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A B S T R A C T

This article reports, synthesis and characterization of the ternary Ag/CeO2/ZnO nanostructure which was
tested for visible light photocatalytic degradation of industrial textile effluent. The HR-TEM and XPS
results confirms the presence of line dislocation linear defect induced oxygen vacancy in the ternary Ag/
CeO2/ZnO nanostructure. The oxygen vacancy creates narrow band gap (2.66eV) was confirmed by DRS.
The ternary Ag/CeO2/ZnO nanostructure showed superior photocatalytic activity compared with pure
ZnO, ZnO/Ag and ZnO/CeO2 results because of the narrow band gap, surface plasmon resonance (SPR) of
Ag nanoparticles, synergistic effects, and defects (Ce3+ and oxygen vacancy) in CeO2 and ZnO.
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1. Introduction

Advancement in nanostructure developments bring out wide
range of industrial, health and environmental applications. The
nanomaterials acquired have novel properties in which the
reactions are carried out by altering the reaction conditions
[1–3]. Currently environmental hazard is one of the significant
topics of scientific topics of research. There are large number of
polluting agents present in the atmosphere due to exceeding
world’s population which encourages huge number of industries,
vehicles and so on. Our day to day life of utilizing polluted air and
water does not provide good health benefits, because of the
presence of harmful chemicals [4]. Practice of dumping waste
waters into the fresh water sources like rivers, streams, lakes and
oceans brings about variety of health risks to human beings, plants
and animals [4]. Hoffman et al. has reported that more than 70% of
waste disposal includes toxic chemicals, the primary cause for the
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contamination of underground water resources [5]. One of the
major reasons for water pollution is untreated industrial textile
dyes, since it is being released into most of the water resources
without any kind of treatment processes. It creates harmful
environment and hence several diseases to human beings, plants
and animals [4–8].

In recent decades, researchers are putting their efforts to utilize
various semiconductor nano metal oxides for photocatalytic
degradation process in the waste water treatment [5–9]. Photo-
catalytic degradation process is gaining much attention in
degrading the pollutants by the most inexpensive route, because
it requires small amount of catalysts, no need of special equipment
and requires very less energy for generation of electrons and holes
[5,7]. Apart from various metal oxides, zinc oxide (ZnO) is a cost
effective large band gap semiconductor used for versatile
applications due to its fascinating properties like non-toxicity,
chemical and physical stability [10–12]. One of the disadvantage of
ZnO is its large band gap that inhibits to make electrons and holes
during the photocatalytic processes under visible light illumina-
tion [13,14]. Recently, modification of ZnO by various methods to
utilize the ZnO based photocatalyst under visible light irradiation
[13,14]. Earlier, we had described that in ZnO/CeO2 nanocomposite

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jphotochem.2017.12.011&domain=pdf
mailto:vinodg@uj.ac.za
mailto:vinodfcy@gmail.com
mailto:stephen_arum@hotmail.com
mailto:stephen_arum@hotmail.com
https://doi.org/10.1016/j.jphotochem.2017.12.011
https://doi.org/10.1016/j.jphotochem.2017.12.011
http://www.sciencedirect.com/science/journal/10106030
www.elsevier.com/locate/jphotochem


Fig. 1. XRD patterns of ternary Ag/CeO2/ZnO nanostructure.
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the synergetic effect between ZnO and CeO2 semiconductor
stimulated the formation of more electrons and holes during
visible light irradiation, which promotes superior degradation of
methylene blue in 150min [15]. In case of ZnO/Ag nanocomposite
the surface defect has induced to inhibit electron-hole pairs
recombination during the photocatalytic process, which led to
improve the efficiency of the degradation of MB in 2h under visible
light irradiation [13].

