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Abstract in English

In this dissertation, I have focused on ZnO surface modification to improve the
photocatalytic degradation performance. The studies have been divided to three
sections for different strategies to improve photocatalytic properties of ZnO
including to nonmetal and metal doping as well as specific charge and polar

molecule functionalization.

In first section, the research studies focused on nonmetal doping. Zinc
oxide/reduced graphene oxide nanocomposites (ZnO/rGO) are synthesized via a
simple one-pot solvothermal technique. The nanoparticle-nanorod tunability was
achieved with the increase in GO additive, which was necessary to control the
defect formation. The optimal defect in ZnO/rGO not only increased ZnO/rGO
surface and carrier concentration, but also provided the alternative carrier
pathway assisted with rGO sheet for electron—hole separation and prolonging
carrier recombination. These properties are ideal for photodetection and
photocatalytic applications. For photosensing properties, ZnO/rGO shows the
improvement of photosensitivity compared with pristine ZnO from 1.51 (ZnO) to
3.94 (ZnO/rGO (20%)). Additionally, applying bending strain on ZnO/rGO
enhances its photosensitivity even further, as high as 124% at r= 12.5 mm, due to
improved surface area and induced negative piezoelectric charge from
piezoelectric effect. Moreover, the photocatalytic activity with methylene blue
(MB) was studied. It was observed that the rate of MB degradation was higher in
presence of ZnO/rGO than pristine ZnO. Therefore, ZnO/rGO became a

promising material for different applications.

X1



In second section, the research studies focused on metal doping.
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.

In last section, the research studies focused on Specific charge and polar
molecule functionalization. Functionalization of aniline molecules on zinc oxide
(ZnO) nanoparticles is reported using a simple impregnation technique.
As-prepared samples were systematically characterized based on morphology,
surface and optical properties, and photocatalytic performance towards methyl
orange (MO). Aniline functionalization increases the surface charge of the
modified ZnO. Compared to pristine ZnO, the aniline-functionalized ZnO shows
faster photodegradation of MO, degrading 98.29% of MO in 60 min. These
results indicate that the improvement of photocatalytic degradation is ascribed to
opposite charge-induced surface adsorption. Hence, aniline, as a positively
charged molecule, is expected to increase the surface adsorption of MO (as an
anionic dye) onto the ZnO nanoparticles, thereby increasing their

photodegradation ability.
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1 Introduction

Water is presumably the most important natural resource second only to air. Food
may attain the third position but for production of food, water is indispensable.
Water is required for majority of the biochemical transformations that take place
inside the bodies of living being from bacteria to the most advanced organisms.
In addition to that, most of the life processes happen in the world are being
occupied by water. Industrial development and increasing population growth
have contributed leading to high energy supply demand and an increase in
environmental pollution such as air and water pollution. Every year, industrial
plants dump a several million tons of heavy metals and their related by-products
produced into natural water resources without proper processing and treatment

resulting to crisis water pollution.

There are numerous sources of water pollution, but the ones that can be
thought to be representative and major players in this process are industrial
wastes, unregulated domestic wastes, marine dumping of the wastes produced by
human activity, use of pesticides and harmful chemicals in agriculture, untreated

wastes, and so on. This pollute our surrounding terrestrial lands and water bodies.

The wide spectrum of synthetic organic dye pollutants is annually produced
worldwide and is released to the wastewater stream. Therefore, the removal of
organic pollutants is of particular importance due to their harmful effect on the
environment. Wastewater treatment and reuse is an important issue and scientists
are looking for inexpensive and suitable technologies. Various physical, chemical
and biological treatments have been widely used to convert and remove organic

pollutants such as screening filtration, centrifugal separation, distillation,



precipitation, reverse osmosis, electrolysis, micro-ultra filtration, and so on.

Advanced oxidation processes (AOPs) have gained growing attention as an
alternative to traditional treatment processes for organic pollutant removal.
Advanced oxidation processes are defined as processes which rely on in situ
generation of highly oxidizing radicals involving mainly hydroxyl radicals (OH*)
for the degradation of toxic organic pollutants into non-hazardous compounds.
Especially, AOPs techniques by using semiconductor-mediated heterogeneous
photocatalysis is a promising technique, which is valuable for environmental and
energy applications. Owing to its advantages such as low cost and non-toxic
which only use sunlight to generate oxidizing radicals. In addition, this technique
can effectively degrade/ decompose of organic pollutants. Therefore,
semiconductor-mediated heterogenous photocatalyst has become an attractive

topic in this decade.

Some notable semiconductors applied as photocatalysts are included TiO2,
Zn0O, CdS, WOs3, SnOq, ZnS, CdTe, a-Feo03, AgNbO3 and SrTiO3. Among the
above materials, ZnO is believed to have higher efficiency in the photocatalytic
performance than other materials, in many cases due to its higher quantum
efficiency. Zinc oxide (ZnO) is a promising n-type semiconductor material that is
used in a wide range of applications, such as gas detection [[1]]-[4]], dye-sensitized
solar cells [5]-[7], antibacterial surface coatings [8]], light-emitting diodes
(LEDs) [9], [10], nanopower generators [11f], ultraviolet (UV)
detection [[12-[15], and photocatalytic  applications [[16]—[[18]. ZnO
nanostructures have a direct wide band gap (3.37 eV) [19], chemical stability
[20], optical [21]], piezoelectric [22]-[24]], and electrical [25]] properties.

Additionally, ZnO possesses piezoelectric properties and self-carrier generation



when tensile strain force is applied or substrates are bent [26]. ZnO based on UV
detection is governed by photogenerated electrons that trap oxygen molecules at
the surface of ZnO and change sensor resistance. In other way, ZnO as a
photocatalyst, the photogenerated electron—hole pairs upon excitation may react
with oxygen and water molecules resulting in free radicals that can degrade
organic and inorganic compounds in aqueous medium. However, the
performance of ZnO-based UV detection and photocatalytic activities faces some
drawbacks in surface morphology, charge transportation, and recombination.
Beside the above-mentioned drawbacks, when used as a photocatalyst, ZnO has
very limited capability for visible light adsorption and can generate electron—hole
pairs only in UV light, which contributes only 2-3% to total sunlight.
Modulation of ZnO surface modification is one of the main strategies to improve
the photocatalytic activity of dyes degradation performance. Herein, I have
focused on ZnO surface modification technique to improve the photocatalytic

degradation performance.

The chapter 2 describe the introduction of photocatalytic degradation of
organic pollutants techniques and ZnO as main materials in this research. The
detailed literature review of photocatalyst based metal-oxide nanostructures, ZnO
photocatalyst, limitation in photocatalytic application of ZnO, and how to

improve ZnO photocatalytic performance was also provided in this dissertation.

The chapter 3 of this dissertation described the effect of GO additive in
ZnO/rtGO nanocomposites with enhanced photosensitivity and photocatalytic
activity. This report represents the surface modification of ZnO by using

nonmetal element doping approach.



The chapter 4 of this dissertation reports cerium-oxide-nanoparticles
decorated zinc oxide with enhanced photocatalytic degradation of methyl orange.
This research represents the surface modification of ZnO by using

metal/metal-oxide element doping approach.

The chapter 5 of this dissertation details on an improvement of
photodegradation performance of ZnO nanoparticles by surface charge
modification using aniline. This research represents the surface modification of

ZnO by using polar molecule functionalization approach.



2 Literature reviews

2.1 Zinc oxide (ZnO)

Zn0O is a wide band gap (3.37 eV) metal oxide semiconductor. It is amorphous in
color of white or light yellow. But it is generally known a white powder. Due o its
excellent optoelectronic and piezoelectric properties, biocompatibilities,
environmentally friendly nature, and thermal stability, ZnO nanostructures are
the most promising candidate for electronic and optoelectronic applications
including light emitting diodes (LEDs), actuators, sensors, field-emission

devices, solar cell, spintronic piezoelectric devices as well as photocatalyst.

