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Facile synthesis of heterostructure CeO,/CdS and CdS/CeO, nanocomposites for
photocatalytic application of methylene blue textile dye
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Heterostructure CeO,/CdS and CdS/CeO, nanocomposites were synthesized by a facile
‘one-pot” chemical method in ambient atmosphere and examined photocatalytic activity.
The as-prepared nanocomposites were characterized using XRD, SEM, TEM, UV-vis, PL
and TG-DTA. The obtained results reveal successful formation of CeO,/CdS and
CdS/CeO, nanocomposites. The TEM images show that well-dispersed particles were
uniform and fairly small, mainly spherical-like shape. Enhanced photocatalytic
degradation efficiency was observed for CdS/CeO, composite exhibits 86%. This result
suggested that the CdS/CeO, composite significantly improve the photocatalytic efficiency
due to reduction the recombination of photogenerated electron—hole pairs and creation of
efficient free radicals. This work could provide a novel approach to construct new
heterojunction photocatalysts and a deeper insight for the treatment of textile wastewater.
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1. Introduction

Metal Oxide and Metal Sulfide based nanocomposites are very popular and useful in
various applications, such as photocatalysis, photonics, electronics and drug delivery [1, 2].
Tremendous research works on metal oxides such as TiO,, CeO,, ZnS, WO3;, V,0s, SnO,, CdS, etc
have been reported for various energy and environmental applications [3—6]. CdS is a predictable
narrow band-gap (direct band gap of 2.42 eV) semiconductor and is currently under investigation
owing to its tremendous applications in response to its tunable properties. particularly, it has been
extensively studied in photocatalytic hydrogen production due to its ability in harvesting visible
light and suitable conduction band potential [7]. However, the utility of alone CdS has been
limited due to its anodic decomposition (photocorrosion) [8]. Recently, the optical, catalytic and
electrical properties of CdS have been modified by adding suitable rare earth metal or metal
oxides, [5-12] but investigations of CdS with rare-earth oxides heterostructures are limited. Thus,
it is highly desirable to investigate the properties of CdS with rare earth oxide heterostructures for
diverse applications.

The extensive research carried out on n—n type junction semiconductor systems,
particularly, the CeO,-based nanocomposites such as CeO,/Fe,O; [17], CeO,/ZnO [18],
CeOZ@NIO [19], CEOZ/T|02 [20], CEOQ/Z|'02 [21], CEOQ@G'MOOQ, [22], CEOQ/B|QO3 [23],
CeO,/CrO [24], CeO,/SnO, [25], CeO,/SITiO; [26], CeO,/Ag-AgCI [27], CeO,/BiVO, [28],
(CeO,, La,03, C)/TiO, [29], CeO,/Co [30] and so on for photocatalytic and energy conversion
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applications. The results showed that nearly all the n—n junction semiconductor materials exhibited
better photocatalytic properties than single compound.

In this work, CeO,/CdS and CdS/CeO, nanocomposites were prepared and studied using
various characterization techniques including X-ray diffraction (XRD), scanning electron
microscopy (SEM), UV-vis and Photoluminescence and Thermogravimetry and differential
thermal analysis. The CeO,/CdS and CdS/CeO, nanocomposites were applied to the photocatalytic
degradation of MB dye under visible light irradiation. The obtained results showed excellent
photocatalytic activities.

2. Experimental details

2.1. Materials

To synthesize CdS/CeO, and CeO,/CdS nanocomposites, the following materials were
used. The chemical reagents used were analytical reagent grade without further purification.
Cadmium acetate (Cd(CH3C0OO0),.2H,0), Cerium acetate Ce(NO)3;.6H,0, Sodium sulfide (NayS),
Sodium hydroxide (NaOH) obtained from Nice Chemical company, Kochi, India were used as
precursors. All the glassware used in this experimental work were acid washed. Ultra pure water
was used for dilution and sample preparation.

2.2. Synthesis of heterostructure CeO,/CdS and CdS/CeO, nanocomposites

The heterostructure CeO,/CdS nanocomposite was synthesized by chemical precipitation
method. First, 0.1 M of Ce(NO);.6H,0O was dissolved in 50 ml of de-ionized water under stirring
at 80°C temperature. Then, 1.0 g of PVP was added into the above solution. After 10 min, 0.3 M
of NaOH was added drop wise into the above aqueous solution. The mixture was again stirred for
1 h. Then, 0.1 M concentrations of 50 mL cadmium acetate aqueous solution was added to the
above colloidal solution. Next, 1 M of sodium sulfide solution in 25 ml was added drop wise into
the mixture solution and then the resultant solution was stirred for additional 2 h. After the
reaction was completed, the solution was cooled down to room temperature. The precipitate was
collected and washed with ethanol and acetone for several times. Subsequently, the prepared
product was dried at 120 °C for 12 h and then the final product was used for further
characterization. The same experimental procedure was followed for the synthesis of
heterostructure CdS/CeO, nanocomposites by addition the precursors inversely.

