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Nanosized zinc oxide is an intriguing material that can be applied in various fields. In this study, Ce doped
ZnO nano-catalysts (Ce-ZnO) were synthesized by two different methods (i.e., hydrothermal (Ce-ZnO-HT)
and polymer gel combustion (Ce-ZnO-CB) methods) to compare their photodegradation efficiency. The
prepared material characteristics were investigated using XRD, SEM, TEM, FTIR, UV-Vis, PL, XPS, EDS, and
BET. The bandgap of both nanoparticles (NPs) was 2.95 eV, despite the fact that the morphology of Ce-
ZnO-HT NPs was 1D-rod-shaped and that of Ce-ZnO-CB NPs was 0D-spherical. However, the surface
area and oxygen vacancy rate of Ce-ZnO-HT NPs were higher than those of Ce-ZnO-CB NPs. These
differences are directly related to the photocatalytic activity of Ce-ZnO NPs. Accordingly, the results

showed that photocatalytic efficiency was classified in the order Ce-ZnO-HT > Ce-ZnO-CB > pure ZnO,
Received 9th October 2021 d the photocatalytic reaction rat tant of Ce-ZnO-HT used to d MB was 3.0 ti
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higher than that of Ce-ZnO-CB. Interestingly, the photodegradation mechanism study revealed that

DOI: 10.1039/d1ra07493h hydroxyl radicals and holes were shown to be more important contributors to methyl blue degradation
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1. Introduction

Zinc oxide (ZnO) is one of the most studied materials because of
its unique physical and chemical properties, which can be used in
various applications. It was noticed that ZnO has a large excitation
binding energy (60 meV) which implies the possibility of utilizing
excitonic effects at room temperature." Furthermore, ZnO nano-
particles (ZnO NPs) have a bandgap of 3.37 eV, making them
a promising material for UV optoelectronic applications.” In addi-
tion, ZnO is inexpensive, biocompatible, and it can be prepared
easily.®* In reality, ZnO has been investigated in a variety of disci-
plines, some of which are already being put into practice, such as
semiconductors, solar cells, gas sensors, chemical absorbents,
antibacterial reagents, catalysts for liquid-phase hydrogenation.”**
The novel applications of ZnO are continuously being explored.
Among the investigated fields, photocatalytic characteristics
of ZnO draw considerable interest because ZnO may alter
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than photo-induced electrons and superoxide radical ions.

conventional catalysts like TiO, and Al,0;."* Lizama et al. re-
ported that ZnO alone could degrade up to 90% of rhodamine B
for 20 min, which was better than the performance of TiO,."* In
a recent paper, Anh et al. also revealed in a more recent article
that nano-ZnO may be utilized as an effective material to
decompose organic dyes such as methylene orange, Nile blue,
Janus green B, and Congo red.”* However, the photocatalytic
efficiency can be greatly influenced by particles size,
morphology, and specific surface area of ZnO NPs.'>'® Unfor-
tunately, ZnO NPs have a few drawbacks. First, ZnO NPs are
readily agglomerate in the aqueous solution, resulting in
a substantial reduction in surface area.>'” Second, as previously
stated, ZnO can absorb UV light; however, UV irradiation
accounts for only a small proportion (5-8%) of the sunlight.*®
The final and most essential constraint is the poor quantum
efficiency because of the rapid recombination rate of photo-
generated electron-hole pairs.>*>*° At this point, scientists are
aware that ZnO NPs must be modified in order to increase
photocatalytic activity.”® The photocatalytic performance of
semiconductor photocatalysts has been reported to be
enhanced by doping specific atoms that serve as electron trap-
ping agents to reduce electron-hole recombination rate.>****
This is due to the fact that dopants can serve as electron scav-
engers, preventing the recombination of electrons with holes.?®

The dopant can be metals such as Mn,** Ce,”*?* Fe,*® Ni,*®
La,*” or non-metal such as C,***' N,** P, or a combination of
multiple dopants.'®**~® Rare-earth (RE) metals (e.g;, La, Ce, Eu)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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have received increased interest due to their unique 4f and 5d
electrical structures and spectrum properties. The majority of
RE-doped materials were found to have superior photocatalyst
capabilities than pure ZnO NPs.>*?7%” However, direct compar-
ison is difficult since each author utilized a different dopant
content, synthetic procedure, and concentration of organic
compounds. Besides, the material's catalytic mechanism must
be explained in order to show the function of radicals generated
during the irradiation process.

