2.1. Sample preparation

All the reagents of analytical grade were purchased from Bei-
jing Chemical Reagents Industrial Company of China and
used without further purification.

Synthesis of ZnysCdgsS (ZCS)

ZCS sample was synthesized by a simple hydrothermal
method. Typically, 5 mmol of Zn(CH3;COO),-2H,0, 5 mmol

of Cd(CH3COO0),-2H,0 and 12.5 mmol of sulfourea (CH4N>-
S) were dissolved in 65 mL of distilled water under stirring.
The mixture solution was further stirred for 30 min, then
transferred and sealed in a 100 mL Teflon-lined autoclave
and heated at 160 °C for 8 h. After reaction for 8 h, the auto-
clave was cooled to room temperature naturally; the solid
was washed with distilled water and ethanol several times,
respectively; and collected via centrifugation. Finally, the
solid was dried at 60° C in an oven overnight and denoted
as ZCS.

Synthesis of CeO,@Znys5CdysS (Ce@ZCS)

Ce@ZCS heterostructure was also synthesized via a post
hydrothermal approach. Typically, 2 mmol of Ce(NO3);-6H,O
was dissolved into 35 mL of double distilled water under con-
stant stirring for 10 min. Then, 0.1 g of obtained ZCS was dis-
persed into the solution under vigorous stirring and stirred for
30 min. Subsequently solution was transferred into a 50 mL
Teflon cup stainless steel autoclave and processed at 180 °C
for 12 h. After reaction the autoclave was let to cool down
at room temperature, product obtained was washed three
times with ethanol and double distilled water and collected
via centrifugation. Finally dried at 60° C for 6 h and denoted
as Ce@ZCS.

2.2. Characterization

The purity and crystal phases of the samples were observed by
X-ray powder polycrystalline diffractometer (Rigaku D/max-
2550VB), using graphite mono-chromatized Cu K radiation
(A = 0.154 nm), with an operating current of 40kV and
50 mA. The XRD patterns of all the samples were scanned
in the range of 10-80° (20) at a scanning rate of 7° min~'.
The morphologies of the samples were examined by scanning
electron microscope (SEM, Hitachi SU-1510) with an acceler-
ation voltage of 15keV; and energy dispersive X-ray spec-
troscopy (EDS) was perfomed by a JSM 6700F microscope
linked with an Oxford Instruments X-ray analysis system. A
thick 5 nm gold layer was coated on the samples, before obser-
vation. The fine surface structures of the samples were otained
by high-resolution transmission electron microscopy
(HRTEM), using a JEOL JEM-2100F instrument with an
acceleration voltage of 200 kV. The elemental compositions
and binding energies of the samples were obtained by X-ray
photoelectron spectroscopy (XPS) using VG ESCALAB MKII
(Mg Ka source and a charge neutralizer), where C 1 s peak
(285.0 eV) was as a reference binding energy. UV-vis diffuse
reflectance spectra of the samples were obtained using a UV—
vis spectrophotometer (UV-2550, Shimadzu, Japan), where
BaSO, was used as a reflectance standard. Surface areas of
the samples were measured using Micrometrics ASAP
2020HD88 N, sorption apparatus, where the Brunauer-
Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)
methods were used to calculate the surface area and pore size,
respectively. Room temperature photoluminescence (PL) spec-
tra were detected by F-7000 FL Spectrophotometer (HITA-
CHI) at an excitation wavelength (4,,) of 350 nm. Chemical
bonds and functional groups of the samples were determined
by Fourier Transform Infrared Spectroscopy (FT-IR, P.E.
Spectrum 100).
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2.3. Measurements of EIS, photocurrent, Mott-Schottcky and
SPV