2.3. Photocatalytic degradation of MB dye under UV-visible light irradiation

The photocatalytic activities of CdS/CeO, and CeO,/CdS nanocomposites were evaluated
for the degradation of MB dye in aqueous solution under natural sun light irradiation. In a typical
experiment, a 50 mg of (CdS/CeQO,) was dispersed into 50 mL of MB dye solution. At certain
irradiation time interval, 5 mL of the suspension was collected and then centrifuged (6000 rpm, 10
min) to separate the photocatalyst particles. Finally, the irradiated solution was filtered and UV
measurements was carried out for determine photodegradation. The same photocatalytic method
was used for the CeO,/CdS nanocomposites.

2.4. Characterization

The crystal structure of the products were determined by X-ray diffraction (XRD) pattern
using an X'pert PRO diffractometer with CuKo. radiation (A\=1.54060A) at room temperature. The
nanocomposite morphology and size were evaluated from TEM (Technai20G2, FEI). The optical
transmission/absorption spectra of the particles in de-ionized water were recorded using a UV-
1650PC SHIMADZU spectrophotometer. Fluorescence measurements were performed on a RF-
5301PC Spectrophotometer. Thermogravimetric and differential thermal analysis (TG-DTA) were
studied using a SDT Q600 20 thermometer in air at heating rate of 10 °C/min.
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3. Results and Discussion

XRD pattern of CeO,/CdS nanocomposites are displayed in Fig. 1a. The main diffraction
peaks of CeO, are marked by asterisks (*) and CdS is marked by (#). The diffraction peaks at
28.548°, 33.083°, 47.486°, 56.345°, 59.092° and 69.418° are corresponds to the (11 1), (2 0 0), (2
20),(222)and (4 0 0) planes. The sharp and more intense peaks are well matched with cubic
structure of CeO, (JCPDS No. 89-8436) and the diffraction peaks at 24.929°, 26.66°, 28.328°,
36.821°, 43.905°, 48.117° and 67.164° are corresponds to (100), (002),(101),(102),(110),
(2 0 3) and (2 0 3) planes of hexagonal structure of CdS (JCPDS No. 80-0006). Fig. 1b shows the
XRD pattern of CdS/CeO, nanocomposites, where diffraction peaks of cubic CeO, are exist at (1 1
1),(200),(220),(311),(222),(400)and (3 31), the peaks are marked by asterisks (*).
Moreover, the other diffraction peaks suchas (1 00),(002),(101),(102),(110),(103)and (2
0 3) marked by (#) symbol corresponding to hexagonal structure belonged to the CdS
nanoparticles. No impurity peaks were observed, it obviously shows high purity of the
nanocomposites. The present result is agreement with the reported results [33]. The crystalline size
was calculated by using Debye Scherer formula [34],

D = (KA) / (B cosd) (1)

where A is a wavelength of X-ray radiation, B is a full width at half maximum (FWHM) of the
peaks at the diffracting angle (6). All diffraction peaks observed in both CeO,/CdS and CdS/CeO,
nanocomposites. The crystallite size of the nanocomposites were found that 21.6 and 23.4 nm for
Ce0,/CdS and CdS/CeO, nanocomposites, respectively.
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Fig. 1. XRD spectra of the (a) CdS/CeO, and (b) CeO,/CdS nanocomposites.

Fig. 2 shows typical SEM images of different magnifications of the synthesized
heterostructure CeO,-CdS (a, b) and CdS-CeO, (¢, d) nanocomposites. The SEM images showed
distinct variation of the morphology by revert the two compounds in the nanocomposites. Two
different morphologies showed that cubic and 2D based plat like structure. To further investigate
the morphology, TEM study was carried out and the result is shown in Fig. 3(a&b). The
morphology of CeO,-CdS clearly showed that the particles were uniform and fairly small, mainly
spherical-like shape with diameters of 20-30 nm range, which are consistent with observation from
XRD patterns.
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Fig. 2. SEM images of different magnifications of (a, b) heterostructure CeO,/CdS and
(c, d) CdS/CeO, nanocomposites.

