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Abstract: Cerium-oxide-nanoparticle-decorated zinc oxide was successfully prepared using a simple
one-pot hydrothermal technique with different weight% Ce doping. It was found that an increase
in Ce doping has an effect on the optical energy band-gap tunability. Ce dopant provides electron
trapping on Ce/ZnO nanocomposites and also acts as a surface defect generator during hydrothermal
processing. Additionally, a bi-metal oxide heterojunction forms, which acts as a charge separator
to obstruct charge recombination and to increase the photodegradation performance. It was found
that the methyl orange (MO) degradation performance improved with an increase in Ce doping.
The decomposition of MO went from 69.42% (pristine ZnO) to 94.06% (7% Ce/ZnO) after 60 min
under fluorescent lamp illumination.

Keywords: cerium oxide/zinc oxide; methyl orange; energy band-gap tunability; photocatalytic
activity

1. Introduction

Over the past few decades, water pollutants in the environment, such as polluted water from
dye-stuffs and the textile industry, have become a serious environmental problem. The release of excess
dyes into water sources affects both human life and the biosphere. Photocatalytic degradation is one of
the most common techniques to effectively solve this problem due to its advantages (e.g., it is a simple,
green technology using only sunlight and is effective for dye decontamination without adding a
secondary pollutant). Wide-band-gap ZnO (3.37 eV [1]) metal oxide semiconductors have been widely
applied for various applications, such as gas detectors [2—4], UV sensors [5-7], dye-sensitized solar
cells [8,9], and photocatalysts [10,11], due to their low cost, environmental friendliness, excellent optical
properties, good chemical stability, and catalytic activity [12-15]. However, pristine ZnO photocatalysts
can absorb ultraviolet light, which accounts for only three percent of sunlight, andtheyit show fast
charge recombination. These are major obstacles to increasing the photocatalytic activity of ZnO [16].
Noticeably, photocatalytic reaction is dependent on the optical band-gap energy, charge carrier
concentration, and charge separation [16]. Many researchers have studied metal doping/co-doping
with ZnO through different preparation techniques [17-19] to improve the photocatalytic degradation
performance. Min et al. synthesized ZnO nanoparticles with copper doping by using a sol-gel
technique for photocatalytic applications, and these showed higher methyl blue degradation (88%, 6 h)
compared with undoped ZnO [20].
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In recent years, rare-earth (RE) metals have been used as dopants in RE/ZnO; these include
Er [21,22], Eu [23-25], Nd [26,27], Tm [28], and La [29-31]. Suwanboon et al. synthesized
La-doped zinc oxide nanoparticles (La/ZnO NPs) using a precipitation and mechanical milling
technique, and they investigated the blue-light-fluorescent-lamp-driven photodegradation activity
of methyl blue. Photocatalysts based on La/ZnO NPs showed that the photocatalytic degradation
performance improved with an increase in La doping, and the methyl orange (MO) degradation
reached 93% after 120 min under light illumination [32]. Kumar et al. reported the enhanced
photocatalytic decomposition of Rhodamine B dye by chemically synthesized Nd-doped ZnO powder.
Introducing Nd into ZnO can induce defect formation (like antisite oxygen and interstitial oxygen)
in Nd-doped ZnO powder, which would play an important role in trapping electron carriers and
charge separation [33]. Presently, there are few research reports on Ce-doped ZnO nanocomposites for
photocatalytic applications [34,35]. Shen et al. prepared the 3D flower-like mesoporous cerium-zinc
oxide for sunlight-driven photodegradation of Rhodamine B (RhB), which showed 85.1% degradation
in 125 min [36]. Overall, researchers reported that RE doping can generate different defects in RE/ZnO,
which can tune the band gap to lower energy in order to use visible light as a light source instead of
UV light. Additionally, RE ion dopants can prevent electron recombination by trapping electrons, thus
improving photocatalytic activity.

In this manuscript, we report cerium-oxide-nanoparticle-decorated zinc oxide by using a simple
one-pot hydrothermal process. The effects of Ce ion doping on surface morphology and composition
and on optical properties were systematically studied. As-prepared cerium-oxide-nanoparticle-
decorated zinc oxide was manipulated to evaluate the photodegradation activity of methyl orange
(MO) under fluorescent lamp illumination.