The electrochemical impedance spectroscopy (EIS) and pho-
tocurrent were measured using an electrochemical system
(CHI-660B, China). EIS was done in a range of 0.1 Hz to
100 kHz in an open circuit potential of 0.3 V with alternating
current (AC) voltage amplitude of 5 mV, the results were anal-
ysed via Zsimwin software. The measurements were carried out
in a conventional three-electrode system, for which indium tin
oxide (ITO) glass was used for the current collection and 0.2 M
Na,SO,4 was used as the electrolyte solution. The sample/ITO
photo-electrodes were prepared by a dip-coating method. The
photo-electrode was implemented as the photo-anode in a
photo-electrochemical cell (PEC). The Mott-Schottky method
was applied to measure the flat potential (Eg,) of semiconduc-
tor particle films. The potential ranged from —1.0 to 1.0 V (vs.
SHE). Surface photovoltage (SPV) spectra were on a system
consists of a photovoltaic cell, a computer monochromatic
light source and a lock-in amplifier (SR830-DSP) with a light
chopper (SR540). The monochromatic light is provided by a
500 W Xenon lamp (CHFXQ500 W, Global Xenon Lamp
Power) and a double-prism mono-chromator (Zolix SBP500).
During the SPV analysis, the samples were tested without fur-
ther treatment.

2.4. Evaluation of photochemical activity

The photocatalytic activities of the samples were evaluated
under visible light irradiation (A > 420 nm). Typically, 0.1 g
of photocatalysts was putted into a 250-mL beaker containing
200 mL of 10 mg L™! methylene blue (MB) dye solution. The
beaker was placed in a black sealed box with an opening top,
the distance between beaker and light source was kept 15 cm.
Then, the suspension was continuously stirred for 30 min in
the dark chamber to ensure the establishment of an adsorp-
tion—desorption equilibrium between catalyst and dye; subse-
quently Xe lamp (500-W Beijing Zhongjiao Jinyuan Science
Co. Ltd. China) was turned on. During degradation, 3-5 mL
solution was collected and centrifuged to separate the catalyst
from dye solution. Afterword, UV-vis spectra of as-
centrifuged solution were obtained by Spectrumlab 722sp spec-
trophotometer at the wavelength of 664 nm. The degradation
performances of the samples were calculated according to
the formula i.e. C/Cy (Cy and C are the concentration of dyes
at t = 0 and ¢ = ¢ irradiation time, respectively). Finally, in
order to examine the active oxidation species involved in the
degradation process, ethylene diaminetetra-acetic acid dis-
odium salt (EDTA), isopropanol alcohol (IPA) and N, bub-
bling were used to capture the holes (4 "), hydroxyl radicals
("OH) and superoxide anions (O3 ), respectively. The following
operations were same as above.

3. Results and discussion

3.1. Physical analysis of the samples

As shown in Fig. la, the X-ray diffraction (XRD) patterns of
ZCS are well in agreement with the previous work (Abideen
and Teng, 2019). For Ce@ZCS, besides the ZCS peaks four
additional diffraction peaks at 28.54°, 33.08°, 47.48 and

56.34° are attributed to (111), (200), (220) and 311)
planes of cubic phase of CeO, (PDF#75-0151), respectively
(Fig. Sla, seeing SI). Using Debye-Scherrer formula
(Serpone et al., 1995), the average crystallite sizes are calcu-
lated to be 8.74 and 13.82 nm for ZCS and Ce@ZCS, respec-
tively (Table 1). For comparison, CeO, sample was also
prepared by the simple hydrothermal method as detailed in
supporting information (SI).

Figs. 1b and 1Sb (seeing SI) show the Fourier-transform
infrared spectra (FT-IR) of the samples. The absorption bands
at near 1392, 1619, 2011 and 3430 cm ™! are observed for ZCS:
while two additional bands at near 993 and 1107 cm™' are
observed for Ce@ZCS. The band at near 1392 cm™' results
from the bending vibration of C-H, and the bands at 3430
and 1619 cm ™! result from the stretching and bending vibra-
tions of O—H, respectively, because of the surface absorbed
water (Nakamoto, 2008). The bands at near 2011 cm ™' are
resulted from the stretching vibration of H—N—H (NH,)
caused by unavoidable thiourea during synthesis process
(Han et al., 2009). The additional weak bands at near 993
and 1107 cm™! result from stretching modes of Ce—O—Ce
(Lv et al., 2017; Zhang et al., 2017).