Fig. 3. (a, b) TEM images of the heterostructure CeO,/CdS nanocomposites
with various magnifications.

Fig. 4a shows the UV-vis absorbance spectra of CeO,/CdS and CdS/CeO, nanocomposites
synthesized by a co-precipitation method. It is clearly observed that the absorption peak appeared
at around 360 nm and 380 nm, respectively. Compared with pure CeO, and CdS compounds, the
nanocomposites demonstrated red shifting absorption. The red shifting and narrow band gap
composite facilitate to absorb wide range of light. In addition, the red shifting absorption can be
support to enhance photocatalytic performance. The UV spectrum originates from transition
between S* and Ce*". This indicates that transition overlaps with 4f*-5d" transition of Ce* ions
[35]. On the other hand, the UV spectrum may be attributed from the transition between O* and
Cd*. The significant shifting observed in the UV absorption by simply exchange the CeO, and
CdS compounds. The absorption result is clearly demonstrated the necessity of the preparation of
sulfide and oxide combined composite and exchanging the compounds. Fig. 4b shows that the
energy bandgap curve which obtained from Tauc plot. The following formula is used to calculate
the energy bandgap (Eg) [36]:

a(hv) = A(hv — Eg)"? 2)
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where ‘a’ and ‘hv’ represent the absorption coefficient and the light energy, ‘A’ is a constant, ‘Eg’
the optical bandgap and n is an integer equal to 1 for a direct bandgap and 4 for an indirect
bandgap. The plot of (ahv)® versus Energy (eV) was used for estimating the value of bandgap
energy of CeO,/CdS and CdS/CeO, nanocomposites by extrapolating curve to zero absorption, the
obtained result is displayed in Fig. 4b. The estimated value of the bandgap (Eg) was found to be
3.21 and 3.42 eV for CeO,/CdS and CdS/CeO, nanocomposites, respectively. The optical bandgap
of CeO,/CdS nanocomposite increases slightly compared to the CdS/CeO, nanocomposite. It is
evident that significant blue shift of the absorption peak relative to the bulk absorption. The blue
shift of the absorption peak may be related to the quantum size effect which arises due to very
small size of the nanocomposites.
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Fig. 4. (a) UVlvisible and (b) Touc plot spectra of the overlapped CdS/CeO, and
Ce0,/CdS nanocomposites, respectively.

Photoluminescence spectra of CeO,/CdS and CdS/CeO, nanocomposites are shows in Fig.
5. It shows a broad band between 350-500 nm for the both nanocomposites. The broad PL band
indicates that this defect-related luminescence peak is caused by radiative transitions between Cd
and Ce interstitials acting as shallow donors and Cd and Ce vacancies acting as deep acceptors.
This recombination mechanism competes with the exciton-related luminescence and seems to
depend on the stoichiometry and the preparation conditions [37, 38]. Strong emission showed for
Ce0,/CdS than CdS/CeO, nanocomposites, it may be high recombination of charge carriers on the
binary CeQ,/CdS system.

The degree of crystallization and decompose of residual organic molecules was studied by
the TG-DTA measurement. Fig. 6(a-b) shows the TG-DTA curves of CeO,-CdS and CdS-CeO,
nanocomposites, the samples were heated from room temperature to 1000 °C with an increment of
10 °C/min in air atmosphere. In the Fig. 6a and Fig. 6b, the endothermic peak at low temperature
corresponds to a clear weight loss on the TG curve, which is caused by the evaporation of
physically absorbed water on the surface of the precursor. Fig. 6a, shows weight loss occurs in the
two stages. The first step is associated with a weight loss on the TG curve within the temperature
range of 50-260 °C (endothermic), which mainly occurs owing to the elimination of adsorbed
water in the crystalline sample. The second step of weight loss on the TG curve within the
temperature range of 260-800 °C (endothermic) and corresponding changes observed in same
temperature range in the DTA curve. A broad exothermic peak showed around at 400 °C, which
can be correlated to the oxidative decarboxylation of CeOx to CeO,. Fig. 6b shows a gradual
weight loss on the TG curve within the temperature range of 50-234 °C (endothermic), which
mainly occurs owing to the elimination of adsorbed water. Further heating (900-1000°C), both the
samples are highly stable. This confirms that the formation of well oxidated CeO, and CdO [39].
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Fig. 5. Photoluminescence spectra of the CdS/CeO, and CeO,/CdS nanocomposites.
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Fig. 6 TG-DTA of the (a) CeO,/CdS and (c) CdS/CeO, nanocomposites. The samples
were annealed at nitrogen atmosphere from RT to 1000 °C.