ZnO consists of three different crystal structures, i.e hexagonal wurtzite,
cubic zin-blende, and the infrequently observed cubic rock-salt. However, at
general atmosphere condition, the thermodynamically stable in hexagonal
wurtzite phase due to the effect and the bonding class is precisely at the border
between covalent and ionic. The ZnO hexagonal wurtzite crystal structure
belongs to the P63mc class in Hamitonian-Mauguin notation. The ZnO primitive
unit cell composes of zinc ion surrounding with four oxygen ions in tetrahedral
coordination and vice versa. The noncentrosynmetric crystallographic polarity,
and is also a key factor in crystal growth and defect generation. The wurtzite
structure has a hexagonal unit cell with two parameters, a (ranges from 3.2475 to
3.2501 angstrom) and c ranges from 5.2042 to 5.2075 angstrom, in the ration of
c¢/a = 1.633. ZnO is a relatively soft material with approximate hardness of 4.5,
having high heat conductivity and heat capacity, poorly thermal expansion, and

high melting temperature. It is beneficial for ceramics, Among the tetrahedrally



bonded semiconductors, it has been stated that ZnO has high piezoelectric tensor.
This property can be applied for many piezoelectrical technologies, which

require a large electromechanical coupling. The general properties of ZnO are

shown in Table
Table 1: General properties of ZnO.
Properties Values
Molecular weight 81.37
Average atomic weight 40.96
Average atomic number 19
Enthalpy of formation (298K)(kJ/mol) -350.5

Coefficient of thermal expansion: Along c-axis (1/K) 2.9x1076
Coefficient of thermal expansion: Across c-axis (1/K) 4.8 1076
Density (g/m3) 5.6803
Melting point (K) 2,248

2.2 ZnO as a photocatalyst

Zn0 is a type of semiconductor having a broad direct band gap width (3.37 eV),
large excitation binding energy (60 meV) and deep violet/borderline ultraviolet
(UV) absorption at room temperature [27]. It is an excellent semiconductor oxide
that possesses favorable excellent electrical, mechanical and optical properties
[28]], similar to TiO2. In addition, ZnO not only has antifouling and antibacterial
properties, but also good photocatalytic activity [29]. Furthermore, as reported by
Liang et al. [30], the production cost of ZnO is up to 75% lower than that of TiO»
and Al;Os nanoparticles. Due to the advantages of ZnO over TiO2, ZnO has
been suggested to be used in heterogeneous photocatalysis. According to
Herrmann et al. [31]], the heterogeneous photocatalytic oxidation steps can be

explained as shown in Fig.[]]



Zn0O

Organic Y .
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Fig. 1: Heterogeneous photocatalytic oxidation step [31].

h

1. Organic pollutants diffuse from the liquid phase to the surface of ZnO.
2. Adsorption of the organic pollutants on the surface of ZnO.

3. Oxidation and reduction reactions in the adsorbed phase.

4. Desorption of the products.

5. Removal of the products from the interface region.

When ZnO is photo-induced by solar light with photonic energy (hv) equal
to or greater than the excitation energy (E,), e~ from the filled valence band
(VB) are promoted to an empty conduction band (CB). This photo-induced
process produces electron-hole (e~/h*) pairs as shown in Eq. (1). The
electron-hole pairs can migrate to the ZnO surface and be involved in redox
reactions as shown in Egs. (2)—(4), wherein the h™ reacts with water and
hydroxide ions to produce hydroxyl radicals while e~ reacts with oxygen to

produce superoxide radical anions then hydrogen peroxide (Eq. (5)). Hydrogen



peroxide will then react with superoxide radicals to form hydroxyl radicals (Egs.
(7)-(9)). Then, the resulting hydroxyl radicals, which are powerful oxidizing
agents, will attack the pollutants adsorbed on the surface of ZnO to rapidly
produce intermediate compounds. Intermediates will eventually be converted to
green compounds such as CO2, HyO and mineral acids as shown in Eq. (11). Fig.
[ illustrates the redox reaction occurring during photocatalysis. Hence, the
mechanism of photodegradation of organic compounds in the presence of solar

radiation via redox reaction can be summarized as follows [32], [33]]:

Zn0 2 7Zn0(e~cp) + (b v p) )
ZnO(h*y p) + HoO — ZnO + H' + OH® )
ZnO(h*ypg) + OH™ — ZnO + OH® 3)
7n0(e~cp) + O3 — Zn0 + 05~ (4)
02*” + H" — HO,® 5)

HO,® + HOy* — Hy05 + Oy (6)
ZnO(e”cp) + HyOy — OH® + OH™ (7)
Hy05 + 02°~ — OH® + OH™ + O, (8)
Hy09 + hv — 2 OH® )

Organic pollutants + OH®* —— Intermediates (10)
Intermediates —— COq + HyO (11)



As mentioned earlier, ZnO has been shown that to exhibit higher absorption
efficiency across a larger fraction of solar spectrum compared to TiOy. The
photoactivity of a catalyst is governed by its ability to create photogenerated
electron-hole pairs. The major constraint of ZnO as a photocatalyst, however, is
the rapid recombination rate of photogenerated electron-hole pairs, which
perturbs the photodegradation reaction. Additionally, it has also been noted that
the solar energy conversion performance of ZnO is affected by its optical
absorption ability, which has been associated with its large band gap energy.
Therefore, intense efforts have been made to improve the optical properties of
ZnO by minimizing the band gap energy and inhibiting the recombination of

photogenerated electron-hole pairs.

& & ce 0,
/ CO; + H,0

+hy . =—>

Excitation
uoOneUIqWO0d3Y

Organic pollutants

Fig. 2: Degradation of organic pollutant by ZnO under sunlight [31].

2.3 Modification strategies for photocatalytic performance

improvement

In principle, photocatalytic activity will be enhanced if the absorption of light is

higher or if the recombination losses for photogenerated charge carriers are



lower. Different strategies for enhancing the photocatalytic activity of ZnO under
visible/solar illumination have been reported. An attractive strategy for
enhancing the activity under visible/solar illumination is surface modification
including to defect engineering (oxygen sub-stoichiometry), doping or
functionalization by using different elements (metals and non-metals) and
functional group, spatial structuring, and morphology optimization for enhancing

the proportion of active facets.

2.3.1 Metal/nonmetal doping

ZnO has a tetrahedral bonding configuration which possesses large ionicity at the
borderline between that of covalent and ionic semiconductors resulting to show a
wide band gap energy characteristic. ZnO is normally an intrinsic n-type metal
oxide semiconductor consisting of a native disorder such as an oxygen vacancy,
zinc interstitials, and zinc vacancies. The presence of intrinsic defect in ZnO
directly influence to its electrical and optical properties. Photocatalytic
performance is mainly depended on energy band gap and hydroxyl radicals. The
main obstacle for ZnO semiconductors as photocatalysts is their fast charge
recombination. Doping technique has been widely used to modify the ZnO
physical and chemical properties. By this technique, an incorporating impurity
such as metals or non-metals were construct infon ZnO crystal which can tune
valence band energy of ZnO upward and narrow the bandgap energy to the

UV-visible region [34].