Fig. 1c and d shows that ZCS and Ce@ZCS both show
type IV isotherms, with hysteresis loops of type H3 at a relative
pressure (p/p,) range of 0.2-0.8 and 0.2-1.0, indicating the for-
mation of mesopores and macropores (Sing et al., 1985),
respectively. ZCS exhibits a narrow pore size distribution, with
a most pore diameter of 3.9 nm in the range of about 4-16 nm;
while Ce@ZCS exhibits a broad distribution of pore sizes,
with a most pore diameter of 4.08 nm in the range of about
4-187 nm. The BET surface areas of ZCS and Ce@ZCS are
measured to be 0.4 and ~2m? g~ !, respectively (Table 1).
The higher BET surface area of Ce@ZCS can provide more
active sites, which may enhance the activity. Fig. le and f
shows energy dispersive X-ray spectra (EDS) of the samples.
Compared with ZCS, the Ce and O are contained in Ce@ZCS,
besides Zn, Cd and S. EDS quantitative analysis shows that
the loaded CeO, on ZCS is about 2.73 at.% (Table 2).

The morphologies of ZCS and Ce@ZCS are characterized
with electron microscopy. Fig. 2a shows that ZCS sample con-
sists of ~1.5-4.5 um spherical flowers, without any adhesive-
ness and agglomeration. Fig. 2b shows that Ce@ZCS sample
consists of ~3-5.8 um flowers, and CeO, nanoparticles are
well attached on the surface of ZCS micro-flowers. Fig. 2e
and f shows the lattice fringe images of the samples. The d
value of ~0.312 nm corresponds to the (10 1) facet of ZCS,
and the d value of ~0.193 nm corresponds to (2 2 0) facet of
CeO,. The results confirm the formation of Ce@ZCS
heterojunction.

To examine the surface elemental composition and chemical
states of the samples, X-ray photoelectron spectra (XPS) are
performed. All the binding energies (BEs) are referenced by
taking C 1s peak at 285.0 ¢V. The survey XPS spectra confirm
the presence of Zn, Cd, S, Ce, and O in the samples (Fig. S2,
seeing SI). The high-resolution XPS spectra of the samples
are shown in Fig. 3. For ZCS, the bonding energies (BEs) of
Zn 2p3, and Zn 2p;, are observed at 1022.60 and
1045.70 eV, while the BEs of Cd 3ds, and Cd 3d;, are
observed at 404.84 and 411.60 eV, respectively (Fig. 3a and b)
(Abideen and Teng, 2019). For Ce@ZCS, the BEs of Cd 3d
shift to a higher BE value by ~0.1 eV, compared with those
of ZCS; whereas no shift in BEs of Zn 2p is observed. For
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Fig. 1 (a) XRD patterns; (b) FT-IR spectra; (¢c) N, sorption isotherms; (d) pore size distribution; (e, f) EDX spectra.

Table 1 Physiochemical properties of the samples.

Samples “Crystallite size (nm) Kinetics constant k, (min~") *Sper (m’g™ ) Absorption edge (nm) Band gap® (eV)
ZCS 8.74 0.00938 0.36 556 2.15

Ce@ZCS 13.82 0.01763 2.12 562 2.10

? Average crystallite size was determined using Debye Scherrer equation on base of (1 0 1) peaks.
® BET surface area was calculated by the Brunauer-Emmett-Teller (BET) method.

¢ calculated by Kubelka—Munk function.

Ce@ZCS, the BE shift of Cd 3d is due to the changed chemical
state of Cd in the samples (Qin Li et al., 2013). The peaks of S
2p3» and S 2p, , are observed at 162.04 and 163.45 eV for ZCS
(Fig. 3c), whereas 161.46 and 162.60 eV for Ce@ZCS, respec-
tively (Fig. 3d); indicating the +2 valence of sulphur (Zhang
et al., 2013). The slightly shift in BEs of S 2p could be the bond-
ing of $>~ with Ce*" in Ce@ZCS (Zhao et al., 2017a). From
Fig. 3e, it can be observed that Ce 3d spectrum has a relatively
complex structure, which is composed of two doublets (3ds,» &

3ds)») with eight peaks after Gaussian fitting. The peaks located
in the low and high BEs regions are attributed to Ce 3ds/, and
Ce 3dj),, respectively. (Chen et al., 2016) The BEs peaks at
nearly 882.46, 889.13 and 892.67 ¢V and their spin-orbit split-
ting peaks at 898.35, 904.64 and 917.10 eV are assigned to Ce
3ds;> and Ce 3dj, of Cet™, respectively (Chen et al., 2016);
while BE peak at nearly 901.02 eV can be attributed to the
Ce 3dj); of Ce** (Kim et al., 2007). These results demonstrate
that the formation of the mixed valence state of Ce®" and
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Table 2 EDX elemental analysis of the samples.