2. Results and Discussion

The XRD patterns of pristine ZnO, CeO, [37], and Ce/ZnO samples (3%, 5%, and 7% of Ce ions)
are shown in Figure 1. It can be seen that the XRD pattern of pristine ZnO corresponds to the reflection
planes of the wurtzite hexagonal ZnO phase (JCPDS No. 89-13971) [12], while as-synthesized Ce/ZnO
samples show additional peaks corresponding to the reflection planes of the cubic-structured CeO,
(JCPDS No. 34-394) [38]. The lattice constants of ZnO and CeO; crystals can be calculated from the
X-ray diffraction (XRD) results using a space lattice equation [7,39]:

Cubic-structured CeOs:
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where d is the spacing between planes of atoms and h, k, and I are miller indices. Here, a and ¢ are
the lattice constants of the crystal. The sizes of ZnO and CeO; crystals can be calculated by Scherer’s

equation [40]:
AK
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where t is average crystal size, A is the X-ray wavelength, K is a dimensionless shape factor, § is the
broadening at half of the maximum intensity, and 6 is Bragg’s angle. In the XRD results, it is clearly
seen that the pristine ZnO sample is more crystalline compared to the as-prepared Ce/ZnO samples.
In addition, it can be recognized that the impurity of CeO, crystals is exhibited by the broadening
peak of CeO; crystals. Thus, from the XRD data, we can only determine the crystal size from the ZnO

) ®)

peak (calculated crystal sizes from several reflection planes of pristine ZnO and Ce/ZnO samples
are shown in Table S1). The average crystal sizes and lattice constants are summarized in Table 1.
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As Ce ion doping increased, the intensity of the ZnO reflection plane decreased and became broader,
while the intensity of the CeO; reflection plane increased. Interestingly, even though the amount of
zinc is higher than cerium, the intensity of the ZnO was lower than the intensity of the CeO,. This is
due to the scattering factors of zinc and cerium atoms [41]. That is, the Zn?* has a lower scattering
factor compared with Ce*" in Ce/ZnO samples. The scattering factor (f) of an atom is governed
by sin(f/A) (6 is the scattering angle and A is the wavelength of the X-ray) and the atomic number.
Therefore, it could be said that heavier atoms can be detected more easily than lighter atoms in the
crystal structure. Additionally, it can be seen that the crystal size of Ce/ZnO was reduced compared
with that of pristine ZnO. This result agrees with a result obtained by L.L. Lu et al. [42]. Although Ce**
has a higher ionic radius compared with Zn?*, Ce** ions possibly move into the ZnO matrix due to
the low decomposition temperature of nitrate. Thus, Ce** can enter/intermingle in the ZnO matrix
and substitute for the Zn?>* position to form CeOs.
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Figure 1. X-ray diffraction patterns of pristine ZnO, CeO; [37], and as-synthesized Ce/ZnO samples.

Table 1. Lattice parameters, crystalline sizes, average particle sizes, and optical energy band gaps.

XRD FE-SEM UV-Visible
Sample Wurtz1tei II;I(t;xagonal Cublc-CSetglctured Average Particle Eg (eV),
2 Size (nm) R?
a(A) c(A) Crystal Size (nm) a(A)

ZnO 3.253 5.211 92.6 - 432 3.06, 0.970

3% Ce/ZnO 3.252 5.211 93.3 5.400 674 2.93,0.991
5% Ce/ZnO  3.252 5.208 85.3 5.405 695 2.48,0.990
3% Ce/ZnO  3.251 5.207 86.0 5.405 691 2.22,0.994