Therefore, the main objective of this work is to synthesize a
novel nanostructure which can be used to degrade dyes and
industrial textile effluent (real samples) under visible light
irradiation, enhance the photocatalytic degradation efficiency
and minimize the irradiation time compared with previously
reported photocatalysts [13,15]. The ternary Ag/CeO2/ZnO nano-
composite was synthesized by an inexpensive thermal decompo-
sition method. The morphological, structural and chemical
composition of the photocatalyst was characterized by various
standard techniques. Furthermore, the ternary Ag/CeO2/ZnO
nanostructure was efficiently used to degrade the model dyes
such as MO, MB and Phenol as well as industrial textile effluent
(real sample analysis) under visible light irradiation.

2. Experimental procedure

2.1. Materials

Silver acetate, cerium (III) acetate hydrate, zinc acetate
dehydrate, methylene blue (MB) and methyl orange (MO) were
purchased from Sigma-Aldrich. All the aqueous solutions were
prepared using double distilled water.

2.2. Synthesis of ternary Ag/CeO2/ZnO nanostructure as photocatalyst

The synthesis of ternary Ag/CeO2/ZnO nanostructure was based
on the vapor to solid mechanism [16]. Based on this mechanism,
the synthesis procedure of ternary Ag/CeO2/ZnO nanostructure as
follows: weight ratio (10:10:80) of silver acetate, cerium (III)
acetate hydrate and zinc acetate dihydrate (raw materials) were
mixed together and grounded for �3h using a mortar (agate). The
grounded reactants (raw materials) were reserved into an alumina
crucible and calcined with the use of muffle furnace at 350�C for
3h. At first, the mixed reactants get dehydrated (�100�C to 150�C)
and gives anhydrous mixed acetates. Further, the temperature was
slowly rising (150�C � 350�C). In this duration, the mixed acetates
was decomposed well along with vaporization gets started.
Moreover, the muffle furnace temperature was reduced slowly
(4�C per min), the vaporized materials get condensed and settled
in a crucible at room temperature. Finally, we got ternary Ag/CeO2/
ZnO nanostructure powder which was used for characterization
and photocatalytic degradation of model dyes and industrial textile
effluent (real sample analysis).

2.3. Photocatalytic experiment

In this work, we have preferred industrial textile (real sample)
effluent and two azo dyes (MO and MB) and phenol solution for
degradation under visible light irradiation. The degradation of
colorants is extremely important since industrial textile waste
water comprises with a lot of colored and harmful substances [17].
The preparation of dyes solution and industrial textile effluent
procedures were adopted from previous report13. In short, initially,
500mg of photocatalyst was mixed with 500mL of aqueous
solutions of pollutants (MO, MB, Phenol and industrial textile dye)
in a 600mL cylindrical vessel. The solutions were again stirred in
the dark for 30min to complete the adsorption and desorption
equilibrium on the photocatalysts. The source of the visible light
was a solar simulator (SCIENCETECH, model No: SF300B, along
with AM 1.5G filter which is due to given standard solar spectrum.
The illumination intensity of a light irradiation at the sample
surface was �100mW/cm2. Initial (without irradiation) and
irradiated samples were analyzed using UV–vis spectrophotome-
ter for dye degradation and TOC measurements for real textile
effluent.

2.4. Characterization details

The structure and crystallite size of the prepared ternary Ag/
CeO2/ZnO nanostructure was determined by X-ray diffractometer
(Rich Seifert 3000, Germany) using Cu Ka1 radiation with l
=1.5406Å. The presence of elements in the photocatalyst and their
oxidation states were examined using X-ray photoelectron
spectroscopy (XPS, DRA 400–XM1000 OMICRON, ESCA+, Omicron
Nanotechnology, Germany). Specific surface area was calculated
using Brunauer–Emmett–Teller (BET, Micromeritics ASAP 2020,
USA) equation. Surface morphology, elemental analysis and energy
dispersive X-ray spectroscopy (EDS) analyses were carried out
using field emission scanning electron microscope (FE-SEM,
HITACHI-SU6600, Hitachi, Japan). The microstructure, interfaces
and elemental mapping was performed by high resolution
transmission electron microscope and scanning transmission
electron microscope (HR-TEM and STEM, Tecnai F20-FEI, USA).
The optical band gap of the photocatalyst was calculated from
diffuse reflectance spectra (DRS) by using a UV–VIS-NIR spectro-
photometer (VARIAN CARY 5E, USA). The photocatalytic degrada-
tion activities were measured using UV–vis spectrophotometer
(RX1, Perkin � Elmer, USA).