Samples Weight percentage (wt.%) Atomic percentage (at.%)

Zn Cd S Ce O Zn Cd S Ce O
ZCS 26.23 47.67 26.10 / / 24.31 26.21 49.48 / /
Ce@ZCS 25.08 46.01 25.12 2.61 1.18 23.41 24.65 49.21 2.02 0.71

(2) ZCS mmmm 2 pm

(c) ZCs

(b) Ce@ZCS wmmm 2 pm

(d) Ce@ZCS

100 nm

(f) Ce@ZCS

Fig. 2

Ce**in Ce@ZCS. From Fig. 3f, two deconvoluted peaks of O
Isat 529.25 and 531.87 eV are ascribed to the H,O adsorbed on
the Ce@ZCS surface and the lattice 0>~ of CeO,, respectively
(Zhao et al., 2017b; Zhang et al., 2016). Additionally, XPS
quantitative elemental analysis shows that the loaded CeO,
on ZCS is about 3.84 at.% (Table 3).

3.2. Optical property

Figs. 4a and 1Sc (seeing SI) show the ultraviolet—visible light
diffuse reflectance spectra (UV-DRS), while Figs. 4b and
Fig. 1Sd (seeing SI) represent Tauc plots of the samples.
The band gaps energies (E,) are obtained via generalizing a
linear relation of (ahv)®® = 0 (Li et al., 2011a). The optical
absorption edges are observed at about 400, 556 and

(a, b) SEM images; (¢, d) TEM images; (e, f) lattice fringe images.

562 nm for CeO,, ZCS and Ce@ZCS, corresponding to the
band gaps of 3.10, 2.15 and 2.10 eV, respectively (Table 1).
The results indicate that ZCS and Ce@ZCS are both
visible-light responsive; while CeO, is ultraviolet responsive
photocatalysts.

Furthermore, Mott-Schottky curves were measured to esti-
mate the band potentials (Figs. 4c & Sle (seeing SI)), which
can be taken as a reference for Fermi level of the semiconduc-
tor (Hua et al., 2019). Their conduction band (CB) potentials
were calculated using the given Eq. (1).

AE = Ecp — Epp (1)

where AE value is —0.3 V, Eg, and Ecp represents flat band
and CB potentials, respectively. From Figs. 4c and Sle (seeing
SI), for CeO,, ZCS and Ce@ZCS, the Eg, values are —0.43,
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Fig. 3  High-resolution XPS spectra of the samples: (a) Zn 2p; (b) Cd 3d; (c, d) S 2p; (e) Ce 3d; (f) O 1s.
Table 3 XPS elemental analysis of the samples.
Samples Atomic percentage (at.%)
Zn Cd S Ce (0]
ZCS 24.46 26.01 49.53 / /
Ce@ZCS 23.08 24.15 48.93 2.59 1.25

—0.50 and — 0.58 V (vs. standard hydrogen electrode (SHE)),
respectively; thus their Ecp values are calculated to be
—0.29, —0.36 and —0.44 V (vs. SHE), respectively. The more
negative Ecg of Ce@ZCS indicates a higher reduction ability
of photogenerated electrons, compared with ZCS. The valance
band (VB) potentials for CeO,, ZCS and Ce@ZCS are calcu-
lated to be +2.81, +1.79 and +1.66 V (vs. SHE), respectively
(Figs. 4d & SIf (seeing SI)).

Besides, Fig. 5a shows the electrochemical impedance spec-
troscopy (EIS), and the inset represents a simulated equivalent
electric circuit (EEC). The EEC consists of a charge-transfer
resistance (R), electrolyte resistance (R), constant phase
angle element (CPE), and a Warburg impedance (W)
(Abideen and Teng, 2019). The R, values of ZCS and
Ce@ZCS are 2.71 and 2.23 Q, respectively. The lower R,
value of Ce@ZCS indicates the faster electron transfer rate.
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Fig. 5 (a) EIS spectra; (b) Photocurrent spectra under visible light irradiation (A > 420 nm) ; (c) SPV; (d) PL spectra (A ox = 350 nm).

