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Abstract. Nanosized, rectangularly arranged ZnO–CeO2 nanoflowers were prepared by a simple hydrothermal technique. The prepared nanocomposites were characterized by X-ray diffraction (XRD), Fourier transform infrared (FT-IR),
UV–visible differential reflectance spectroscopy, field-emission scanning electron microscope, X-ray photoelectron
spectroscopy, electron paramagnetic resonance and Brunauer-Emmett-Teller techniques. Different compositions of
composites were prepared and the best composition was used for conducting the photocatalytic studies. The degradation
of 2,4-dichlorophenoxy acetic acid (2,4-D), a herbicide and endocrine-disrupting agent, was performed under visible-light
irradiation. The results showed the nanocomposite to be in a flower-like structure comprising of rectangular-shaped ZnO
on which CeO2 particles were evenly distributed. This flower-shaped ZnO–CeO2 nanorectangulate composite comprises
particle sizes ranging from 50–100 nm of rectangular thickness and 10–20 nm spherical particles. The XRD and FT-IR
results prove the presence of ZnO and CeO2 in the prepared nanocomposite. The bandgap energy was found to be 3.18 eV.
X-ray photoelectron spectroscopy proved the presence of Ce as Ce4? (CeO2) in the prepared composite. A comparative
study of nanocomposite and pristine ZnO showed increased activity. The photocatalytic preliminary and kinetic studies
were conducted. The reaction followed pseudo-first-order kinetics. The UV–visible absorption spectrum and chemical
oxygen demand decrease proved the complete degradation of the endocrine disruptor 2,4-D under visible-light irradiation.
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Introduction

Toxic chemicals and persistent organic pollutants are a
major area of concern globally due to their higher toxicity
and bio-accumulation capability in the environment [1].
Since these hazardous materials come in contact with all
forms of the environment such as air, water and soil, there is
an urgent need to treat and eradicate them from the environment [2]. Though there are many techniques available
such as chemical methods and adsorption for the treatment
of toxic organics present in wastewater [3,4], advanced
oxidation process employing radicals for oxidation of
organics via irradiation of photons of light on semiconductor nanomaterials has emerged as a boon [5]. Fujishima
and Honda worked on photocatalytic nanomaterials for
water splitting applications, since then research has been
focused on modified nanomaterials [6]. Initially, ZnO and
other metal oxides were searched as alternatives for TiO2
[7]. ZnO is being focused on by various research groups and

treated as a better candidate due to its lower cost and
comparable bandgap energy to TiO2 and having better
activity [8]. But ZnO is prone to photo-corrosion, which is
taken care of by modifications on the surface of the nanomaterial. These modifications are often carried out by the
process of doping non-metal or metals, preparation of
composites, mixed metal oxides or core-shell nanomaterials
[9,10]. Most composites could be synthesized easily and
they possess better size, morphology and photocatalytic
activities. Literature shows modified semiconductor
nanocomposites as better candidates for wastewater treatment technology [11].
Semiconductor nanocomposites often comprise two or
more metal oxides. Binary nanocomposites consisting of
ZnO as a constituent along with lanthanide metal oxides are
promising nanocomposites, as the f-subshells of rare-earth
material play an important role [12]. Wherein the trapping
of electron generated during the electron excitation is the
heart of the radical generation process [13]. These OH
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radicals would serve as the oxidant source for degrading the
pollutant. This trapping ability is utilized by the formation
of rare-earth-based nanocomposites for environmental
remediation. Though literature shows reports on ceria-based
nanocomposites [14,15], still the area is open for preparation of nanocomposites with better size, morphology and
surface area for the treatment of endocrine disruptors under
visible-light irradiation.
Sun is the greatest energy source on the earth’s surface.
Having such a source is a boon that constantly supplies
energy. Hence, utilization of the major fraction of the solar
spectrum of light for the degradation of contaminants would
be a better option. The solar spectrum consists of UV,
visible and IR irradiation [16]. With IR and visible having a
greater fraction when compared to a lesser portion of UV
light. Hence, playing with visible light-active materials
would surely show a better photocatalyst for environmental
remediation [17]. Bandgap energy of the nanomaterial plays
a vital role and a deciding factor in designing a photoactive
material. The tailor-made nanomaterials would be of the
required bandgap energy, which would be activated under
visible-light irradiation [18].
Persistent organic pollutants and endocrine-disrupting
agents are toxic and hazardous materials that are a big target
by environmental researchers for eradicating them from the
environment [19]. 2,4-Dichlorophenoxy acetic acid commonly known as 2,4-D is a herbicide used mostly in agricultural fields for reducing the growth of broad leaf weeds
[20]. These herbicides used in the soil may penetrate
leading to surface and groundwater contamination [21].
Also, the rainwater runoff from these fields may lead to the
carryover of these contaminants into the water bodies [22].
2,4-D has been classified as toxic and an endocrine disruptor with an LD50 of 100–500 mg kg–1 (for rats) [23].
Hence, these types of toxic substances must be removed
from the wastewater. Hence, the removal of these hazardous
materials is the need of the hour.
Hence, in this paper, we report a new strategy for the
synthesis of ZnO–CeO2 nanorectangulates by a hydrothermal technique. The nanocomposite was characterized and
analysed for its photocatalytic property for the degradation
of an endocrine-disrupting agent 2,4-D under visible-light
irradiation. The preliminary and kinetic studies were conducted thoroughly and the effect of electrolytes on the
degradation of endocrine disruptors 2,4-D was analysed.
The reaction followed pseudo-first-order kinetics.