Figure 2 presents the surface morphology and composition of pristine ZnO and Ce/ZnO samples
that were observed by field-emission scanning electron microscopy (FE-SEM). The pristine ZnO has a
hexagonal rod-like structure with an average particle size of 432 nm (the Sixe distribution of pristine
Zn0O is shown in Figure S1). Ce ion doping had no effect on the shape of the Ce/ZnO. However, the
average particle size of the Ce/ZnO showed an increase due to the introduction of Ce into the ZnO
structure. HR-TEM was performed to gain deep insight into the crystal structure, growth direction,
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and elemental composition. HR-TEM images and SAED patterns of pristine ZnO and 7% Ce/ZnO are
demonstrated in Figure 3. Based on the HR-TEM of pristine ZnO in Figure 3a, the interplanar spacing
was measured to be 0.24 nm, corresponding to the (101) reflection plane of a wurtzite hexagonal ZnO
structure. Additionally, the SAED pattern further confirmed the structure of pristine ZnO, as shown
in Figure 3b. HR-TEM images and SAED patterns of ZnO with 7% Ce doping samples (Figure 3c,d)
revealed the presence of ZnO and CeO; in Ce/ZnO samples. Energy dispersive spectroscopy (EDS)
mapping was also provided, as shown in Figure 3e. This strongly indicates the successful doping of
Ce into the ZnO matrix.

The surface compositions and chemical states of pristine ZnO and 7% Ce/ZnO samples
were clarified using X-ray photoelectron spectroscopy (XPS) as presented in Figure 4. The XPS
survey (Figure 4a) reveals the respective elements with the corresponding characteristic peaks and
compositions (Zn, Ce, O, and C). The summary of the XPS peak positions and the % area of ZnO
and 7% Ce/ZnO samples are supplied in Table S2. The deconvoluted Zn 2p peak of pristine ZnO
and Ce/ZnO was fitted with two Gaussian peaks corresponding to Zn 2p;/, (1022.30 eV) and Zn
2p3 /7 (1045.69 eV), as shown in Figure 4b. The deconvoluted O 1s peaks (Figure 4c) show two types
of surface oxygen on pristine ZnO at 533.33 and 536.44 eV, which are associated with Zn?* and
chemisorbed oxygens (surface hydroxyl groups) [43]. The 7% Ce/ZnO sample shows two peaks, i.e.,
the same as the pristine ZnO with an additional peak at 529.32 nm, which contributed to Ce3* /Ce**
ion bonding with oxygen due to the introduction of Ce into the ZnO lattice [44]. Figure 4d shows
the deconvoluted Ce 3d peaks, which consist of binding energies, representing the integrated peaks
of Ce**t (884.09, 889.53, 898.21, 900.62, 908.37, and 917.26 eV). No peaks related to Ce3t were noted,
indicating the existence of Ce*" in the ZnO matrix [45]. Along with the XRD results, after Ce doping,
the peak intensity of the ZnO crystal decreased and became broadened. It could be pointed out that
the introduction of Ce into the ZnO matrix can cause impurity /defect formation.

Figure 2. Field-emission scanning electron microscopy (FE-SEM) images of (a) pristine ZnO, (b) 3%
Ce/ZnO, (c) 5% Ce/ZnO, and (d) 7% Ce/ZnO samples.
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Figure 3. HR-TEM images and SAED patterns of (a,b) pristine ZnO and (c,d) 7% Ce/ZnO
nanocomposites; (e) energy dispersive spectroscopy (EDS) mapping of 7% Ce/ZnO samples.
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Figure 4. X-ray photoelectron spectroscopy (XPS) spectra of pristine ZnO and 7% Ce/ZnO samples:
(a) Survey spectrum and deconvoluted XPS spectrum of (b) Zn 2p, (c) O 1s, and (d) Ce 3d.