Many studies have reported that non-metal additive such as nitrogen, carbon

and fluorine can effectively tune the bandgap of ZnO by substituting oxygen
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vacancy position owning their extremely small sizes and introducing greater
oxygen vacancy defects on ZnO surface. Carbon is a prominent candidate for a
non-metal dopant for in semiconductors owing its high mechanical strength,
good chemical resistance and special electronic properties [35]. In addition,
doping also can contribute to a greater production of OH® radicals, thus, lead to a
higher degradation efficiency of organic pollutants [36]. This was explained by
the facts that the dopants can act as electron scavengers and prevent the
recombination of electron-hole pairs, thus, free the positive hole (H') of

photocatalyst (which is significant for the formation of OH® radicals)

Metal additives like transition metals, rare earth metals, noble metals and
other metals have shown advantages in tailoring the ZnO morphology. Metal
doped ZnO can improve the photoactivity of catalysts by enhancing the trapping
site of the photo-induced charge carriers results to hinder the charge
recombination rate of photogenerated electron-hole pairs [37]. To narrow the
energy band gap of ZnO photocatalysts, metal additives such as Ce, Nd, Cu and
Al have been studied in removal of dye degradation. Yun et al. [38]] have shown
that higher loads of organic compounds could be adsorbed on Al-doped ZnO
compared to pure ZnO based on the high light harvesting efficiency. Zhu et al.
[39] has reported that the incorporation of metal ions such as Fe3*, can
contribute to more oxygen defects on ZnO along with an increase in the charge
density of ZnO, which subsequently can show photocatalytic degradation
performance of modified ZnO photocatalyst. Wang et al. [40]] has endeavored to
demonstrate that Ag-doped ZnO has a greater specific surface area of
nanoparticles and greater lattice deficiency. Min et al. [41] synthesized ZnO

nanoparticles with copper doping by using a sol-gel technique for photocatalytic
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applications, and these showed higher methyl blue degradation (88%, 6 h)
compared with un-doped ZnO Metal doped ZnO, prepared using Mn and Co
through co-precipitation method, was previously used in methyl orange
degradation via photocatalytic experiments [42[]. Degradation and adsorption of
methyl orange onto the heterogenous catalysts were shown to be greatly affected
by the solution pH. According to that work, 12 at% was the optimal dopant
concentration to be used in which the best degradation efficiency was recorded
by Mn-doped ZnO catalyst at pH 4 or acidic condition. Summary of modified
ZnO synthesis by using various dopants and fabrication techniques was shown in

Table 2]and 3
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2.3.2 ZnO coupling with carbonaceous groups

Heterojunction photocatalysts are also an effective aspect to improve the
photocatalytic degradation performance of ZnO. Chang et al. [65]] reported that
the heterostructure of photocatalysts, combined with the merits of different
compounds including light absorption, charge separation, and charge transfer
between differents kind of semiconductors can cause rapid photogenerated
charge separation. Carbon nanostructures play pivotal roles in the development
of nanocomposites. Recently, it has been reported that the heterojunction of ZnO
with carbon nanotubes can enhance the performance of nanocomposites by

acting as electron scavenging agents.

® COOH, OH, -O-

— S
R 7

pH
rGO

Graphite

Fig. 3: Synthesis of reduced graphene oxide (rGO): (A) oxidation of graphite to
graphene oxide, (B) reduction of graphene oxide to reduced graphene oxide [66].

Graphene has been of considerable interest in many applications such as
photocatalysis and gas sensing due to its excellent conductivity, high surface area
and electron mobility [67]. Graphene is a sp? carbon-based nanomaterial in a
single atom thick sheet which is arranged in a hexagonal honeycomb lattice
distribution. Single-layer graphene exhibits rather high specific surface area,
Young’s modulus , thermal conductivity and mobility charge carriers [[68]—[71].

These optimal properties are mainly attributed to the presence of functional

15



groups such as hydroxyl, epoxide, carboxylic and carbonyl groups. As can be
seen in Fig. 3, the interplanar spacing between graphite is increased through
oxidation processes using Hummer’s method. Oxidation into graphene oxide
(GO) perturbs the electrical conductivity, creating an excellent electrical insulator

[[72].

GO can be reduced into reduced graphene oxide (rGO) by manipulating the
pH of GO in solution and followed by a thermal treatment. Recent works have
revealed that the heterostructure of ZnO/GO has greater carrier transport
efficiency due to the graphene encapsulation, specific surface area and electrical
transport properties [70], [[73]]. A sol-gel method has been used by Fu et al. [74]
to prepare ZnO decorated graphene and they found that the adsorption of dyes
during the photocatalytic process was increased along with higher loading of
graphene implying that graphene can also be used as adsorbent in water
treatment. Enhancement in adsorption of organic pollutants probably is due to
7—m conjugation between organic pollutants and the sp? regions of rGO
according to a report work [[75]]. Further studies on graphene adsorption behavior
under different conditions are needed to achieve an optimum removal efficiency.
ZnO coupled with rGO should improve the photocatalytic degradation of organic
pollutants. However, rGO loading exceeding the optimum dosage will lead to a
lower degradation efficiency, which could be explained by high photo-absorbing
and scattering [76]. Cysteine capped ZnO/graphene oxide composite was
prepared using co-precipitation method, showing the degradation efficiency at
about 98.13% within 45 min. Summary of modified ZnO synthesis by using

various carbonaceous groups and fabrication techniques was shown in Table
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2.3.3 Specific charge and polar molecule functionalization

Owing to the existence of Zn—O-Zn bonds in ZnO nanoparticles, agglomeration
occurs readily, thus strongly limiting ZnO nanoparticle applications [81]]. Surface
modification may be the best approach for ensuring better dispersion by
preventing the agglomeration of ZnO. In addition, surface modification has also
been used to tune the ultraviolet and visible light photoluminescence, as the
chemical and physical properties of ZnO nanoparticles can be modified via
chemical surface modification through chemical treatment [82f], coating [81]],
grafting polymerization [83]], ligand exchange [84] and self-assembly techniques
[85]. Chemical treatment is an approach that utilizes coupling agents (e.g.
trimethoxyvinyl silane and oleic acid) to modify the surface of nanoparticles.
Modified ZnO fabricated by Hong et al. [86] through grafting polymerization has

shown better dispersion in organic matrix compared to bare ZnO nanoparticles.

Ligand molecules (i.e. polymeric ligands and monomeric ligands) are also
common capping agents used in the coating method to prevent the aggregation
and control the growth of nanoparticles. The ligand layer acts as an insulating
barrier and blocks the charge transport between neighboring nanoparticles before
recombination can occur [87]. Recently, stabilization of ZnO nanoparticles
through coating method using polymeric ligands has proved to be better than
monomeric ligands. This is due to the presence of steric and electrostatic forces
that were used to stabilize the ZnO in the polymeric ligands but in the latter, only
electrostatic repulsive forces can contribute to the ZnO stabilization [88]]. Coating
method manages to improve the dispersion of nanoparticles in the matrix,

however, this method may impede the photocatalysis at the same time [81]]. In
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order to simultaneously stabilize and enhance the performance of nanoparticles,
ligand exchange — (a method where the attached ligand molecules on the surface
of photocatalyst can be exchanged with other ligand molecules) could be a more
preferable approach. In this context, Kango et al. [89] has reported that ligand
molecules should be exchanged with more suitable ligands in order to enhance

the transfer of electrons by lowering the separation effects

In contrast, flower-like ZnO structures were successfully synthesized by
controlling the molar ratio of Zn?>* and OH™ ions. Previous research has
revealed that excess OH may lead to the formation of the [Zn(OH)4]?~ complex.
Subsequent dehydration of the [Zn(OH)4]2*complex favored formation of
nanosheet array from particles. Flowerlike ZnO structures then form due to the
tendency of nanosheets to minimize their surface energy [90]. Poly(vinyl
pyrrolidone) was previously used as an intermediate to anchor ZnO on solvent
exfoliated graphene [91]. Poly(vinyl pyrrolidone) was reported to decrease the
surface free energy through its attachment on the ZnO surface thus lead to slow
growth of the facets and provided good dispersion of the nanoparticles.
Photocatalytic activity of produced photocatalyst in the degradation of Reactive

Black 5 was 97% at a rate constant of 0.0199 min—! .