2.
2.1

Materials and methods
Materials used

Zinc nitrate hexahydrate and cerium nitrate hexahydrate
were purchased from Sigma, India. Sodium hydroxide was
procured from SRL chemical, India. Ethanol and HCl
(Merck) were also used in this study. All the chemicals used
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in this study were used as such without any further purification (the instrument details are provided in supplementary
information).

2.2

Synthesis of binary composite

The binary composite material was prepared by a simple
hydrothermal technique [24], wherein the required ratio
of zinc nitrate hexahydrate and cerium nitrate hexahydrate were taken and dissolved in double-distilled water
and stirred under vigorous conditions. To this solution,
1 M solution of sodium hydroxide in double-distilled
water was added slowly. Stirring was continued and
addition was stopped once the solution reached pH 12.
The solution was stirred further for half an hour and the
resulting white suspension was transferred carefully to a
Teflon-lined autoclave. The temperature was maintained
at 180°C for 18 h, then the prepared binary nanocomposite was filtered, washed with water and ethanol and
dried in an oven at 60°C for 12 h. The nanocomposites
were prepared in the ratios (cerium nitrate hexahydrate:
zinc nitrate hexahydrate) 0.5:1, 1:1, 1:0.5, 3:7, 2:8, 1:9,
0.7:9.3, 0.5:9.5, 0.3:9.7. They were named BN1, BN2,
BN3, BN5, BN6, BN7, BN8 and BN9. Pristine ZnO and
CeO2 were prepared by using the respective nitrates alone
following the procedure mentioned above. They were
named as PZ and PC, respectively.

2.3

Photocatalytic studies

The photocatalytic studies were conducted in a visible
photoreactor (HEBER, India). The reactor was equipped
with a 500 W tungsten lamp as the visible light source,
which was inserted in a water-jacketed tube to remove the
heat generated. The lamp was capable of emitting light of
400–800 nm wavelength. The reactor had a provision for
inserting 12 sample tubes for conducting preliminary
experiments and 1 big reaction tube for conducting kinetic
experiments. The reactor also housed cooling fans and
stirrer. The required amount of catalyst and endocrine disruptor was taken in the reaction tube and subjected to visible-light irradiation. Preliminary experiments were
conducted in a 10 ml volume of the sample containing 10
ppm of endocrine disruptor (except variation of concentration of 2,4-D experiments). Kinetic studies were conducted
in a 150 ml volume of sample, wherein aliquots of the
sample were collected in the required time intervals. The
percentage of 2,4-D degradation was calculated by recording the absorbance of the sample and substituting it in
equation (1).
Percentage of degradation ¼ ðC0 Ce Þ=C0

ð1Þ

Here, C0 and Ce are the concentrations of 2,4-D in the
sample initially and at equilibrium.
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Results and discussion