In order to examine photocatalytic activity of the nanocomposites, the samples were used
as catalyst for the degradation of MB dye. In general, the organic dyes can be photodegraded via
three possible reactions including photosensitization, photolysis, and photocatalysis [40]. Figure
7(a-b) shows the UV absorbance of MB aqueous solution collected at a regular time interval (30
mins) for CeO,/CdS and CdS/CeO, composites under visible light irradiation. The degradation
was calculated using C/Cqy, where C, is the initial concentration and C is the concentration after
photo-irradiation with respect to degradation time as shown in Fig. 7(c-d). Fig. 7c shows the
photocatalytic degradation efficiency of the both nanocomposites. As shown in Fig. 7b, it is
evident that the CdS/CeO, composites exhibited higher photocatalytic activities than CeO,/CdS,
this may due to narrow band gap and suitable band gap alignment. Enhanced photocatalytic
degradation efficiency of 86% was achieved for CdS/CeO, composite. This photocatalytic
improvement is higher than the reported metal oxide-based composites [41-43]. This result
suggested that the CdS/CeO, composite significantly improve the photocatalytic efficiency by
reducing recombination of photogenerated electron—hole pairs. The obtained result is good
agreement with optical study. Furthermore, the corresponding pseudo—first—order rate law was
plotted as a function of visible irradiation time according to the following linear equation [44]:

~In (C/CO) = kt 3)

where C, and C are the initial and residual concentrations of MB aqueous solution, time t (min).
The calculated apparent rate constant (k, min~') was labelled in Fig. 7(e), which is acquired from
the slope drawn from the plot of —In (C/C,) versus time (t). As demonstrated in Fig. 7(e), the
degradation rate constant of CdS/CeO, was calculated as 0.01011 min~' presenting the highest
photocatalytic performance compared to CeO,/CdS (0.00424 min™"). The enhanced photocatalytic
activity of the CdS/CeO, nanocomposite was mainly due to (i) the encumbrance of the electron—
hole recombination process due to the separation of photogenerated charge carriers between CeO,
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and CdS and (ii) the enhancement of light absorption ability of CdS/CeO, composite in the visible
region.
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Fig. 7. (a, b) UV-vis spectra of the CeO,/CdS and CdS/CeO, nanocomposites dispersed in methylene blue
dye solution with light irradiation of different time interval, respectively. (c) Percentage of the dye
degradation versus time interval. (d, e) (C/C,) versus time interval and Plot of -In(C/Cy) versus time
interval, respectively.

The most important part is the formation of matching structure from the band edges of
Ce0, and CdS, as shown in Fig. 8. Photoexcited electrons are produced in the conduction band
(CB) of CdS under light irradiation and then transfer to the Ce-4f orbital of CeO,. At the same
time, photoexcited holes in the valence band (VB) of CeO, move to the VB of CdS, which can
facilitate the separation of photoexcited electrons—holes and suppress their recombination, and
thus, lead to an improved photocatalytic performance by creation of free radicals [42]. The
CdS/CeO, absorbs photon energy and then generates photoexcited electrons and holes.
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Fig. 8. Photocatalytic degradation mechanism of CeO,/CdS under visible light irradiation.

4. Conclusions

In summary, heterostructure CeO,/CdS and CdS/CeO, nanocomposites were synthesized
directly by a simple ‘one-pot’ chemical method. The mixed structure of Cubic (CeO,)-Hexagonal
(CdS) nanocomposite was determined by XRD analysis. The morphology of the nanocomposites
was analyzed using SEM and TEM studies. It was found that mainly spherical-like shape with
diameters of 20-30 nm range. Compared with the bare CeO, and CdS, the optical absorption of the
nanocomposite was noticeably shifted. The tuning optical bang gap facilitated to increasing photon
absorption, resulting enhanced photocatalytic activity of the MB dye. Thus, this work provides a
simple route to prepare CeO,-based nanocomposite materials for effective photocatalytic
degradation of dye pollutants. The synthesis of nanocomposite may provide a low cost and
efficient method for remediation of organic effluents in wastewater in the textile industries.
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