2.4 Research objective

The overall goal of the research is to improve the photocatalytic dye degradation
performance of surface modified zinc oxide (ZnO) by using different strategies.
The research is focused on the surface modification of ZnO and consisted of three

parts following by
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e  Surface modification using nonmetal doping

e  Surface modification using metal doping

e  Surface modification using specific charge and polar molecule

functionalization.

Each types of surface modification strategies exhibit some advantages to improve
the photocatalytic dye degradation performance of ZnO such as surface adsorption

and charge separation improvement.
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3 The Effect of GO Additive in Zinc Oxide/ Reduced
Graphene Oxide Nanocomposites with Enhanced

Photosensitivity and Photocatalytic Activity

3.1 Introduction

In this chapter, we present the surface modification of ZnO by using nonmetal
doping. Pati et al. found that the point defect concentration and optical/gas
sensitivity of ZnO is due to the vacant lattices acting as active sites for oxygen
trapping [92]. Zhang et al. reported that the existence of disorder and surface
defects in ZnO crystals could improve the separation of photogenerated
electron-hole pairs, preventing recombination and enhancing photocatalytic
activity [93]]. With the increase in lattice defects, the trapping of oxygen on the
surface will increase, resulting in an improvement in UV sensing properties and
prolonging the photocatalytic activity. In the case of ZnO nanoparticles, the
potential barrier at the interface between the ZnO—ZnO grain boundaries results
in slow charge transfer across grain boundaries and fast recombination. Some
researchers reported that enhanced charge separation can provide a progression
in interfacial charge transfer for dyes adsorption and photocatalytic degradation
improvement [94]], [95]]. To improve UV photosensitivity and photocatalytic
activity, this carrier concentration, carrier pathway, and charge recombination

should be modified [96]].

In recent years, several efforts have been made to improve carrier
concentration, to provide alternative carrier pathway and reduce charge

recombination by tuning ZnO morphology, surface defect improvement
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[96]-[100], and combining ZnO with other functional materials, such as
carbon-based graphene oxide (GO) [[13] and reduced graphene oxide (rGO)
[101], [102]. GO, rGO, and graphene consist of sp? hybridized carbon atoms
arranged in two-dimensional honeycomb lattices. For UV detector applications,
the interaction of ZnO and rGO could enhance UV sensing properties, in terms of
inhibiting the recombination of electron-hole pairs and an increase in the
photocurrent [103]. In addition to a capacity for photogenerated electron
transportation from band gap excitation of semiconductors upon UV illumination
and flexible mechanical properties that would support a self-carrier generator
when bending strain is applied [[104]], applying tensile strain to ZnO/rGO hybrid
nanostructures may improve photosensitivity in terms of increasing carrier
density and carrier transfer. With regard to metal oxide based on photocatalytic
activities, Zhang et. al. reported that graphene additive can improve
photocatalytic activity by prolonging photogenerated electrons-hole pairs in
TiOs9, which efficiently suppresses the recombination of the photogenerated
electron-hole pairs in TiOy [105]]. Pronay et al. reported that rGO laminated
TiO2-B NW nanocomposites shows an excellent visible light dye degradation
with superior degradation rate. This is due to defect creation and the narrowing
of energy band gap, together with increasing adsorption by - interaction between

GO and dye molecules [[106].

Herein, we have demonstrated a simple one-pot solvothermal technique to
prepare ZnO/rGO nanocomposites with varying the GO content. Specifically, the
amount of GO content was varied to control the dimensionality of ZnO
nanostructures and surface defects, which play important roles in

photosensitivity and photocatalytic activity. The effects of tuned morphology on
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structural components, surface morphology, surface defects, and optical
properties were also studied. As-synthesized ZnO/rGO was employed to evaluate
UV photosensitivity assisted with applied bending strain and visible light

photocatalytic activity of methylene blue (MB) degradation.

3.2 Experimental details

3.2.1 Materials

Analytical-grade zinc acetate dihydrate (Zn(CH3COQ)2-H20, Samchun Pure
Chemicals, Pyeongtaek, Korea), sodium hydroxide (NaOH, Samchun Pure
Chemicals, Pyeongtack, Korea), and commercial graphene oxide (GO,
GO-V20-100, Standard Graphene, Ulsan, Korea) were procured and used
without further purification. Deionized water (DI) was used to prepare solutions

and wash all samples.

3.2.2 Preparation of ZnO/rGO nanocomposites

ZnO/rGO was prepared by a solvothermal technique as shown in Fig. d](a). First,
0.04 M of zinc acetate dihydrate was dissolved in 80 mL of DI under continuous
stirring at room temperature for 30 min. to study the effects of GO additive, a
precalculated amount of dispersed GO in DI (5 mg/mL) was prepared separately
under ultrasonication, corresponding to 10, 20, and 30 wt% of GO. Then, the
prepared GO solution was dropped into a zinc acetate dihydrate solution under
continuous stirring for 30 min. After that, 1 g of NaOH in 50 mL of DI was added

dropwise to the mixed solution until a pH of 10 was reached. Finally, the mixed
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solution was transferred to a Teflon-lined stainless steel autoclave under 150 °C
for 6 h. The product was collected by filtration and washed by DI several times

and dried at 70 °C for 6 h.

24



uownadxa onArereoojoyd (3) pue ‘JuawaInseawt SUIsuUIs A N (q) ‘saysodwosoueu OOHI/OUZ Jo ssad01d uoneredard oy, (8) :f “31q

uoyuwN{[y JYSI AQISIA (un o) UONIPUOd aEq

Supupsopoudey

Jndwo)

JdpRW-Hnu [ENSiq

Japjoy adeys Japurjdd Aq
urea)s Suipuaq panddy Suipuaq paydde oy

"
Xog 3upsay, AN
uoZ deaIsqng AA\—V

(;-18 7'0) s2ampNSOUT PLIGRY OH/OVZ.
(wddoy) fw o5 uonnIOs AN

L] ©)

(wmos “wdi057) (wmoy “wdi 057) (g “wdi057)
e Soums sied Jeums ned Jmuns
v e 6 =
900 spoginds prmgopd

JaEpolat P e

Anwv Pregeoga] o) Japeni) 0 0

25



3.2.3 Characterization of ZnO/rGO nanocomposites

Field-emission  scanning electron microscopy (FE-SEM, JSM-600F,
JEOL-JSM-7600F, Tokyo, Japan) and X-ray diffraction (XRD, Rigaku D/MAZX
2500V/PC model, Tokyo,Japan) were used to characterize the surface
morphology and crystalline structure of ZnO/rGO. Fourier transform infrared
spectroscopy (FT-IR, Thermo Electron Co., Waltham, MA, USA) and Raman
spectroscopy (RS, Thermo Fisher Scientific, Waltham, MA, USA) were utilized
at room temperature to investigate the functional groups and surface components
of ZnO/rGO. Optical studies were considered the absorption spectra from 200 to
800 nm using an ultraviolet-visible spectrometer (UV-Vis, Spectramax Plus 384,
Molecular Devices Co., San Jose, CA, USA). The surface properties and
oxidation state of samples were investigated by X-ray photoelectron
spectroscopy (XPS, K-alpha; Thermo Fisher Scientific Co., Waltham, MA,
USA).