3. Results and discussion

The X-ray diffraction pattern of ternary Ag/CeO2/ZnO nano-
structure is depicted in Fig. 1. All the characteristic peaks are
indexed perfectly with the JCPDS files. From Fig. 1, it was identified
that the diffraction pattern consists of ZnO, Ag along with CeO2

peaks. The XRD pattern of ZnO shows (100), (002), (101), (102),
(110), (103), (112), (201) and (200) planes which describe the
hexagonal structure (JCDPS No. 79-0208) along with (111), (200),
and (202) planes which corresponds to the cubic structure of Ag
(JCPDS No. 89–5899) which are represented by ‘#’ in Fig. 1. In
addition, the ‘*’ mark represented the (111) and (200) planes for
cubic structure of CeO2, which is in accordance with the JCPDS. No.
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65–2975. No other impurities were detected in the XRD pattern.
Therefore, XRD result has confirmed the synthesis of ternary Ag/
CeO2/ZnO nanostructure.

The surface chemical composition and chemical states of the
ternary Ag/CeO2/ZnO nanostructure was examined by XPS and its
survey spectrum is shown in Fig. 2(a) which confirms that it
consists of Ag, Ce, Zn, O and C elements. The binding energy (BE)
values at 1021.1eV and 1044.3eV represents Zn 2p3/2 and Zn 2p1/2

peaks (Fig. 2(b)) for Zn in ternary Ag/CeO2/ZnO nanostructure
which indicates that Zn exists in +2 oxidation state [13]. The high
resolution XPS spectrum of Ag is shown in Fig. 2(c) which shows
peaks of Ag 3d5/2 and Ag 3d3/2 at BE 366.1eV and 372.1eV,
respectively, which are core level Ag 3d spectra of the silver
nanoparticles (AgNPs) with �6.0eV splitting between the two
peaks, which is attributed to the complete reduction of Ag+ to Ag00

[13,18]. However, the BE of Ag 3d5/2 shifted to a lower BE compared
to the corresponding value of the synthesized pure metallic Ag (the
BE of Ag00 is �368.2eV) [17]. This is attributed to the formation of
Fig. 2. XPS spectra of ternary Ag/CeO2/ZnO nanostructure (a) Survey spectrum, (b) HR-X
and, (e) HR-XPS spectrum of O 1s.
AgNPs in the nanostructure18. The high resolution scanning XPS
spectrum of cerium along with the satellite peaks are presented in
Fig. 2(d). The binding energies are 881.7eV and 905.8eV for Ce 3d5/

2 and Ce 3d3/2 peaks which confirm that cerium exists in +4
oxidation state in the ternary Ag/CeO2/ZnO nanostructure [19].

In the XPS analysis also confirms the presence of both Ce4+ and
Ce3+ in ternary Ag/CeO2/ZnO nanostructure, which is due to the
formation of more defects and/or an amorphous phase of Ce2O3. As
indicated by XPS the ternary Ag/CeO2/ZnO nanostructure con-
tained Ce3+ and defects which might lead to the formation of a
surface state energy band of oxygen. The oxygen adsorption,
desorption and diffusion processes may occur easily on the surface
of the ternary Ag/CeO2/ZnO nanostructure, that can greatly
enhance their optical properties and imparts visible light photo-
catalytic activity8. Therefore, a new Fermi energy level in ternary
Ag/CeO2/ZnO nanostructure is formed, indicating a strong
interaction between Ag, CeO2 and ZnO nanoparticles18. Once the
AgNPs are formed along with the CeO2, and ZnO, electron transfer
PS spectrum of Zn 2p, (c) HR-XPS spectrum of Ag 3d, (d) HR-XPS spectrum of Ce 3d,
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occurs from Ag to CeO2 to ZnO because the work function of silver
(4.26eV) is smaller than that of CeO2 (4.69eV) and ZnO (5.20eV)
[13,18,20–21]. Fig. 2(e) shows three different kinds of oxygen
(529.2, 530.8 and 531.9eV) on the surface of ternary Ag/CeO2/ZnO
nanostructure which are associated with Zn2+, Ce4+, and Ce3+