Furthermore, the photocurrent spectrum is used to investigate
charge transfer efficiency (Abideen and Teng, 2019). Observed
from Fig. 5b, while turning on light (A > 420 nm), Ce@ZCS
shows a higher photocurrent than ZCS; after turning off, the

photocurrent of Ce@ZCS slowly decays to the baseline, indi-
cating an improved charge separation, compared with ZCS.
The charge transfer behaviour was further investigated by
surface photo-voltage (SPV), as shown in Fig. 5¢c. For both
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samples, only positive signals have appeared, indicating that Furthermore, the steady-state photoluminescence spec-
holes (") mainly transfer to the irradiation surface, but not troscopy (PL) at /., = 350 nm was measured to understand
electrons (e™). While compared with ZCS, Ce@ZCS possesses the charge recombination efficiency (Fig. 5d). The weak emis-
an intense signal, which indicates more holes (4 ") are gener- sion peaks at nearly 465 and 490 nm may be associated to the
ated, separated and transported to the irradiation surface. surface states of ZCS; while a peak emission at near 552 nm
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Fig. 6 (a) Degradation curves; (b) apparent reaction kinetic curves; (c, d) absorption spectra of MB at different time intervals; (e, f) total
organic carbon (TOC) plots; (g, h) trapping experiments under visible light irradiation (A > 420 nm).
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could result from the band gap emission (Abideen and Teng,
2019). Compared Ce@ZCS with ZCS, the fairly low PL inten-
sity suggests a low charge recombination efficiency (Xu et al.,
2016).

3.3. Photocatalytic performances

The photocatalytic activities of the samples are evaluated by
degradation of MB under visible-light irradiation
(A > 420 nm), as shown in Fig. 6a and b. After degradation
for 100 min, 58% and 87% MB was degraded by ZCS and
Ce@ZCS, respectively; indicating a higher photocatalytic
activity of Ce@ZCS. The degradation reaction can be simpli-
fied by a pseudo-first order reaction kinetics as follows (Eq.

).

kot = —In(C/Cy) (2)

where k,, t, and C represent apparent reaction rate constant,
irradiation time, MB concentration. The k, values for ZCS
and Ce@ZCS are 0.00938 min~' and 0.01763 min~", respec-
tively (Table 1). Fig. 6¢c and d shows the time-dependent
absorption peaks of MB over the ZCS and Ce@ZCS samples,
and the insets present the macroscopic colour variation of MB
solution at different time intervals. Compared with ZCS, an
obvious decline in absorption and colour also indicates a
higher photocatalytic activity of Ce@ZCS (Fig. 6d). Further,
Fig. 6e and f show the total organic carbon (TOC) variation
over both samples for the degradation of MB. After 100 min
of visible-light irradiation, nearly 6 and 40% of MB molecules
are completely degraded into CO, and H,O by ZCS and
Ce@ZCS samples, respectively (Fig. 6f). The result suggest a
higher photocatalytic efficiency and degradation of MB over
Ce@ZCS, which is mainly attributed to heterojunction
between ZCS and CeO..

Besides, the trapping experiments were used to investigate
the active oxidative species involved in photocatalytic reaction.
As shown in Fig. 6g and h, the addition of IPA evidently
decreases the activities of both ZCS and Ce@ZCS, and the

addition of EDTA also decreases their activities. For the as-
obtained samples by chemical method, the defects are not
avoidable. The present defects are easy to capture the excited
electrons, refraining the formation of O35 (Abideen and
Teng, 2019). For Ce@ZCS, the photocatalytic activity signifi-
cantly decreases in N, environment, indicating that O5 is a
major oxidative specie in photocatalytic reaction. Neverthe-
less, the activity of ZCS does not decrease in the presence of
N, suggesting that O3 is not the major active oxidative spe-
cies. To summary, for Ce@ZCS, O3 is major oxidative specie,
while both the 2 and ‘OH also play an important role in the
degradation reaction.