3.24 UV sensing measurement

To study UV sensing properties based on ZnO/rGO, an electrode was prepared
on a transparent film (thickness: 100 m). First, a transparent film substrate was
cleaned in ethanol and DI and dried with a nitrogen gun. A UV sensor device
based on ZnO/rGO was simply fabricated as a resistor in the electronic circuit.
To make the sensing film, the as-synthesized ZnO/rGO powder was dissolved in
DI (0.5 mg/mL) under ultrasonication. The mixed solution was then sprayed on
the transparent film substrate and dried for 30 min at 60 °C. The spray-coating

step was repeated three times to ensure full coverage and film uniformity. The
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thickness of prepared film was shown in Fig. Finally, a silver paste was
applied to both sides of the sensor device and kept in an oven for 6 h at 60 °C.
UV sensing properties based on ZnO/rGO were examined with a Blacklight blue
lamp (EL20W BLB; 352 nm and 368 nm) with fixed intensity of 0.62 mW/cm?
at room temperature. As shown in Fig. f[b), the as-prepared UV sensor sample
was tested in UV testing box, with and without bending strain. To study bending
strain effects, the prepared samples were placed on cylinders holders with radii of
12.5, 10, and 7.5 mm and tested in on/off UV illumination states. The UV
sensing system was controlled by KickStart software (Tektronix Company,

Beaverton, OR, USA) and Keithley 2400 Source Meter.

3.2.5 Evaluation of photocatalytic degradation

The photocatalytic activities of the samples were evaluated by degradation of
MB as illustrated in Fig. {{c). Prior to assessing the photocatalytic degradation
activities, 10 mg of as-synthesized ZnO/rGO powder was added to an aqueous
solution of MB (50 mL, 10 mg/L). The suspension was stirred for 30 min in the
dark at 250 rpm to reach adsorption/desorption equilibrium. The prepared
solutions were then illuminated by a 20W compact fluorescent lamp (EL20W;
OSRAM dulux superstar). At specified time intervals, 2 mL of illuminated
solutions was collected to record the absorption spectrum by UV-visible
spectrometer. PL. spectrum was performed to verify the recombination state of
electron—hole pairs in samples (PL spectrometer with 473 nm diode laser;

GI9800A; Agilent Technologies, Santa Clara, CA, USA).
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3.3 Results and discussions
3.3.1 Structural component, surface morphology, and optical properties

All structural components of the as-synthesized samples were confirmed by XRD
as shown in Fig.[5] The XRD patterns of GO and ZnO/rGO were recorded in the
260 range of 5 to 80°. The XRD patterns of GO show peaks at 26 values of 11.2°
corresponding to (002) [107]. The as-synthesized hybrid samples of ZnO,
Zn0O/rGO (10%), ZnO/rGO (20%), and ZnO/rGO (30%) exhibit prominent peaks
at 20 values of 31.8°, 34.4°, and 36.2°, corresponding to a ZnO wurtzite phase
(JCPDS card of 89-13971) and indexed as (100), (002), and (101) reflection
planes, respectively. From the XRD analysis, the lattice constants of ZnO with
different GO contents can be calculated by a hexagonal space lattice equation:

1 4 P>+ hk+ K N 12

= = ()

— 12

> (12)
where d is the interplanar distance and 4, k, and / are miller indices. a and c refer
to the lattice constant of the hexagonal structure. The size of a ZnO crystal can be

calculated using Scherer’s equation [[108]:

K\
b= (50059)

(13)

where ¢ is crystal size, K is a dimensionless shape factor, A is the X-ray
wavelength, 8 is the broadening at half of the maximum intensity, and 6 is
Bragg’s angle. Lattice constant and crystal size were calculated and summarized

in Table 3l
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Fig. 5: XRD pattern of GO and as-synthesized ZnO/rGO.

Fig. 6: Field-emission scanning electron microscopy (FE-SEM) images of the (a)
GO sheet, (b) ZnO, (¢) ZnO/rGO (10%), (d) ZnO/rGO 20%, and (e) ZnO/rGO
ZnO/rGO (30%). The inset shows the high magnification of FE-SEM image for

each condition.
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As GO content increased, the diffraction peak corresponded to the (002)
reflection plan of ZnO intensified. This intense (002) peak plays a significant role
in tunabilities of ZnO morphology in ZnO/rGO. However, the absence of a GO
peak in ZnO/GO implied to a complete exfoliation and dispersion of GO into the

ZnO [109], [110].

The surface morphology of ZnO/rGO was observed by FE-SEM, as shown
in Fig. [f(a){f[e). The figure demonstrates the morphology of GO and ZnO/rGO
containing 0%, 10%, 20%, and 30% GO. The morphology of GO consisted of
two-dimensional sheets with an average length of 89.3 m. The average diameter
of ZnO in ZnO/rGO containing the different amounts of GO is summarized in
Table [5] Interestingly, the increase in GO additive did not change the diameter
of ZnO, but tuned the morphology of ZnO in different as-synthesized ZnO/rGO.
7ZnO in the absence of GO took on a spherical shape with a diameter of 31.7 nm.
However, ZnO in ZnO/rGO samples with 10 and 20% GO formed a rod shape
along with spherical nanoparticles. At 30% GO, nanorods with a diameter of 24.6
nm and a length of approximately 106.8 nm could be seen. An increase in GO
content is, therefore, a synergistic effect that controls dimensional ZnO formation
through a tuning of the dimensional ZnO nanostructures from nanoparticles to

nanorods, which corresponds to XRD results.
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Fig. 7: Surface characterization of ZnO/rGO. (a) FT-IR spectra and Raman
spectra, (b) ZnO component, and (¢) GO component.

Fig. [/(a) shows the FT-IR spectra of GO and as-synthesized samples. GO
shows the presence of different peaks at 3450 cm~!, 1700 cm™!, 1620 cm™!,
1226 cm™!, and 1052 cm™!, corresponding to O-H stretching vibration of the
surface-absorbed water molecules, carbonyl group (C=0), C=C aromatic
configurable vibration, carboxyl C-O, and alkoxy C-O stretching, respectively
[111]. The intensity of the peaks corresponding with oxygen functionalities in
ZnO/rfGO was reduced and some peaks (1226 cm™' and 1052 cm™)
disappeared. This suggests that the majority of the oxygen functional groups in

GO was reduced.

Raman spectra of GO and as-synthesized ZnO/rGO are shown in Fig.
[7(b){7(c). The observed spectrum of GO exhibiting typical D and G bands is
shown in Fig. c). The D band at 1359 cm ™! is attributed a structural defect in
the hexagonal graphitic layers, whereas the G band at 1597 cm~! can be

assigned to sp’carbon-type structure [112]. As-synthesized ZnO/rGO exhibited
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an increased intensity ratio between the D and G peaksT** (Ip/Ig,) compared
with GO. In addition, the D and G band values shifted to lower frequencies as
summarized in Table [f] Along with FT-IR observation, this suggests a reduction
of oxygen functional groups in GO and restoration of new graphitic domains
from the amorphous region of GO [113], [[114]. Moreover, the Raman spectrum
of pure ZnO exhibited optical phonon vibrational peaks corresponded to
Es(high)-Ea(low), A1(TO), Ea(high), and E;(LO) vibrational modes (Fig. b)).
The most intense peak, Eg(high), is associated with intrinsic stress of ZnO
wurtzite at 435.84 cm~!. The E;(LO) peak at 566.79 cm™! is attributed to
surface defect formation such as dislocation and oxygen-zinc vacancy states [[19]].
As shown in Table [f] the intensity ratio of the E;(LO) peak to the Ey(high)
peak™ increased in the as-synthesized ZnO/rGO at different GO additive and
reached a maximum at 0.686 in ZnO/rGO (20%) sample. This indicates that the
most defect/disorders occurs in the ZnO/rGO (20%) sample, compared with the
other as-synthesized ZnO/rfGO samples and GO compared with other
as-synthesized ZnO/rGO with different amounts of GO content. The
optimization of adequate amounts of GO is, therefore, necessary to control defect

formation in ZnO/rGO.
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Fig. 8: UV-visible spectroscopy of as-synthesized ZnO/rGO: (a) absorption
spectra and (b) energy band gap.