This work uses hydrothermal (HT) and gel polymer combustion
(CB) techniques to prepare Ce doped ZnO nanocatalysts. The
prepared nanomaterials were fully compared by various tech-
niques such as X-ray diffraction (XRD), scanning electron micro-
scope (SEM), nitrogen adsorption isotherm, diffuse reflection UV-
Vis (UV/Vis-DR) spectroscopy, luminescence spectroscopy (PL),
and Fourier transform infrared spectroscopy (FT-IR). The
comparison and evaluation of the decisive factors affecting the
photocatalytic activity of prepared materials were reported. The
comparison and assessment of the critical parameters deter-
mining the photocatalytic activity of produced materials were re-
ported. Finally, radical scavengers were introduced to the reaction
process in order to investigate the photocatalytic mechanism.

2. Experimental

2.1 Synthesis of Ce-ZnO by hydrothermal method (Ce-ZnO-
HT)

All chemicals, including Zn(CH;COO),-2H,0, Ce(NO3);-6H,0,
C,H;O0H, NaOH, and methylene blue, were bought from the
Hemedia - India without any further purification step. Poly(-
vinyl alcohol) (PVA, M = 145 000 g mol ', 99%), AgNO; (99.9%),
ethylenediamine tetraacetic acid (EDTA, >99%), and iso-
propanol (99.5%), and 1,4-benzoquinone (98%) were purchased
from Merck.

Ce-ZnO NPs were prepared by hydrothermal method with
zinc acetate, cerium nitrate, ethanol solvent, and sodium
hydroxide precursors. The molar ratio of Ce**/Zn*" was 3%. This
ratio was previously reported that have the best photocatalyst
performance among the different content of Ce.>**® The
detailed procedure was described elsewhere.?” Briefly, 1.098 g of
Zn(CH;CO0),-2H,0 and 0.065 g of Ce(NO3);-6H,0 were dis-
solved in 75 ml C,Hs;OH. Subsequently, 75 ml of 0.4 M NaOH
solution was added slowly and kept stirring for 60 min. The
solution was transferred to an autoclave and heated in an oven
at 150 °C for 24 hours. The autoclave was then allowed to cool to
room temperature. Next, the solution was filtered with filter
paper. The filtrate was washed several times with water and
ethanol before drying for 10 hours at 80 °C. In the end, white
powder was obtained. The obtained Ce-ZnO NPs by the hydro-
thermal method were denoted as Ce-ZnO-HT.

2.2 Synthesis of Ce-ZnO by gel combustion method (Ce-ZnO-
CB)

Ce-ZnO NPs were prepared by gel polymer combustion method
with zinc acetate and cerium nitrate precursors, polyvinyl
alcohol as gel combustion agent.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.195 g of Zn(CH3COO0),-2H,0 and 0.130 g of Ce(NOj3);-
-6H,0O was mixed into 65.4 ml of 1.0% PVA solution. The
solution was continuously stirred on a heated plate which was
set at 80 °C. The stirring was kept until a clear, viscous gel was
formed. Then, the gel was dry at 105 °C for 8 hours before being
calcinated at 550 °C. The obtained white powdered Ce-ZnO NPs
by the combustion method were denoted as Ce-ZnO-CB.

2.3 Research methods on material properties

The formation and phase change of prepared materials were

studied by the X-ray diffraction method on the Bruker's D8

Advance (Germany) equipment with wavelengths A = 1.5406 A.
Average crystal size was calculated by Scherrer formula (1):

0.94

b= A(26) x cos 0 ()

where: - D: average crystal size. — A: wavelength of X-ray, A =
1.54056 A. — A(260) = FWHM: full width of half maximum.

The material's surface morphology was observed on the
scanning electron microscope (Hitachi S-4800, Japan) and the
transmission electron microscopy (S4800 NIHE, Japan).

The surface chemical state of the material was analyzed on
the PHI Quantera SXM (ULVAC-PHI, Japan) PHI X-ray opto-
electronic device with a monochrome X-ray source of Al Ka
(1486.6 eV). Binding energy was standardized by C 1s (284.8 eV).