[6,8,22]. Hence, the XPS result has confirmed the synthesis of
ternary Ag/CeO2/ZnO nanostructure and there was no any other
impurities found in the samples. Further, the determination of
particle size and morphology of the ternary Ag/CeO2/ZnO
nanostructure are the necessary parameters, because these
parameters plays vital role to get the effective efficiency during
the photocatalytic activity.

The morphological analysis of ternary Ag/CeO2/ZnO nanostruc-
ture was carried out by FE-SEM. For the comparison purpose, the
pure ZnO nanorods were synthesized by the same method at same
reaction condition and its FE-SEM and EDS are shown by Fig. 3a
and a’. The FE-SEM image of ternary Ag/CeO2/ZnO nanostructure
specifies the presence of aggregated nanorods along with spherical
shaped nanoparticles which are shown in Fig. 3(b). From the FE-
SEM images, it was clearly represented that when compared with
pure ZnO nanorods (Fig. 3(a)), the size of ZnO nanorods present in
the ternary Ag/CeO2/ZnO nanostructure was smaller, which may be
due to Ag and CeO2 nanoparticles which inhibits the growth of
nanorods due to its nucleation effect [23].

The EDS pattern (Fig. 3b’) confirms the presence and synthesis
of pure ZnO and ternary Ag/CeO2/ZnO nanostructure with their
constituent elements. Due to large amount of aggregation, we
could not find out the exact size of the ternary Ag/CeO2/ZnO
nanostructure from the FE-SEM. Therefore, we performed TEM
analysis to get the exact size, morphology, interface and d-spacing
of ternary Ag/CeO2/ZnO nanostructure.

The TEM image of ternary Ag/CeO2/ZnO nanostructure is shown
in Fig. 4(a) which clearly represented the presence of ZnO
nanorods along with Ag and CeO2 nanoparticles which are in
accordance with FE-SEM results. The length of the nanorods is
Fig. 3. The FE-SEM images and respective EDS spectra of (a and 
around 100 to 150nm and the diameter is in the range of 20 �
35nm. From the HR-TEM (Fig. 4(b)), we determined d-spacing
value of each elements.

The crystallites exhibited (111) plane of Ag showing cubic
structure, (200) plane corresponds to cubic structure of CeO2 and
(101) planes for hexagonal structure of ZnO. From the close
observation of HR-TEM (Fig. 4(b)) represents line dislocation linear
defect (Fig. 4c) because of formation of very small amount of
amorphous Ce2O3, which promotes oxygen vacancies due to the
nucleation effect [8,13,24]. Amorphous regions are also observed
(Fig. 4c) around the crystalline particles, suggesting the presence of
amorphous Ce2O3 in the samples. Hence, the results of FE-SEM and
TEM analyses clearly shows formation of the ternary Ag/CeO2/ZnO
nanostructure which are smaller than the pure ZnO. The particles
position in the ternary nanocomposite is essential parameter to
find the interfaces of the synthesized ternary Ag/CeO2/ZnO
nanostructure which were identified by STEM; the parallel bright
and dark field images which are shown in Fig. S1. The elemental
mapping (Fig. S2) were carried out based on STEM image and their
spread uniformly rather than being separated individually or
edged. These observations confirm the effective interfaces which
modified the electronic-structure and facilitate charge-carrier
transfer between Ag, CeO2 and ZnO [25].