The optical properties of ZnO/rGO were studied by UV-visible spectroscopy.
Fig. [B[a) shows the absorption spectra of ZnO/rGO synthesized with different
amounts of GO. The optical absorption coefficient () can be calculated using

Eq. (14) [[115]:

(ahv)? = D(hv — Ej) (14)

where D is constant, hv is the incident photon energy and Ej is the optical band
gap. According to Eq. (14), the band gap of materials has been calculated by
conventional extrapolation of the plot of (ahr)? and hv at o = 0, as shown in
Fig. [§[b). The optical band gap value of as-synthesized ZnO/rGO is summarized
in Table[6] The optical band gap decreased with an increase in the amount of GO

content. For comparison purposes, the band gap energy of pristine ZnO shows
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higher value (3.143) compared with as-synthesized ZnO/rGO samples (2.897-
2.976). The decrease in the band gap of ZnO/rGO can be explained by the increase
in the surface charge between ZnO and rGO, which results in the optical band gap
shifting to a higher wavelength. This is similar to a result obtained by R. Paul et al.
[13]]. In addition, the presence of defects in the as-synthesized ZnO/rGO samples

can be determined using Urbach absorption tail energy [116], [117] by

1 Ina

(Bu) = T (15)

where F, is the Urbach absorption tail energy, which is assumed to be the width
of the exponential edge. The Urbach absorption tail energy shows a smearing of
absorption edge, supplying information on the presence of impurities or defects
in the as-synthesized ZnO/rGO. A close examination of the results reveals that
an increase in GO additive increases the value of E,, to certain GO content, after
which the F, value decreases. The maximum value of F,, was obtained at a GO
content of 20%, indicating to the highest presence of defects/disorder in ZnO/rGO
synthesized at 20% GO. These results confirm the existence of defect in ZnO/rGO
assisted with Raman data, which also showed the highest values of the E;(LO)

peak to the Eo(high) peak ratio at ZnO/rGO synthesized at 20% GO.

ZnO/rGO samples were subjected to a X-ray photoelectron spectrometer to
quantify their oxidation state, oxygen vacancy, and surface chemical
composition, as shown in Fig. [9(a)-0(c). Fig. P(a) shows the XPS survey spectra
of all-synthesized ZnO/rGO, pristine ZnO, and GO with the presence of C, O,
and Zn elements. The deconvoluted Cls peaks were fitted to three Gaussian
peaks, consisting of sp?/sp3 carbon (C-C/ C=C, 284.35-284.95 eV), C-OH/
C-0/ C-Zn (286.98-286.42 eV), and C=0/ COOH (287.5-289) [111], [[112],
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[118], as shown in Fig. [9[b). It can be clearly seen that the peak intensity of
oxygen bonded carbon was decreased after the hydrothermal process. This
suggests that the reduction of oxygen functional groups in GO. Fig. P(c) shows
the deconvoluted Ols of ZnO/rGO compared with pristine ZnO. The Ols peak
was deconvoluted into three Gaussian peaks, corresponding to Op, Oy, and O¢
[791, [119], [120]. The O, peak at 530.80-531.00 eV is been attributed to lattice
oxygen ion (O,) in the ZnO waurtzite structure. The Oy peak at 531.53-531.95
eV has been assigned to Oy ion oxygen deficient region (oxygen vacancy) and
the O¢ peak at 532.47-533.20 eV corresponds to the chemisorbed oxygen on the
surface. The % area and peak position of O 1s peak was summarized in Table
As mentioned above, the Oy peak is related to the oxygen vacancy which the
intensity of Oy peak can be connected to the concentration of the oxygen
vacancy in ZnO/rGO. In Fig. Pfc), the intensity of Oy peak increased with
an increase in GO additive. The ratio of Oy/Op was used to compare the
presence of oxygen vacancy and oxygen lattice in materials [[121]]. As seen in
Table (/| the Oy /Oy, ratio shows the highest value in the ZnO/rGO (20%) sample,
suggesting that oxygen vacancy is intensively constructed in ZnO/rGO (20%)
more than other conditions and pristine ZnO. Along with Raman and UV-Vis
results; this is in good agreement to confirm that the GO additive has an effect on

oxygen vacancy formation in ZnO/rGO.
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Fig. 9: (a) The X-ray photoelectron spectroscopy (XPS) survey spectra obtained
for GO. The deconvoluted (b) C 1s and (c¢) O 1s of GO, pristine ZnO, and as-

synthesized ZnO/rGO.
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3.3.2 UV Sensing Measurement

UV sensor devices based on as-synthesized ZnO/rGO at different amounts of GO
content were fabricated and tested at room temperature. The UV sensing
measurement was investigated by using a UV illumination source with a
wavelength of 365 nm and 2 V of bias voltage. The current characteristic was
measured in “on” and “off” states for the photocurrent and dark current,
respectively, over several cycles. To minimize the effect of natural light, all
measurements were conducted in a dark box and the illumination time was fixed
at 30 s. Photosensitivity was defined by the ratio of photocurrent and dark current
(S = Iyy/Ip) as a function of time. Photosensitivity was calculated and
compared for each condition, as summarized in Table [8] The time interval which
the current increased to 90% of the maximum value (response time) was also
determined. The UV sensor device performance was studied with and without

applying bending strain.

Current—time (I-t) and current-voltage (I-V) characteristics based on
ZnO/rGO without a bending effect are shown in Fig. [I0fa) —[I0(b). As seen in
Fig. [I0(b), the I-V curve shows the characteristics of ohmic contact between
ZnO/rGO and a silver electrode. Pristine ZnO shows photosensitivity lower than
as-synthesized ZnO/rGO as exhibited in Table 8] This indicates that GO additive
can improve photosensitivity. Fig. [[((a) shows how the photocurrent increased
with an increase in GO content to 20% and then decreased as GO content rose to
30%. This is due to the declined ZnO and cut-off light of the active area of ZnO,
leading to a decrease in photocurrent [122f]. An increase in GO additive is

therefore a synergistic parameter to enhance the photosensitivity, in respect of
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increasing carrier concentration from surface disorder and electron adsorption on

the surface.

The UV sensing characteristics were demonstrated by changing several
bending radii, as shown in Fig. [I0[c) —[I0(d). For the UV sensing device based
on pristine ZnO, photosensitivity increased when applying a 12.5 mm bending
radius from 1.51 to 1.82. A decrease in bending radius resulted in a decrease
photosensitivity. Similar to the as-synthesized ZnO/rGO, photosensitivity
showed the same trend, which was optimized with an applied bending radius of
12.5 mm (Table [8). The comparison of photosensitivity of as-synthesized
ZnO/rGO at a different applied bending radius is depicted in Fig. [I0[c) —[T0(d).
As-synthesized ZnO/rGO (20%) showed the maximum photosensitivity (8.81),
which was improved by 123.59% compared with free-applied bending (Fig.
[I0(c)). The as-synthesized ZnO/rGO (30%) sample showed an improvement in
photosensitivity by 244.57%, with an applied 12.5 mm bending radius. However,

decreasing bending radius below 10 mm led to photosensitivity reduction.
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Fig. 10: (a) Current-time (I-t) of ZnO/rGO, (b) I-V characteristic of as-
synthesized ZnO/rGO without bending strain, (¢) Current-time (I-t) of ZnO/rGO
(20%) with bending radius and. (d comparison of photosensitivity.