Diffuse reflection spectrometry of visible UV-VIS of powder
sample was carried on V-500 Jasco (Japan).

Infrared spectrum analysis was performed on 55 Equinox
Bruker (Germany).

2.4 Study on the photocatalytic activity of Ce-ZnO under
visible light

The standard curve was established to determine the linear
range of optical density versus concentration of MB solution:
MB solution was prepared by initial concentration of 100 mg
177, initial solution was diluted to corresponded concentrations:
0.2; 0.6 1; 1.5; 2; 4; 6; 8; 10; 12; 14; 16; 18; 20 and 25 mg 1~ *. UV-
VIS spectroscopy was scanned by wavelength in the range of
200-800 nm. The linear range of solution MB and maximum
absorption wavelength of MB were determined. The MB
concentration over time was determined at wavelength 664 nm.
The photocatalytic activity of the material was assessed
through the methylene blue (MB) decomposition reaction
under visible light. Firstly, 0.05 g of Ce-ZnO NPs were weighed
and mixed with 100 ml of 7 ppm MB solution in the dark for 60
minutes to establish adsorption-desorption equilibrium. Then,
the reaction mixture was illuminated with a 250 W Osram lamp
with a distance from the light source to the surface of the
solution of about 20 cm to carry out the photochemical reaction.
At 0, 25, 60, 85, and 120 min after the illumination, 4 ml
aliquot was sampled before the centrifugation for 2 min to
separate the solids. Then, the concentration of MB was
measured. The decomposition efficiency of MB (H%) during the

time was determined by the formula, i.e., eqn (2):
C() - Ct AO - At

H ()= == x100% = =

x 100% 2)
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Fig.1 XRD diagrams of (A): Ce-ZnO-CB and ZnO-CB; (B): Ce-ZnO-HT and ZnO-HT. ZnO-CB represented pure ZnO NPs which were prepared
by the combustion method. ZnO-HT represented pure ZnO NPs which were prepared by the combustion method.

where: A, and 4, are the optical density of MB at ¢ = 0 and ¢
minute, respectively.

C, and C; are the concentration of MB at ¢t = 0 and ¢ minute,
respectively.

Trapping studies were carried out to gain a better knowledge
of the reactive species involved in our dye degradation studies
and their possible production. The radical trapping experiment
was used to find the reactive oxidative species involved in the
photocatalytic process. Particularly, several scavengers such as
silver nitrate (AgNOj;), EDTA, isopropanol, and 1,4-benzoquinone
were employed for capturing photogenerated electrons (e™), hole
(h"), hydroxyl radicals ("OH), and superoxide radicals ("0,),
respectively.>*** The deterioration of MB solution was tracked in
order to discover active species. In the present study, 1 mM scav-
engers were added before the initiation of the reaction.

3. Results and discussions
3.1 XRD results

Fig. 1 was shown XRD diagrams of structures and crystal phases
of Ce-ZnO-HT and Ce-ZnO-CB with the molar ratio of Ce**/Zn**
= 3%.

Fig. 1A and B were shown that both Ce-ZnO-HT and Ce-ZnO-
CB appeared diffraction peaks of high intensity and sharpness
corresponded to the planes (100), (002), (101), (102), (110), (103),
(200) and (112) of ZnO wurtzite hexagonal structure.'®* In
addition, there were no diffraction peaks of Ce or cerium oxide
phases. The remarkable thing was that diffraction peaks of Ce-
ZnO-HT and Ce-ZnO-CB (ie., (100), (002), (101)) were slightly
drifted to a smaller 26 angle than that of prepared ZnO NPs. The
strength of the diffraction peaks is also reduced, indicating that

Table 1 Lattice constants and crystal sizes of Ce-ZnO-HT, Ce-ZnO-
CB, and pure ZnO

Material D (nm) a(A) b (A) c (&) cla

Ce-ZnO-CB 22 3.2513 3.2513 5.2255 1.607
ZnO-CB 34 3.2490 3.2490 5.2109 1.604
Ce-ZnO-HT 35 3.2539 3.2539 5.2087 1.601
ZnO-HT 39 3.2550 3.2550 5.2091 1.600

36080 | RSC Adv, 2021, 11, 36078-36088

Ce*" ions are present in the ZnO lattice.** Furthermore, the Ce
doping reduced the crystal size compared to the synthetic ZnO
NPs, and the lattice constant of the ZnO crystal was changed.
However, the ratio of ¢/a was nearly unchanged - approximately 1.6
(Table 1). Predictably, cerium has entered the lattice of ZnO
without changing its wurtzite structure. Similar observations were
also reported in some literature.””*>** The slight change may cause
by the ionic radii differences between Zn (0.74 A) and Ce (1.03 A).