3.1

Characterization by FT-IR and XRD analysis

The prepared PZ, PC and BN were characterized by Fourier
transform infrared (FT-IR) and X-ray diffraction (XRD) as
shown in figure 1a and b. FT-IR shows the characteristic
metal-oxide stretching around 450–500 cm–1 in all the 3
spectra [10]. This proves the presence of M-O bond in the
prepared nanomaterials. The peaks observed at *3500
cm–1 corresponds to the surface hydroxyl groups present in
the sample due to the absorption of moisture. Figure 1b
shows the XRD of PZ, PC and BN. The peaks were
observed to be sharp, which suggest the highly crystalline
nature of the prepared nanomaterials. The (1 0 0), (0 0 2),
(1 0 1), (1 0 2), (1 1 0), (1 0 3) and (1 1 2) planes were
observed in the PZ samples, which correspond to that of the
hexagonal wurtzite crystal structure of ZnO [12]. Peaks at
(111), (200), (220), (311), (222) and (40) were observed for
the prepared PC nanomaterials [25].
The planes of both PZ and PC were observed in the
prepared BN. The peak at (111) of CeO2 phase was seen,
which confirms the formation of a binary nanocomposite
as the phases corresponding to both PZ and PC were
observed in the prepared binary nanocomposite. But the
intensity due to CeO2 was lesser as the ratio of CeO2 in
ZnO is lesser (BN8). The average crystallite size was
found to be 12.85 nm for the prepared binary
nanocomposite.

3.2

Bandgap energy of the prepared nanomaterials

Bandgap energy is a crucial deciding factor for any photoactive material. Because the energy gap between the

PC
BN
PZ

(a)

106

valance band and conduction band elects the suitable energy
source for exciting the particular material. The UV–visible
diffuse reflectance spectroscopy measurement gives information on the absorbance region of the prepared nanomaterials. Hence, by plotting the Ahv2 vs. hv graph, the
bandgap energy of the materials could be ascertained.
Figure 2 and supplementary figure S1 shows the UV–visible
differential reflectance spectroscopy and bandgap plot.
It could be observed that the prepared nanomaterials
show maximum absorbance around 200–400 nm in the UV
region and extended the absorbance in the visible region
around 400 nm. It could be observed that when compared to
PZ and PC the absorbance around 400 nm extended a little
more for BN nanocomposite. The bandgap energy of the
binary nanocomposite was found to be 3.18 eV, which was
nearly equal to that of PZ (3.17 eV), but PC showed
bandgap energy of 3.26 eV. This shows that the bandgap is
favourable for visible-light absorption for further reaction to
occur.

3.3 Morphology of the prepared nanomaterials by fieldemission scanning electron microscope analysis
The size and morphology of the nanomaterial is very
important factor for any catalytic material. The size and
shape paves way for better absorption on the surface of the
nanomaterials for further reaction to occur. Figure 3 shows
the field-emission scanning electron microscope images of
the prepared (a) PZ, (b) PC and (c) BN. PZ was found to be
in a flake-like structure in a flower-like arrangement. The
thickness of the flakes was found to be 20–30 nm. PC was
nearly spherical with a particle size of 10–20 nm.
The prepared binary nanocomposite was found to be
arranged in a flower-like pattern consisting of individual

(b)

100

PC

300

(111)

(220)
(311)

(200)

(400)

(222)
0

150

20

BN
500
0
20

40

(102)

200

0

500

1000

1500

2000

2500

3000

3500

4000

4500

60

PZ

(100) (101)

400

50

60

1000

600

100

40

(110)

(112)
(103)

0
20

Wavelength cm-1

Figure 1. (a) FT-IR and (b) XRD of the prepared PZ, PC and BN photocatalysts.
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rectangular structures on which some spherical particles
appeared. The flower-shaped nanorectangulates (figure 2c)
comprise the binary nanocomposite of ZnO and CeO2,
respectively. The sizes were found to be in the range of
10–30 nm (the spherical part and the thickness of the
nanorectangulates).
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3.4 Atomic force microscope and Brunauer-EmmettTeller measurements of the prepared flower-shaped
nanorectangulates
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Figure 2. UV–visible absorbance spectrum of the prepared
nanomaterials.

The atomic force microscope images of the prepared
nanorectangulates are shown in figure 4a. The surface of
the nanocomposite was found to be very rough and in the
nano regime. This rough surface pave way for ease of
pollutant adsorption for the initiation of degradation
reaction.
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200 nm

(c)
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Figure 3. Field-emission scanning electron microscope images of (a) PZ, (b) PC and (c) BN photocatalysts.
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The surface area, mean pore diameter and pore volume
were ascertained by Brunauer-Emmett-Teller analysis.
The prepared flower-shaped ZnO/CeO2 nanorectangulates
possessed a surface area of 23.11 m2 g–1, pore volume of
0.03453 cm3 g–1and mean pore diameter of 6.3792 nm,
when compared to 14.19 m2 g–1, 0.01906 cm3 g–1and
6.0034 nm for pristine ZnO. The adsorption/desorption
isotherm is shown in figure 4b and supplementary
figure S2, respectively. The enhanced surface area predicts a better photocatalytic activity of the prepared
nanorecgtangulates due to better adsorption and availability of active sites.