The improvement in the photosensitivity of ZnO/rGO with and without
bending strain can be explained in a schematic model, as shown in Fig. [IT]
Typically, the photosensitivity of a UV detector mechanism based on n-type ZnO
nanostructures can be described by the chemisorption of oxygen. Without UV
illumination, oxygen molecules adsorb to the surface, resulting in a decrease in
surface conductivity, which can be expressed by Oz(g) + e~ — O (ads), as
shown in Fig. [TT(a) left side. Upon UV illumination, electron—hole pairs are
generated by hv — e~ + h™. Adsorbed oxygen ions will be discharged by holes
to produce oxygen molecules and release trapped electrons to the conduction

channel, resulting in an increase of surface conductivity, which can be expressed
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as 05 (ads) + h™ — Os2(g), as shown in the right side of Fig. a). The
photosensitivity performance depends on the surface-to-volume ratio and surface
defects (oxygen vacancies and/or zinc interstitials), which are regularly
responsible for carrier concentration. The more defects exist in the sample, the

more carriers will increase.

For the bending effect, as shown in Fig. [[T(b), the possibility of improved
photosensitivity can be described in two aspects. First, with incremental surface
defects [[123]], [[124], the applied bending on ZnO/rGO will expand the surface
area and increase the surface defect between ZnO/rGO-ZnO/rGO interfaces.
More oxygen could therefore travel to rGO sheet and increase oxygen
adsorption, leading to improvement in photosensitivity under UV illumination, as
shown in Fig. [IT[b). A decrease in bending radius did not only increase oxygen
adsorption on the sensing surface, but also resulted in collateral destruction
(cracking) of the structural sensing surface and contact between the sensing
surface and the silver electrode (in the case of application of a bending radius
over the elastic limit of materials). This would result in carrier pathway
deformation, carrier mobility, and photosensitivity reduction. However, an
appropriate bending radius could increase oxygen adsorption and not result in
cracking on the sensing surface; this would improve photosensitivity. The second
aspect is the piezoelectric effect [[14], [26]; this is due to the growth of ZnO,
which adhered to the rGO surface, assuming that rGO can transfer all of its
bending force to ZnO nanostructures. When bending strain was applied to the
substrate, a piezoelectric charge was induced on the ZnO surface, leading to an
increase in adsorbed oxygen on the surface and producing a larger depletion

region, as shown in Fig. [[T[b), left side. Under UV light, oxygen desorption
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released electrons back to the conduction channel, leading to the observed
increased photosensitivity as shown in Fig. [[T(b) right side. The present research
found that an increase in the GO additive can improve the photosensitivity of a
UV sensing device based on ZnO/rGO, in terms of induced intrinsic
disorder/oxygen vacancy formation in ZnO. Additionally, a UV sensing device
with applied bending exhibits superior photosensitivity in respect of more surface
area and surface defect creation, providing more absorbed oxygen and more
induced negative piezoelectric charge from piezoelectric effect. We also
compared the photosensitivity in our work with previously reported research in
Table P] This can be clearly seen that as-synthesized ZnO/rGO has good
photosensitivity with faster response time compared with other reports.
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Fig. 11: (UV sensing mechanism of as-synthesized ZnO/rGO (a) without, and (b)
with bending strain.
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3.3.3 Photocatalytic Activity Studies

The photocatalytic activity of ZnO/rGO was measured in terms of the degradation
of MB under visible light. The MB absorption band was observed at 664 nm.
The change in the absorption peak of MB was used to measure variation in MB
concentration with a visible light irradiation time of 0, 5, 10, 20, 40, and 60 min
as shown in Fig. [T6] Fig. [I2[a) shows the variation in the absorption band of
the MB solution with the presence of ZnO/rGO sample as a function of visible
light irradiation time. The photodegradation kinetic model can be explained by a
generic modal equation as a logarithm of time and MB concentration, as given by
C

In — = —ket 16
NG (16)

where Cj and C; are the absorption of MB solution before and after visible light
irradiation, respectively; k. is photocatalytic reaction rate constant; and ¢ is
irradiation time. From Fig. @Ka), it can be seen that the concentration of MB has
been reduced with increasing irradiation time, indicating the photodegradation of
MB in the presence of ZnO/rGO. Additionally, the photodegradation of MB in
ZnO/rGO was considerably greater than in pure ZnO. Fig. [I6] shows that
ZnO/tGO nanocomposites with 20% GO exhibited the highest MB
photodegradation activity (93.78%) within 60 min under visible light compared
with 30% GO (86.43%), 10% GO (56.62%), and without GO content (4.11%).
A comparison of the as-calculated degradation rate constants is shown in Table
This result reveals that ZnO/rGO with 20% GO had the highest photocatalytic
activity, with a rate constant of 0.0482 min—!, which is almost 18 times greater

than pristine ZnO (0.0027 min~!) and other as-synthesized ZnO/rGO samples.
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Fig. 12: (a) Photodegradation of methylene blue (MB) in the presence of various
photocatalysts under visible light illustration, (b) apparent first-order kinetics of
photocatalytic degradation of MB, and (c¢) the effect of GO concentration on
photocatalytic reaction rate constant and defect evaluation values.

As aresult, we can draw a conclusion that GO additive plays an important role in
controlling photocatalytic activities by induced-defect/oxygen vacancy formation
in ZnO. Furthermore, it provides an alternative carrier pathway and separates
photogenerated electron—hole pairs preventing charge carrier recombination.
Photodegradation of MB in this work is compared with previously reported
literatures in Table [I0] It can be seen that as-synthesized ZnO/rGO shows better

photodegradation rate (%) of MB with shorter UV illumination time.

The photocatalytic activity mechanism by ZnO/rGO is illustrated in Fig[T3]
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ZnO acted as an electron-hole pair generator, and rGO acted as the carrier
pathway. The as-synthesized ZnO/rGO was excited to generate electron—hole
pairs of ZnO by visible light illumination. Then, the photogenerated electrons
move up freely to the conduction band of ZnO and transfer to the nearest rGO
surface. Additionally, in the ZnO/rGO heterojunction, the photogenerated
electron in ZnO can freely move to rGO, as the work function of rGO is lower
than the conduction band level of ZnO. This will provide alternative carrier
pathway and enhance charge separation which have a beneficial effect for
photocatalytic [[77]. The photogenerated electrons and holes reacted with oxygen
and hydroxyl groups to form superoxide radicals and hydroxyl radical ions. The
generated radicals then degrade MB and produce oxidized organic products. The
observed enhanced photocatalytic activity can be attributed to the surface
properties of nanocomposites that provide a high surface area, enhancing MB
absorption [[78]]. Photodegradation abilities generally depend on photogenerated
electron—hole pairs. In the case of pristine ZnO with few disorder and surface
defects, the photogenerated electrons and holes undergo quick recombination,
leading to a lower concentration of photogenerated electron—hole pairs compared
with ZnO/rGO with high disorder and surface defects (as evaluated by Raman

spectra, Urbach energy, and XPS).