3.2 FT-IR spectra

FT-IR spectra of Ce-ZnO-HT, Ce-ZnO-CB are shown in Fig. 2. The
O-H bond vibration of absorbed water on the surface was
observed at broadband around 3450 cm™'.** Besides, the corre-
sponding bending vibration of H-O-H occurs close to 1610 cm ™%
It was noticeable that the absorption peaks in the 440-570 cm™*
range were characterized by oxygen-metal bonding oscillation.>**®
The peak at 430 cm ™ was characterized for the Zn-O bond vibration
and two sharp peaks at 450 cm™ " and 540 cm ™" of the Zn-O-Ce
bending vibration of Ce-ZnO-CB and Ce-ZnO-HT, respectively.

3.3 SEM and TEM images

SEM and TEM images of prepared materials are shown in Fig. 3.
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Fig. 2 FT-IR spectra of Ce-ZnO-HT, Ce-ZnO-CB, and pure ZnO.
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Fig. 3 SEM image of Ce-ZnO-CB (A), TEM image of Ce-ZnO-CB (B), SEM image of Ce-ZnO-HT (C), and TEM image of Ce-ZnO-HT (D).

SEM image of Ce-ZnO-CB showed that the material surface
was evenly distributed and had high cavities. The supporting
TEM image shows that Ce-ZnO-CB was 0D spherical nano-
particles with a fairly uniform diameter of about 20-30 nm
(Fig. 3B). However, small particles readily agglomerate at
ambient conditions. Unlike Ce-ZnO-CB, Ce-ZnO-HT was long,
1D rod-shaped, relatively uniform, and 80-120 nm in width and
30-60 nm in height. The TEM images of Ce-ZnO-HT was
hexagonal structure. The surface of the material was porous and
even. These results of particle size and shape are consistent with
the above XRD results.

In the combustion method, the use of precursors greatly
influences the morphology of the materials, such as size,
porosity. The primary function of PVA in this study was to
provide a polymeric network that inhibits cation mobility,
thereby maintaining local stoichiometry and minimizing
precipitation.*” Detailly, the presence of PVA in the aqueous solu-
tion provides hydroxyl groups (-OH) that can act as donating
ligands (chelating) and the long chain of hydrocarbon. Thus, the
metal cations can be surrounded in the form of M-(OH),
complexes between carbon chains. PVA wraps and covers the
metal ions, preventing them from aggregation. As a result, the
metal ions do not develop in size and do not precipitate, resulting
in the creation of a cocoon-like structure in the polymeric structure
of PVA.”® PVA was later acted as an organic fuel in the combustion
process. Self-combustion occurs as a result of the chemical energy
generated by the exothermic process. Nanoparticles with a spher-
ical shape, high purity, and homogeneity are created.*

On the other hand, the formation of rod shape Ce-ZnO by the
hydrothermal method began with nucleation from the

© 2021 The Author(s). Published by the Royal Society of Chemistry

precursor solution once the solution achieved supersatura-
tion.™ When the concentrations of Zn>" and ~“OH in the solu-
tion approach saturation, tiny ZnO nuclei form spontaneously
in the solution follows eqn (3) and (4). Then, the anisotropic
nanoparticles of ZnO join together and rearrange, pushed by
interfacial free energy and the inability of water solution.