3.5 X-ray photoelectron spectroscopy analysis
of the prepared BN nanocomposite
The surface binding energies of the prepared binary
nanocomposite was analysed by conducting the X-ray
photoelectron spectroscopy analysis.
Figure 5a shows the full survey spectrum of the binary
nanocomposite containing the elements Zn 2p, Ce 3d, O
1s and C 1s. The presence of C 1s at 284.96 eV would
be from the grid and its the reference element. The
intensity of the Ce 3d peak is less in the full survey
spectrum as the concentration of Ce in the sample is very
less (CeO2 : ZnO = 0.05 : 0.95). The individual spectrum
gives the intensity. Zn 2p3/2 and Zn 2p1/2 peaks were
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found at 1021.85 and 1044.84 eV. Ce 3d5/2 peaks were
found at 882, 898.3 eV and Ce 3d3/2 at 900, 905, 916 eV.
These prove the presence of Ce as Ce4?. Hence, it is
present as CeO2 only and not as Ce2O3. The O 1s peak
was found at 530.28 eV.

3.6

Electron paramagnetic resonance spectroscopy

The production of radicals is the key component to trigger
the oxidation reaction. Hence, the generation of OH radicals
in the reaction system (aqueous phase containing the
required amount of catalyst and DMPO (5,5dimethylpyrroline-N-oxide) spin trapping agent) upon visible-light irradiation was analysed by electron paramagnetic
resonance spectroscopy. Figure 6 shows the electron paramagnetic resonance spectrum, wherein the 1:2:2:1 peak
confirms the presence of the DMPO spin-trapped OH radicals. The g-factor was found to be *2.0006, which was
equal to that of a free electron.

3.7

Photocatalytic mechanisms

The characterization studies prove the prepared flowershaped ZnO/CeO2 nanorectangulates to possess better photocatalytic properties. The XRD, field-emission scanning
electron microscope results show the size to be 20–30 nm

Figure 4. (a) Atomic force microscope and (b) Brunauer–Emmett–Teller adsorption/desorption isotherm of the flower-shaped
nanorectangulates.
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Figure 5. (a) Full X-ray photoelectron spectroscopy survey spectrum, (b) Zn2p, (c) Ce3d and (d) O1s individual spectrum of BN
nanocomposite.
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Figure 6. Electron paramagnetic resonance spectrum for the
generation of DMPO spin-trapped OH radicals.

with a nanorectangulate morphology. The UV–visible
differential reflectance spectroscopy shows the absorption
band of the nanocomposite in the UV–visible region.
Hence a better photocatalyst. In brief, when the prepared
binary nanocomposite is irradiated by visible light, the
electrons get transported from the valance band of the
metal oxide to the conduction band. Then the excited
electron before getting recombined would get trapped in
the f-subshells of CeO2. This delay in the recombination
process would provide time for the free holes in the valance
band to react with water molecules to generate OH radicals.
These OH radicals attack the pollutant (2,4-D) molecules
and oxidize them. Since the OH radicals are continuously
produced, they attack the pollutants repeatedly leading to
mineralization. A comparative table depicting the properties of the prepared PZ, PC and BN are shown for better
understanding (table 1).

3.8 Photocatalytic degradation of 2,4-D under visiblelight irradiation
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100

2,4-D degradation - Visible Light

3.8b Optimization studies: The preliminary studies on
the variation of catalyst dosage, effect of initial aqueous
phase pH and variation of initial 2,4-D concentration were
conducted. The results are shown in supplementary
figure S3. The studies were conducted in a 10 ml volume
of 10 ppm 2,4-D sample containing 3, 5, 7, 10, 15 and 20
mg of photocatalyst BN8. The studies were conducted for a
fixed time of 9 h for all the reactions conducted. The results
in supplementary figure S3 (i) shows that 10 mg of catalyst
shows the maximum percentage of degradation (90%). The
Table 1.
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(BN3)
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No Catalyst
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(BN2)
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% Degradation
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3.8a Screening of binary nanocomposites for better
photocatalyst: The binary nanocomposite comprising of
ZnO and CeO2 were prepared in 9 different ratios and the
best ratio was chosen for further studies. The screening was
done systematically in 3 sets with 10 mg of nanomaterial/10
ppm of 2,4-D for 8 h under visible light (figure 7). The first
set of photocatalysts was prepared in a 1:0.5, 1:1 and 0.5:1
ratio (CeO2:ZnO) (BN1, BN2, BN3) since the
photocatalytic degradation increased with increasing ZnO
content, the second set of material comprising of 3:7, 2:8
and 1:9 were prepared (BN4, BN5, BN6). Even in this set,
the activity showed an increasing trend with increasing
ZnO. Hence, the third set of materials was prepared 0.7:9.3,
0.5:9.5 and 0.3:9.7 (BN7, BN8 and BN9). The results show
the maximum activity for BN8. The percentage of
degradation was found to be *42, 53, 60, 66, 69, 74, 90,
86% for BN1 to BN8, respectively. The activity was
compared with PZ (72%) and PC (58%), the flower-shaped
nanorectangulate BN8 showed a better photocatalytic
activity of more than 90% for the degradation of 2,4-D
under visible-light irradiation. The blank and without
catalyst studies have also been included in the graph. This
shows the activity of the prepared BN8 is only due to
photocatalysis and not mere photolysis. Also, the activity
was high when compared to pristine materials. Hence,
further studies were conducted with the flower-shaped
nanorectangulate BN8.
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Figure 7. 2,4-D degradation profile for the prepared nanomaterials under visible-light irradiation.