The optical properties of the pristine ZnO and Ce/ZnO samples were investigated by UV-visible
spectroscopy. Figure 5a exhibits the absorption spectra of as-prepared Ce/ZnO with different % Ce
doping. As shown in Figure 5, the absorption wavelength of pristine ZnO was observed at 365 nm.
The absorption wavelength of Ce/ZnO shifted to lower wavelengths with an increase in Ce ion doping.
The optical absorption coefficient (x) can be calculated as follows [12,46,47]:

(ahv)? = D(hv — E¢), 4)

where D is a constant which is called the band-tailing parameter, hv is the photon energy, and E; is
the energy band gap. According to Equation (4), the energy band gap of as-prepared materials was
calculated by conventional extrapolation of the plot of « h v? and hv at « = 0, as shown in Figure 5b.
The calculated energy band gaps of the pristine ZnO and Ce/ZnO samples are summarized in Table 1.
It can be seen that the optical energy band gap of Ce/ZnO samples decreased with an increase in Ce
ion doping from 3.06 (ZnO) to 2.22 eV (7% Ce/ZnO). This indicates that the Ce ion doping helps to
tune a narrower optical energy band gap of Ce/ZnO compared to that of pristine ZnO, which tends to
be beneficial for photocatalytic activity improvement.

Photoluminescence (PL) spectra were studied with the excitation wavelength of 325 nm at room
temperature. As shown in Figure 6, the PL spectra of the pristine ZnO and Ce/ZnO samples show an
emission peak in the UV region of 387 nm, accompanied by two weaker peaks at 443 and 489 nm. The
UV emission can be attributed to the band-to-band radiation of pristine ZnO, which is responsible for
photogenerated electron-hole recombination. Two weaker broad emission peaks, which are located in
the visible region from 425 to 500 nm, correspond to impurities in the ZnO structure, such as oxygen
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vacancies and interstitial oxygen [12]. However, luminescent quenching of the Ce/ZnO samples was
observed in the order of 7% Ce/ZnO > 5% Ce/ZnO > 3% Ce/ZnO > pristine ZnO. This suggests
that an increase in Ce ion doping can reduce charge carrier recombination. Regarding the results, the
decreasing charge recombination could be caused by the existence of more defects/oxygen vacancies
and the heterojunction between CeO; and ZnO.
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Figure 5. UV-visible spectroscopy of the pristine ZnO and Ce/ZnO samples: (a) Absorption spectra
and (b) optical band-gap energy.
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Figure 6. The photoluminescence spectra of the pristine ZnO and Ce/ZnO samples.

The photocatalytic activities of the pristine ZnO and Ce/ZnO catalysts were evaluated in
terms of the degradation of MO under a fluorescent lamp. The fluorescent lamp as a light source
contributes to the UV and visible light emissions, as shown in Figure S2. The overlapping area between
fluorescent lamp emission and MO absorption was expected to provide photons for photocatalytic
reactions. MO degradation was measured by observing the change in the adsorption spectra of MO
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at 464 nm, as shown in Figure 7. The percentage of MO photodegradation was calculated using the
formula [29];

%Photodegradation = [(Ag — At)/ Ag] x 100, ()

where Ap and A; are the initial and final absorbances of MO, respectively. The percentage of MO
photodegradation with different Ce ion doping was calculated and tabulated in Table 2. Photocatalysts
based on Ce/ZnO showed higher photocatalytic activity, which can degrade 94.06% of MO after 60
min. In contrast, the photocatalysts based on pristine ZnO can degrade 69.42% of MO. The results
suggest an improvement of MO photocatalytic degradation due to an increase in Ce ion doping.
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Figure 7. Change in absorption spectra of the (a) pristine ZnO, (b) 3% Ce/ZnO, (c) 5% Ce/ZnO, and
(d) 7% Ce/ZnO catalysts during photodegradation of methyl orange.

Table 2. Summary of the first- and second-order kinetic adsorption rate constants and correlation
coefficients of photocatalytic degradation of methyl orange based on the pristine ZnO and Ce/ZnO

catalysts.
Sample Photocatalytic Activity MO(S;eg;aii;tlon
ki Rk R ot
ZnO 0.019 0.981 0.055 0.991 69.42
3%Ce/ZnO 0.038 0988 0226 0.991 90.43
5%Ce/ZnO 0.040 0989 0255 0.991 92.61
7%Ce/ZnO 0.044 0.990 0.349 0.992 94.06

The mechanism and effectiveness of photodegradation of MO was studied though the kinetic
adsorption. Figure 8 exhibits the variation in absorption of the MO solution with the presence of the
pristine ZnO and Ce/ZnO samples as a function of illumination time, which was fitted to the first- and
second-order kinetic adsorption models, as given by:
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First-order kinetic adsorption model:
In C = In CO - kli’. (6)