The BET measurement values also in agreement with the TEM
observation. The ternary Ag/CeO2/ZnO nanostructure (39.2m2g�1)
shows 4.5 times greater surface area than the pure ZnO nanorods
(8.7m2g�1), due to the nucleation effect between Ag, CeO2 and ZnO
that promotes the smaller size of ternary system. Wang et al.
observed similar phenomenon for silver doped into ZnO/SnO2

system [26].
The optical band gap of the prepared materials were analyzed

by using Kubelka-Munk function. It was clearly displayed in
Fig. 5(a), the nanocomposite materials indicate narrow bandgap
(2.66eV) when compared with pure ZnO (3.31eV). The absorbance
band edge (Fig. 5(b)) of the nanocomposite is wider because it
a’) ZnO, and, (b and b’) ternary Ag/CeO2/ZnO nanostructure.
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contains Ag, CeO2 and amorphous Ce2O3, whereas the pure ZnO
has a very sharp band edge [27]. This wider band edge is due to
oxygen vacancies which generate intermediate states and so the
bandgap is narrow [6,13]. The reflection of TEM image has
evidently showed the oxygen vacancies present in this nano-
composite system due to line defect This observation is of good
agreement with the previous reports [6,13,28]. On the other hand,
the improved photocatalytic activity mostly depends on the
prevention of electrons and holes combination [16,18]. The
photoluminescence results (Fig. S3) were evidently indicated that
the intensity of Ag/CeO2/ZnO is suggestively low while compared
Fig. 5. (a) K-M function F(R)hn1/2 vs hn plot, and, (b) UV–vis absorb
with pure ZnO, Ag/ZnO and CeO2/ZnO materials. The lowering
intensity specified that the reduced recombination, which is highly
favored for enhanced photocatalytic activity [16]. Therefore the
ternary material is expected degrading the solution under visible
light condition.

3.1. Visible light photocatalytic degradation

Some of the earlier reports clearly showed that the ZnO have a
wide band gap, hence during the visible light irradiation, it was
unable to create sufficient electrons and holes for photocatalytic
ance of the ternary Ag/CeO2/ZnO nanostructure and pure ZnO.



504 R. Saravanan et al. / Journal of Photochemistry and Photobiology A: Chemistry 353 (2018) 499–506
degradation reaction. Therefore, these results show smaller
amount of degradation efficiency [13,15,29,30]. The objective of
this work is to synthesize a novel nanostructure which can be used
to degrade dyes and industrial textile effluent under visible light
irradiation and minimize the irradiation time compared with ZnO/
Ag (degradation of MB within 120min) and ZnO/CeO2 (degradation
of MB within 150min) which were previously reported [13,15]. The
photocatalytic degradation of initially mixed solution (dye+cata-
lyst), and the uniform irradiation time of MB, MO and industrial
textile effluent and their corresponding UV–vis absorption
spectrum are shown in Fig. 6.

The UV–vis absorption results evidently showed that when the
irradiation time increases, the concentration of dyes decrease and
finally gets straight line which means that the MO and MB has been
degraded completely within 90min. The nanostructure degraded
MB solution much faster when compared with binary ZnO/Ag and
ZnO/CeO2 nanocomposites [13,15]. On the other hand, while
compared with CeO2/C3N4, ZnO/CeO2@HNTs, g-C3N4/CeO2/ZnO
and Ag3PO4/CeO2 materials showing lowering rates [31–34]. The
photocatalytic degradation rate depends on several parameters
like method of synthesis of catalyst, morphology, size, crystallinity,
bandgap, particle size, surface area and the availability of surface
hydroxyl groups [13,15,31–34]. Furthermore, the colorless com-
pound like phenol solution were carried for degradation process
under visible light condition. The results (Fig. S4) were clearly
exhibited the prepared material degrade the 98% of phenol
solution within 120min.

For industrial textile effluent degradation, the rate of degrada-
tion of MB and MO is better due to its simple structure and also the
industrial textile effluent contains lot of colored dyes, this
statement was in good agreement with the recent literatures
[35]. The recycling process of industrial textile effluent (Fig. 6d)
results indicates that the ternary Ag/CeO2/ZnO nanostructure have
Fig. 6. UV–vis absorption spectra of photocatalytic degradation of (a) MB, (b) MO, (c) ind
ternary Ag/CeO2/ZnO nanostructure.
good stability. Thus, the nanostructure is usable for long term
environmental remediation process.