effect of initial aqueous phase pH was conducted by varying
the pH of the system by the addition of 0.1 N HCl or 0.1 N
NaOH, respectively, for the pH range 2–12, with 10 mg of
BN8 and 10 ml of 10 ppm 2,4-D being constant in all the
reactions. Supplementary figure S3 (ii) depicts that the
percentage of degradation is higher over a range of pH.
Hence, neutral pH was fixed for further studies for ease of
operation. The variation of 2,4-D concentration studies was
conducted from 5 to 50 ppm (figure (iii)). The results show
that the percentage of degradation decreased with an
increase in the concentration of 2,4-D. The percentage of
degradation was above 65% for 50 ppm of 2,4-D,
respectively.
3.8c Kinetic studies: The preliminary studies were
conducted to optimize the reaction parameters. To look
into the insights of the reaction progress, the percentage of
degradation with respect to time was monitored. To an
initial volume of 150 ml of 10 ppm 2,4-D, 150 mg of BN8
was added and irradiated by visible light. Aliquots of the
sample were withdrawn and the absorbance was measured
and the percentage of degradation was calculated. Figure 8

Comparison of PZ, PC and BN photocatalysts
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Figure 8. Plot of percentage of 2,4-D degradation with respect to
time and chemical oxygen demand (COD) by BN8 photocatalyst
under visible-light irradiation.

shows the increase in the percentage of degradation as time
increases. The degradation reached a maximum of 95% at
840 min. The reaction was found to follow pseudo-firstorder kinetics (supplementary figure S4) with a rate
constant of 4.78 9 10–3 min–1.
3.8d By-product analysis: The studies on the
photocatalytic degradation of 2,4-D by the prepared BN8
were monitored periodically. The UV–visible absorbance
spectrum (figure 9) showed a decrease in absorption peak at
283.5 as the time of irradiation increased. The samples were
also analysed for the chemical oxygen demand. The
chemical oxygen demand decreased with an increase in
time and reached 15.76 mg l–1 from an initial value of
252.16 mg l–1. The chemical oxygen demand analysis and
absorption spectrum prove the degradation of the chemical
entities present in the reaction system. The used
photocatalyst after conducting the photocatalytic
degradation was filtered and the used catalyst was
1.0
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Figure 9. UV–visible absorbance spectrum confirms the
degradation of 2,4-D with respect to time.
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analysed again by XRD after drying in a hot air oven.
The results are shown in supplementary figure S5. The XRD
did not show any difference from the original. Hence, this
proves the better properties of the prepared catalyst as the
crystallinity was found to be similar.
4.

Conclusion

nanorectangulate
binary
Flower-shaped—ZnO-CeO2
nanocomposite was prepared by a simple hydrothermal synthesis. The particle size was found to be in the range of 10–30
nm with an arranged nanorectangulate morphology. The
surface area was found to be 23.11 m2 g–1. The smaller size,
different morphology, appropriate bandgap energy and
higher surface area predicted the material to possess a better
photocatalytic activity. This was further proved by the studies
conducted under visible-light irradiation. The studies showed
10 mg of flower-shaped nanorectangulate (BN8)/10 ppm 2,4dichlorophenoxy acetic acid at neutral pH to be optimum. The
reaction followed pseudo-first-order kinetics. The by-product
analysis proved the complete mineralization of the endocrine
disruptor 2,4-dichlorophenoxy acetic acid. This study opens
up the way for further studies on solar light-induced photocatalysis for environmental remediation.
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