Zn(OH)>~— Zn** + 4 [TOH] 3)
Zn** + 2 [TOH]— ZnO + H,0 (4)

The favored growth plane obeys the rule that the whole system
maintains with the lowest energy requirement. Since the (0 0 1) faces
have higher symmetry levels (Cs,) than other faces, the growth along
the c-axis ((0 0 1) direction) is more favorable.” According to Hu et al.
(2002), the growth rate along the (0 0 1) direction was twice as fast as
for other directions.”** Thus, in typical hydrothermal conditions,
a well-grown ZnO nanorod with an aspect ratio of >3 is shown in
Fig. 3C. This study result of 1 D rod shape Ce-ZnO patrticles is well
agreed with the discussion above.

3.4 BET results

Porosities of Ce-ZnO-HT and Ce-ZnO-CB were studied by
nitrogen adsorption isotherm at low temperatures. The specific
surface area was determined by the method of Brunauer-
Emmett-Teller (BET). The nitrogen adsorption-desorption
isotherms of these materials are shown in Fig. 4. This figure
showed that both materials exhibited structures between types
II and IV isothermal types, which were characterized by large
and medium capillary structures. In addition, the hysteresis
loop H3 was observed in the relative pressure range (P/P,) in the

RSC Adv, 2021, 11, 36078-36088 | 36081
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Fig. 4 Adsorption and desorption isotherm of Ce-ZnO-CB and Ce-
ZnO-HT NPs.

Table 2 Specific surface area, hole volume, and diameter of Ce-ZnO-
HT and Ce-ZnO-CB

Specific surface Pore volume Pore size

Material area (m> g™ ") (em® g™ (A4)
Ce-ZnO-CB 17.6 0.15 354
Ce-ZnO-HT 21.5 0.32 534

range of 0.85-1.0 of the Ce-ZnO-CB. It showed that these
materials had slit-shaped voids due to the aggregation of
particles and the formation of holes and cavities in the material.

1.4 ZnO
—— Ce-ZnO-CB
1.2 ——Ce-ZnO-HT

<1.0- =
'Y §6
©0.8- =
8 ol
50.6- 7;4_
4 £

Q

<044 B,

A)

View Article Online

Paper

Within this pressure range, an H4-type hysteresis loop was
observed for Ce-ZnO-HT, which was related to the aggregation
of particles formed hexagonal rod-like material. This result was
similar to the analysis result from the SEM image obtained
above. In addition, the hysteresis loop H3 and H4 did not show
any limited adsorption at the high P/P, range. The values of
these two materials’ specific surface area, volume, and pore size
were calculated by the BET method and given in Table 2. This
result showed that the specific surface charge, volume, and size
of pores of Ce-ZnO-HT were larger than those of Ce-ZnO-CB.

It's worth noting that the hydroxyl group is a weak electron-
donating group, resulting in poor chelating and aggregation of
metal ions.* Thus, the prepared Ce-ZnO-CB readily agglomerated
after the organic removal step, as shown in Fig. 3A and B. As
a result, the pore size of Ce-ZnO-CB becomes smaller than those of
Ce-ZnO-HT. One possible solution for avoiding the agglomeration
of nanoparticles is the use of additional chelating reagents other
than PVA only. For example, it was reported that the use of citric
acid (CA), ethylenediaminetetraacetic acid (EDTA), or cetrimonium
bromide (CTAB) might reduce significantly the aggregating of
cations. The addition of other chelating agents provides additional
functional groups capable of interacting with metal cations that
are not easily chelated by main chelating agents.

3.5 DRS and PL results

Diffuse reflection spectra (DRS) of Ce-ZnO-HT, Ce-ZnO-CB, and
pure ZnO NPs were shown in Fig. 5A, and Tauc's plots are drawn
as the variation of (ahr)"*(eV em ")"* vs. E, (eV) (Fig. 5B).
Fig. 5A demonstrated that all prepared materials absorb

ZnO
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Fig. 5

36082 | RSC Adv, 2021, 11, 36078-36088

(A), (B) DRS spectra; (C) PL spectra of Ce-ZnO-HT, Ce-ZnO-CB and pure ZnO.
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Fig. 6 High-resolution XPS spectra of (A) Zn2ps,,, (B) O 1s, and (C) Ce 3d of Ce-ZnO-HT and Ce-ZnO-CB.