Fig. 7 represents the photocatalytic pathway mechanism for the
ternary Ag/CeO2/ZnO nanostructure under visible light irradiation.
This ternary system have two semiconductors ZnO, and CeO2 as
well as metallic Ag having different work functions i.e. 5.20eV
[13,20], 4.69eV [18,21] and 4.26eV [13,18,20]. respectively. In
general, when the semiconductor interacts with metal, Schottky
barrier is formed and induced the new fermi level [13,20,36].
Therefore, the ternary Ag/CeO2/ZnO nanostructure forms new
fermi energy level and has lot of free electrons due to the presence
of metallic Ag [13,20]. During the photocatalytic degradation,
when the visible light falls on the surface of the ternary Ag/CeO2/
ZnO nanostructure, free electrons are excited due to surface
plasmon resonance (SPR) mechanism, the excited electrons are
transferred into the conduction band of CeO2 and ZnO simulta-
neously [13,20]. The conduction band electrons and other free
electrons react with adsorbed oxygen molecules during the
reaction process and get converted into superoxide anion [8].
This superoxide anion reacts with water molecules and finally
forms hydroxide radicals. These radicals effectively degrade the
colored dyes and industrial textile effluents under visible light
irradiation.

Moreover, Ag/CeO2/ZnO photocatalyst having oxygen vacancies
and Ce3+ due to line defect generates intermediate states which
induces narrowing of band gap which was confirmed by DRS and
HR-TEM results37�39. Thus, oxygen vacancies and Ce3+ lead to
improve the visible light induced photocatalytic degradation
through harvesting maximum amount of visible light in short
time. The similar statement has been reported by several other
authors [6,8,37,38]. Therefore, we too assume that the ternary Ag/
CeO2/ZnO nanostructure shows excellent efficiency for the
degradation of dyes as well as industrial textile effluent owing
ustrial textile effluent, and, (d) recycling process of industrial textile effluent using
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to the Ag, Ce3+ and oxygen vacancies present in this system, which
would be helpful to improve the photocatalytic degradation
activity of the ternary Ag/CeO2/ZnO nanostructure under visible
light irradiation [6,8,13,36,39,40–47].

4. Conclusion

The ternary Ag/CeO2/ZnO nanostructure was successfully
synthesized by thermal decomposition method, characterized by
standard techniques (DRS, XRD, XPS, STEM and HR-TEM) and
tested for visible light-induced photocatalytic degradation of
colored dyes and industrial textile effluent (real sample analysis) as
well as recycling process. The synthesized ternary Ag/CeO2/ZnO
nanostructure showed hexagonal and cubic phases which were
confirmed by XRD whereas XPS analysis confirms the presence of
Ag, Ce4+, Ce3+, Zn2+ and O. The XPS and HR-TEM results also
confirms the line dislocation linear defect induced oxygen vacancy
in the ternary Ag/CeO2/ZnO nanostructure. The oxygen vacancy
creates narrow band gap (2.66eV), which was further confirmed by
DRS. The oxygen vacancy promotes intermediate states which
induces narrow band gap. The narrow band gap helps to excite the
ternary Ag/CeO2/ZnO nanostructure in visible light and produces
sufficient electrons and holes for the photocatalytic degradation
reactions. The intermediate state of the ternary Ag/CeO2/ZnO
nanostructure inhibited the electron-hole recombination, which
results in superior photocatalytic activity. The ternary Ag/CeO2/
ZnO nanostructure showed outstanding photocatalytic activity in
short period of visible light irradiation because of the narrow band
gap, surface plasmon resonance (SPR) of Ag nanoparticles,
synergistic effects, and defects (Ce3+ and oxygen vacancy) in
CeO2 and ZnO.
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