Second-order kinetic adsorption model:

é=%+w, )
where C; and Cj are the final and initial confirm absorptions of MO under fluorescent lamp
illumination, respectively; k1 and k; are the first- and second-order kinetic reaction rate constants; ¢ is
the fluorescent lamp illumination time. The summary of the calculated k1, ky, R%, and R% was tabulated,
as shown in Table 2. It can be seen that the correlation coefficient of the first-order kinetic adsorption
model showed a lower value compared with that of the second-order kinetic adsorption model. This
indicates that the second-order kinetic model is more suitable and applicable for predicting a kinetic
adsorption of photocatalysts in the presence of MO (Table 2). Variations in the reaction rate values
indicate that an increase in Ce ion doping in Ce/ZnO catalysts improves the photodegradation reaction.
The comparison of photocatalytic MO degradation activity based on Ce/ZnO catalysts is summarized
in Table S3. Compared with other reports, our Ce/ZnO catalyst showed a higher photocatalytic activity
performance and faster degradation time with 7% cerium.
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Figure 8. (a) First- and (b) second-order kinetic adsorption curves of the pristine ZnO and Ce/ZnO
catalysts during photodegradation of methyl orange.

A possible photocatalytic degradation mechanism of the Ce/ZnO catalysts is displayed in
Figure 9. The band-edge positions of the conduction (Ecp) and valence band (Eyp) of metal-oxide
semiconductors can be calculated using the equations [45]:

Ecp = X — E. — 0.5 x Eg (8)

Evp = Eg — Ecs, )

where X is the electronegativity of ZnO and CeO; (5.79 for ZnO and 5.56 eV for CeOy), E. is the free
electron energy on the hydrogen electrode scale (4.5 eV), and E; is the band-gap energy (3.18 for ZnO
and 3.00 eV for CeO,). According to the conduction and valence band equations, the calculated Ecp
and Eyp of ZnO were located at —0.30 and 2.88 eV. In contrast, the calculated Ec-g and Ey g of CeO,
were located at —0.44 and 2.56 eV. A CeO,/ZnO heterojunction forms due to the band-edge potentials
between ZnO and CeO,, which is beneficial for photocatalytic activity in terms of preventing charge
recombination. Additionally, some Ce*t ions may have drifted to the surface of the ZnO, which can
promote more trapped electrons by the reaction Ce** + e~ — Ce®*. The product of this reaction can
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)

react with oxygen molecules to form superoxide radicals by the reaction Ce3* + Oy — Ce*t + O; .
The generated radicals (superoxide radicals and hydroxyl radicals) then degrade MO and produce
oxidized organic products. As a result, it can be seen that an increase in Ce ion doping can improve the
photodegradation reaction rate compared with pristine ZnO. We can draw a conclusion that Ce ion
doping in Ce/ZnO plays an important role in providing narrower optical energy band-gap tunability
and defect generation, such as oxygen vacancies and oxygen interstitials, which controls photocatalytic
activity. Additionally, the CeO,/ZnO heterojunction would provide a carrier pathway to separate
photogenerated electron-hole pairs, obstructing charge recombination in Ce/ZnO.

Oxidized by oxygen

®

c01+1-110‘5 I I C.

*

- -7
‘

®)
J

Oxygen
vacancy

ZnO

Ce0,/Zn0 heterojunction

\‘\

ALY

Figure 9. Electron trapping and charge transfer for methyl orange (MO) degradation using the Ce/ZnO
catalysts.

3. Experimental Details

Zinc nitrate hexahydrate (Zn(NO3);-6H,0) was supplied from Sigma-Aldrich, Korea. Cerium
nitrate hexahydrate (Ce(NOj3)3-6H,0) and sodium hydroxide (NaOH) were obtained from Daejung
Chemicals and Metals, Korea. Methyl orange (C14H14N3NaO3S) was supplied by Samchun Pure
Chemical, Korea. Deionized water (DI) was utilized for all sample preparations and cleaning
processes. All chemicals were used as received without further purification. The chemical materials
and characterization instrument information are provided in the supplementary detail section.