effectively in the UV-Vis range (<3.20 eV).*® The absorption ability
was typically reduced when the irradiation came close to the visible
area, particularly for pristine ZnO. When Ce was dopped into ZnO,
the visible light absorption capacity of Ce-ZnO-HT was significantly
increased, as shown in Fig. 5A. This was confirmed when a change
in the optical absorption margin of Ce-doped ZnO NPs to visible
light was detected, and the Ce-doped ZnO material's bandgap was
lower than that of pure ZnO (Fig. 5B). Specifically, the bandgap of
Ce-ZnO-HT and Ce-ZnO-CB were both 2.95 eV, while that of pure
ZnO was 3.06 eV. The narrowed bandgap in Ce-ZnO NPs could be
explained by the interaction of cerium's 5d, 4f orbitals with the
conduction band of ZnO to create a new bandgap energy state.'®*>%
This new energy state had the ability to absorb visible light. In
addition, the doping of Ce into ZnO increased lattice defects which
are highly related to the formation of electron trap centers.*>*”

The PL spectrum (Fig. 5C) was further demonstrated when
the emission peaks of Ce-ZnO-HT and Ce-ZnO-CB in the wave-
length range 450-600 nm (i.e., visible range) with the peaks at
522 nm were observed. This green-blue emission was caused by
the presence of an oxygen vacancy,**® whereas this peak did not
emerge in pure ZnO NPs. In this wavelength range, the emissive
peak intensity of Ce-ZnO-HT is twice as high as that of Ce-ZnO-
CB. Accordingly, the concentration of oxygen vacancies in the
Ce-ZnO-HT was significantly higher than that in the Ce-ZnO-CB.

Furthermore, the appearance of near-infrared (NIR) emis-
sion peaks, i.e., wavelengths in the range of 750-850 nm

© 2021 The Author(s). Published by the Royal Society of Chemistry

(Fig. 5C), are observed. The NIR emission band in ZnO is
believed to be caused by a shift from the donor to acceptor
center (DA mechanism), which is analogous to self-activated
emission.*® These emission peaks are related to the presence of
oxygen-hole defects inherent in ZnO, and Ce doping may increase
the concentration of these defects. Thus, a substantial increase in
oxygen-hole defect produced by modest doping of Ce content was
demonstrated on the PL spectrum by emission peaks in both the
visible light and NIR bands. Because of the increase in surface
defects, Ce doping was shown to improve the photocatalytic
effectiveness of ZnO as a photocatalyst under visible light.*"***
As clearly seen from Fig. 5C, all materials show peaks in the
range 390-391 nm (ie., ultraviolet range). These peaks are
assigned to the characteristic peaks of ZnO, which are resulted
from the direct electron-hole recombination process from the near
band-edge transition. Firstly, we note a decrease in PL intensity,
indicating that Ce doped ZnO has a low electron-hole recombi-
nation rate.*~*> Thus, ZnO may exhibit better photocatalytic activity
than Ce-ZnO under UV irradiation. Overall, data shows that
introducing cerium into the structure of zinc oxide decreases
ZnO's photocatalytic effectiveness under UV light, instead signifi-
cantly increasing the photocatalytic efficiency under visible light.

3.6 XPS results

The surface composition and chemical state of Ce-ZnO-HT and
Ce-ZnO-CB materials was studied by the XPS method, which is

RSC Adv, 2021, 11, 36078-36088 | 36083
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demonstrated in Fig. 6. The figure showed the binding energy
peaks of Zn2p, O 1s, and Ce 3d. Fig. 6a and b were shown that
binding peaks at 1021 eV, 1044 eV, and 530 eV were identified as
Zn 2Pz, Zn 2Py, and O 1s, respectively. These peaks characterize
for Zn-O bond in the ZnO network.”* As can be seen in Fig. 6c,
there were two spin-orbital clusters of Ce 3d5/, and Ce 3ds/,. For the
orbitals of Ce3d*?, the cluster of peaks 1°, v,v", u, u° corresponded
to the binding energy levels 880.9 eV, 882.7 eV, 885.3 eV, 901.3 €V,
and 899.1 eV. The remaining peaks u/, ¥’, and u” exhibited
binding energy levels of 903.4 eV, 907.3 €V, and 916.7 €V, respec-
tively, and were characterized by Ce3d;, orbitals.**** However,
with Ce-ZnO-CB, these peaks had a slight shift towards the higher
binding energy. The two spin-orbital pairs identified as Ce*" had
the highest binding energy (i.e., ¢/, V'), while the two spin-orbital
pairs identified as Ce** had the lowest binding energy (ie., «°,
1°). This demonstrated that cerium existed in the material in two
oxidation states, Ce®", Ce**, and mainly Ce*".