Additionally, Fig. 7a and e shows that after three cycles,
58%, 51% and 49% of MB were degraded by ZCS after
100 min, respectively; while 87%, 80% and 73% of MB by
Ce@ZCS. After cycles, the crystal phase and morphology have
not changed for both samples (Fig. 7). Hence, we could think
that the slightly larger decrease for Ce@ZCS may be due to the
flowing away of the supported nanoparticles, which is a com-
mon phenomenon for a supported catalyst (Jin et al., 2016).
These results indicate that Ce@ZCS is photostable and reusa-
ble in photocatalysis.

3.4. Plausible photocatalytic mechanism

A plausible photocatalytic mechanism over Ce@ZCS is pre-
sented in Scheme 1. A heterojunction forms between CeO,
and ZCS, which can improve the charge separation. Herein,
CeO, cannot be excited by visible light because of a wide band
gap (3.10eV), but ZCS with a preferable narrow band gap
(2.15eV) can easily absorb visible light, and the photogener-
ated e~ can generate, as presented in the given Eq. (3):

hy + ZCS — ht + e— (3)

Under visible light irradiation (A > 420 nm), ¢~ can be
excited from the VB to the CB of ZCS, and 4" is remained
in VB. The CB of ZCS (—0.36 V vs. SHE (standard hydrogen
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(a, e) Degradation ratios (%) of MB; (b, f) XRD patterns; (c, d, g, h) SEM images before and after three runs: reaction for
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Potential (V) vs. SHE

CO;+ H;O

Scheme 1

electrode)) is negative more than the redox potential of O,/O5"
(=0.28 V vs. SHE) (Liet al., 2011a; Xu et al., 2016), which sug-
gests that the photogenerated electrons have a strong reductive
ability and they can reduce surface absorbed O, into O5, and
then the other active species (HO> or "OH) can also be gener-
ated in the following reactions (4)—(8):

™ + 0, — 0y~ (4)
0,~ + H,0 — HOy + OH™ (5)
2HO, — H,0, + O, (6)
H,0, + ¢~ —-OH + OH™ (7)
h*/0y~}OH + MB — CO, + H,0 (8)

Nevertheless, the VB potential of Ce@ZCS (1.79 V vs.
SHE), which is not able to oxidize the OH™ to form ‘OH
radicals COH/OH™ 2.38 V vs. SHE) (Li et al., 2011b), but
the photogenerated 4™ can directly oxidize MB into H,O
and CO,. Additionally, since the CB potential of CeO,
(=0.29V vs. SHE) is lower than CB of ZCS (—0.36'V vs.
SHE), CeO, can efficiently accept, transfer and store the
photogenerated ¢~ from the CB of ZCS, these stored e~
may easily transfer to adsorbed O, to form O3, then O3
can combine with H¥/H,O to form "OH. Herein, we think
that the facile Ce (IV)/Ce (III) cycle can benefits the e~
transfer (Scheme 1). Besides, the higher BET surface areas
(~2 m? g7 1) of Ce@ZCS also favours for the activity, com-
pared with ZCS (~0.4 m? g7 ).

4. Conclusions

In summary, a new Ce@ZCS heterostructure can be synthesized suc-
cessfully via a simple two-step hydrothermal method. Under visible
light irradiation (A > 420 nm), Ce@ZCS shown a 1.9 times photoactiv-
ity as high as ZCS for the degradation of MB. The enhanced activity is
mainly due to the promoted electron transfer by the facile Ce(IV)/Ce
(III) cycle. The excited electrons of ZCS is easy to transfer to CeO,,
thus obviously increasing the charge separation of ZCS. The accepted
electrons by CeO, may easily be captured by the adsorbed O, to form
O3, and then O3 could combine with H /H,0O to form HO3, "OH.

H.O

———————————————— 0,/0,"=-0.28V

----------------- "OH /H,0 =238 V

Plausible photocatalytic mechanism.

Finally, MB molecules are degraded by these active oxidation species.
Moreover, Ce@ZCS maintains a high stability after three cycles. The
efficient visible-light Ce@ZCS photocatalyst could be promising to be
applied for practical waste water treatment.
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