3.1. Preparation of Ce/ZnO Nanocomposites

Cerium-oxide-nanoparticle-decorated zinc oxide was synthesized using a simple one-pot
hydrothermal technique. Specifically, 3.25 g of zinc nitrate hexahydrate and pre-calculated amounts of
3,% 5%, and 7% Ce ion precursor (named 3%, 5%, 7% Ce/ZnO, respectively) were added in 120 mL
of DI water. The mixed solution was stirred at 500 rpm for 20 min. Then, 1 g of NaOH solution
(25 mg/mL in DI) was introduced drop-wise into the prepared solution until the pH reached 10 and
the color turned into a milky color. Then, the mixed solution was transferred to a 200 mL Teflon-lined
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stainless steel autoclave and kept for 16 h under 160 °C. Then, samples were collected and washed
several times by DI in order to remove unwanted ions. After that, samples were kept at 70 °C for 12 h
in order dry.

3.2. Material Characterization

X-ray diffraction was performed to investigate the phase structures of the samples. Field emission
scanning electron microscopy and high-resolution transmission electron microscopy were utilized
to clarify the morphologies and crystalline structures. An X-ray photoelectron spectrometer was
utilized to analyze the surface compositions and chemical states of samples. Optical properties were
investigated using a UV-vis spectrometer. A PL spectrometer was used to characterize the charge
recombination.

3.3. Evaluation of Photocatalytic Activity

The photocatalytic activity was measured by the degradation of methyl orange during light
illumination. To assess the adsorption of methyl orange, 10 mg of sample powder was added
to 50 mL of 10 ppm methyl orange under magnetic stirring at 500 rpm. After that, the mixed
solution was placed in the dark for 20 min in order to provide an adsorption-desorption equilibrium.
Then, a fluorescent lamp, used as a light source, was activated to examine the photocatalytic
degradation for 1 h. After light illumination, 2 mL of a mixed solution was collected at specified time
intervals and was filtered through a polytetrafluoroethylene filter (PTFE, pore size: 0.2 um). Then, the
absorption spectra of the collected solution were investigated by UV-visible spectrometry.

4. Conclusions

Briefly, a simple one-pot hydrothermal technique was utilized to prepare cerium-oxide-
nanoparticle-decorated zinc oxide for photocatalytic application. It was found that an increase in Ce
doping does not affect the morphology of Ce/ZnO, which remains unchanged in comparison with
the hexagonal wurtzite structures of pristine ZnO. XRD and XPS analyses revealed the existence of a
cubic CeO, phase and Ce** ions in Ce-doped ZnO composite samples. Additionally, an increase in Ce
doping in ZnO results in narrower optical energy band tunability and reduced charge recombination.
When compared with pristine ZnO, the Ce/ZnO catalysts showed superior photocatalytic degradation
of methyl orange, which increased from 69.42% (ZnO) to 94.06% (7% Ce/ZnO) under a fluorescent
lamp illumination time of 60 min. This may be due to the Ce** jons, which can trap more electrons,
resulting in an increase in generated radicals. Moreover, CeO,/Zn0O heterojunctions were formed,
which provide a carrier pathway to obstruct charge recombination and improve the photocatalytic
degradation performance. Thus, cerium-oxide-nanoparticle-decorated zinc oxide has great potential
as a material for water decontamination applications due to its simple synthesis, low-cost materials,
and superior photocatalytic degradation performance.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2076-3417/10/5/1697/s1,
Figure S1: FE-SEM image and size distribution of pristine ZnO, Figure S2: the emission spectrum of fluorescent
lamp (compact fluorescent lamp) and absorption spectrum of MO, Table S1: Calculated crystal size from several
reflection planes of pristine ZnO and Ce/ZnO samples, Table S1: XPS peak position and %area of ZnO and
7%Ce/ZnO nanocomposites, Table S3: The comparison of our work and other research in term of % degradation,
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