3.7 Photocatalytic activity

A preliminary experiment was performed to determine the
linear range of the MB solution regards to optical absorptivity.
The results in Fig. 7A show that the concentration range from 1-
15 ppm gives the best linear optical density, corresponding to

3.0

View Article Online
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Table 3 The first-order kinetic equation and the correlation coeffi-
cient R? of MB decomposition reaction of the catalysts ZnO-DC, ZnO-
TN, Ce-ZnO-CB, and Ce-ZnO-HT

Regression coefficient

Material The first-order kinetic equation ~ R*

ZnO-CB y = 0.0062x — 0.0289 0.9934
ZnO-HT y = 0.0121x — 0.062 0.9922
Ce-ZnO-CB  y = 0.0135x — 0.0359 0.9971
Ce-ZnO-HT y = 0.0398x — 0.1723 0.9944

the regression coefficient R*> = 0.995. Besides, the UV-VIS
spectroscopy results of MB solutions showed that the
maximum absorption wavelength of MB was 664 nm.

Fig. 7B depicts MB decomposition during visible light irra-
diation. The results validate the predictions from the PL spec-
trum in Section 3.5. Briefly, the photodegradation efficiency
using doped ZnO (i.e., Ce-ZnO) was much higher than pure
ZnO. Besides, the result also agrees that Ce-ZnO-HT exhibits
a higher photocatalyst capacity than Ce-ZnO-CB. After 90
minutes, the MB concentration decreased over 96% by Ce-ZnO-
HT, whereas that of Ce-ZnO-CB was around 70%.
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Fig. 7
In(Co/Cy) and reaction time.
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(A) Relationship between the MB solution and optical absorptivity (B) MB decomposition of materials under visible light; (C) correlation of
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Fig. 8 The recyclability of materials in degrading MB after several recycle (A) Ce-ZnO-HT (B) Ce-ZnO-CB.

The MB decomposition kinetics using Ce-ZnO photo-
catalysts are shown in Fig. 7C and Table 3. The graph demon-
strated strong linearity between In(Co/C;) and time for all
materials, with a regression coefficient R* close to 1 (Table 3). It
is shown that the first-order kinetics model was well described
the MB decomposition process under visible light.

3.8 Recyclability

After usage, the Ce-ZnO-HT and Ce-ZnO-CB catalysts were
centrifuged, washed three times with distilled water, and dried
at 80 °C for ten hours. Fig. 8 depicts the findings of MB
degradation from the second time after recovery.

Fig. 8 clearly shows that both materials are capable of being
reused multiple times. After five times of reuse, Ce-ZnO-HT only
decreased MB degradability by 9.5%, while Ce-ZnO-CB material
only reduced MB degradability by 9.0%. The degradation effi-
ciency of the material slightly diminishes over time; however,
the Ce-ZnO-HT material always has greater photocatalytic effi-
ciency than the Ce-ZnO-CB materials. The cause might be from
the strong aggregation of small particles in the aqueous solu-
tion. This aggregation decreases the surface area of the mate-
rial, resulting in a reduction in the material's photocatalytic
capacity. However, the results reveal that the two materials (i.e.,
Ce-ZnO-CB and Ce-ZnO-HT) are still quite recyclable.

3.9 Photocatalysis mechanism

On the surface of materials, a photo-induced electron and
a hole formed when ZnO received a photon (eqn (5)). Cerium
presence inside the ZnO network, which was presented mainly
as Ce"" acted as an electron trap (eqn (6)). These electron traps
captured photo-illuminate electrons. Thereby, they reduced the
rate of recombination of photo-illuminate electrons and holes
and increased the number of ‘O, (eqn (6) and (7)), and may
enhance the photochemical activity of materials.®*** Then, the
'O, radical anions subsequently convert to hydroxyl radicals

(eqn (8)).*
ZnO + hv —> ZnO + h* + ¢~ (5)

(6)

e + Ce*t - et

© 2021 The Author(s). Published by the Royal Society of Chemistry

0, + Ce** — Ce** + 05~

(7)

‘O, + H,O — "OH + "OH (8)

In the field of nanocatalyst, morphology has been considered
an essential factor for photocatalytic activity. In a study by
Mclaren et al., the authors found that the ZnO particle size did
not significantly affect the photocatalytic reaction rate, but the
morphology factor played an important role.®® The photo-
catalytic reaction rate of hexagonal disc nanocrystals had at
least five times higher than that of rod-shaped crystals. This was
because polar surfaces of (001) and (001) were more active than
nonpolar surfaces that were perpendicular to them and had
good adsorption capacity of H,O and ~OH. Subsequently, it was
beneficial for creating ‘OH radicals (eqn (9) and (10)).>*

h*+ H,0 - 'OH + H" 9)

h* + "OH — "OH (10)

Overall, in the solution, there are many strong reactive
oxidants such as 'OH, ‘0,”, h*, e". Fig. 9 shows the findings of
the strapping experiments, which provide a clearer under-
standing of the importance of oxidants. As can be seen, when
scavengers are present, the effectiveness of MB degradation
decreases. This meant that all of the oxidants studied in this
study contributed to the decomposition of MB in some way.
However, the reduction rate was varied largely with different
reagents. More specifically, the decomposition efficiency was
slightly reduced when AgNO; or 1,4-benzoquinone were added.
Adding EDTA or isopropanol, on the other hand, resulted in
a significant decrease in MB degradation efficiency, demon-
strating that holes and hydroxyl radicals are the main contrib-
utors to MB degradation. When compared to e, "0, radicals
contributed more to the MB decomposition process. Generalize,
the roles of the oxidants can be arranged in the order:

h" = 'OH>'0, >e .

There is a noticeable difference when the two catalysts (i.e.,
Ce-ZnO-HT and Ce-ZnO-CB) are examined closely. The ‘OH and
'O, radical ions are more prominent in Ce-ZnO-HT than in Ce-
ZnO-CB. The hydroxyl radical in Ce-ZnO-HT is dominant over

RSC Adv, 2021, 11, 36078-36088 | 36085
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Fig. 10 Schematic illustration photocatalytic mechanism for Ce-ZnO
nanocatalysts.

Ce-ZnO-CB, which may be related to the morphological char-
acteristics and surface activity as discussed above. Generally,
hydrothermal synthesis occurs in a solution with high autoge-
nous pressure, takes place for a long time, leading to a higher
concentration of Ce** than in the case of combustion synthesis,
where the reaction is very fast. As a result, the Ce**/Ce*" ratio in
Ce-ZnO-HT was higher than in Ce-ZnO-CB. According to eqn (6),
(7) and (8), the higher Ce**/Ce*" ratio leads to the superiority
formation of ‘OH and ‘O, radical ions.

To sum up, the proposed mechanism of the photocatalytic
process using Ce-ZnO catalysts is schematically explained in
Fig. 10.

4. Conclusion

Ce-ZnO materials were successfully synthesized by solvothermal
and combustion methods. Both Ce-ZnO-HT and Ce-ZnO-CB
materials had a single-phase hexagonal wurtzite structure
with high crystallization. Bandgap energy of Ce-ZnO-HT and Ce-
ZnO-CB materials was approximate 2.95 eV and smaller than
that of ZnO. MB decomposition efficiency under visible light of
Ce-ZnO-HT, Ce-ZnO-CB materials was higher than that of ZnO
synthesized under the same conditions. Especially, the photo-
catalytic activity of Ce-ZnO-HT was higher than that of Ce-ZnO-
CB material. The difference in photocatalytic activity was
caused by the synthetic method, which creates differences in
surface morphology, specific surface area, and oxygen vacancy
concentration. Ce-ZnO-HT were 1D rodded shape while Ce-ZnO-
CB were sphere shape. Specific surface area and oxygen

36086 | RSC Adv, 2021, 1, 36078-36088

vacancies of Ce-ZnO-HT were higher than Ce-ZnO-CB. Photo-
induced electrons, ie., e and 'O,  were shown to be less
major contributors to MB degradation than "OH and h" in the
photodegradation process investigation.
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