To additionally support the charge recombination information, a
room-temperature PL spectrometer with excitation wavelength at 325 nm was
performed to show up the charge recombination of ZnO and as-synthesized
ZnO/tGO. As shown in Fig. the PL spectra of all the as-prepared samples
show a sharp emission peak in the UV region of 380 nm, which is related to the

band-to-band radiative recombination of the photogenerated electron—hole.
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Additionally, three minor, broad emission peaks in the visible region of 480 to
625 nm were also found, corresponding to defects of ZnO, such as oxygen
vacancy and zinc vacancy. No detectable emission peak shift was found in any
sample. However, luminescence quenching of as-synthesized ZnO/rGO was
observed, in the order of ZnO/rGO (20%), (30%), (10%), and pristine ZnO,
respectively. This suggests to ZnO/rfGO (20%) has lower charge -carrier
recombination compared with other ZnO/rGO samples and pristine ZnO.
Regarding the Raman, UV visible, and XPS analysis, the lower charge carrier
recombination may be due to the existence of more defect/oxygen vacancy.
Additionally, the GO additive provided the additional carrier pathway, which can
increase charge separation efficiency and prolong photocatalytic reaction lifetime
[8O[, [93], [[125].
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Fig. 13: Schematic diagram of photo-charge generation and charge transfer for
MB degradation using as-synthesized ZnO/rGO.
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3.4 Conclusions

A simple one-pot solvothermal technique to prepare ZnO/rGO nanocomposites
with high photosensitivity and high photodegradation of MB has been
demonstrated. This study indicates that using the optimal amount of GO additive
plays a significant role in not only nanoparticle—nanorod tunability, but also in
inducing the intrinsic defect formation of ZnO. The ZnO/rGO based on UV
detection and photocatalyst outperformed pristine ZnO, as the GO additive
generates more defects and disorder, leading to increase absorbed oxygen for
carrier concentration increment. Additionally, it provides the alternative charge
carrier pathway to prevent charge carrier recombination and prolong
photocatalytic reaction lifetime. ZnO/rfGO (20%) shows the highest
photosensitivity of 3.94 with 18.16 s of response time and degrades 93.78% of
MB in 1 h. This makes it a promising candidate on double application of

environmental monitoring and pollutant treatment.
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3.5 Supporting informations
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Fig. 15: Current of as-synthesized ZnO/rGO with bending radius; (a) ZnO, (b)
ZnO/rGO (10%), (¢) ZnO/rGO (20%), and (d) ZnO/rGO (30%).
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Fig. 17: The photoluminescence spectra of pristine ZnO and as-synthesized
ZnO/rGO.
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4 Cerium-Oxide-Nanoparticle-Decorated Zinc Oxide
with Enhanced Photocatalytic Degradation of Methyl

Orange

4.1 Introduction

In this chapter, we present the surface modification of ZnO by using metal
doping. 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 [41]]. In recent years,
rare-earth (RE) metals have been used as dopants in RE/ZnO; these include
Er[54], [142], Eul55[, [56[, [143], NdA[57], [58], Tm[51], and La[59]-[61].
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 [144].
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 [145]]. Presently, there are few research reports on
Ce-doped ZnO nanocomposites for photocatalytic applications [[146], [147].

Shen et al. prepared the 3D flower-like mesoporous cerium—zinc oxide for
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sunlight-driven photodegradation of Rhodamine B (RhB), which showed 85.1%
degradation in 125 min [62]. 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 research, 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.

4.2 Experimental Details

Zinc nitrate hexahydrate (Zn(NO3)2-6H20) was supplied from Sigma-Aldrich,
Korea. Cerium nitrate hexahydrate (Ce(NO3)3-6H20) 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.
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4.2.1 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% Cel/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 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.

4.2.2 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.
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4.2.3 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 m). Then, the absorption

spectra of the collected solution were investigated by UV-visible spectrometry.

4.3 Results and Discussion

4.3.1 Surface morphology, surface composition and optical properties

The XRD patterns of pristine ZnO, CeO; [[148]], and Ce/ZnO samples (3%, 5%,
and 7% of Ce ions) are shown in Fig.[I8] 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) [149], while as-synthesized Ce/ZnO samples show
additional peaks corresponding to the reflection planes of the cubic-structured
CeOs (JCPDS No. 34-394) [[150]. The lattice constants of ZnO and CeOs
crystals can be calculated from the X-ray diffraction (XRD) results using a space

lattice equation [[151], [152]:
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Cubic-structured CeOs:

1 1
= ﬁ(h2+k2+l2). (17)
hkl
Waurtzite hexagonal ZnO:
1 4 1
o = [0 kR + 20, (18)
hkl

where d is the spacing between planes of atoms and h, k, and I are miller indices.
Here, a and c are the lattice constants of the crystal. The sizes of ZnO and CeO»

crystals can be calculated by Scherer’s equation [[153]]:

AK
Bcost

t=( ); 19)

where t is average crystal size, ) is the X-ray wavelength, K is a dimensionless
shape factor, 8 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 CeOy crystals is exhibited by the
broadening peak of CeOs 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
[13). The average crystal sizes and lattice constants are summarized in Table
As Ce ion doping increased, the intensity of the ZnO reflection plane decreased
and became broader, while the intensity of the CeOs 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 CeOs. This is due to the scattering
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factors of zinc and cerium atoms [[154]. That is, the Zn?T has a lower scattering
factor compared with Ce** in Ce/ZnO samples. The scattering factor (f) of an
atom is governed by sin(6/X) (0 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. [155]. Although Ce** has a higher ionic radius compared with
Zn?*, Ce**t ions possibly move into the ZnO matrix due to the low
decomposition temperature of nitrate. Thus, Ce*t can enter/intermingle in the

ZnO matrix and substitute for the Zn>* position to form CeOs.

<+ ZnO phase m CeO, phase m+ ZnO/CeO, phase

2 7%Ce/ZnO

5%Ce/ZnO

- .
b & o2

‘ . « 3%Ce/ZnO

- - o

[ . EY ¥

Intensity (a.u.)

20 30 40 50 60 70
20 (degree)

Fig. 18: X-ray diffraction patterns of pristine ZnO, CeO2 [156], and as-
synthesized Ce/ZnO samples.
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Fig. 19: Field-emission scanning electron microscopy (FE-SEM) images of (a)
pristine ZnO, (b) 3% Ce/ZnO, (¢) 5% Ce/ZnO, and (d) 7% Ce/ZnO samples.
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Fig. 20: 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% CelZnO samples.

Fig. |19| 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 Size distribution of pristine ZnO is shown
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in Fig. 27). 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, and elemental composition.
HR-TEM images and SAED patterns of pristine ZnO and 7% Ce/ZnO are
demonstrated in Fig. 20| Based on the HR-TEM of pristine ZnO in Fig.[20(a), 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 Fig. 20(b).
HR-TEM images and SAED patterns of ZnO with 7% Ce doping samples
(Fig. 20(c)- 20(d) revealed the presence of ZnO and CeO; in Ce/ZnO samples.
Energy dispersive spectroscopy (EDS) mapping was also provided, as shown in
Fig. 20(e). This strongly indicates the successful doping of Ce into the ZnO
matrix.

Table 11: Lattice parameters, crystalline sizes, average particle sizes, and optical
energy band gaps.

Sample XRD FE-SEM UV-visible
Average

ZnO CeO, particle Eg I(;;V)’
size (nm)

ad) cA ¢t ald)

ZnO 3253 5211 926 - 432 3.06, 0.970
3% Ce/ZnO 3.252 5211 933 5.400 674 2.93,0.991
5% Ce/ZnO 3.252 5208 853 5.405 695 2.48, 0.990
7% Ce/ZnO 3251 5207 86.0 5.405 691 2.22,0.994
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Fig. 21: 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, (¢) O 1s, and (d) Ce 3d.

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 Fig. 21} The XPS survey (Fig. [21[a)) 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 [T4] The deconvoluted Zn 2p peak of pristine ZnO
and Ce/ZnO was fitted with two Gaussian peaks corresponding to Zn 2p; /o
(102230 eV) and Zn 2p3/; (1045.69 eV), as shown in Fig. @b).

The deconvoluted O 1s peaks (Fig. 21)c)) show two types of surface oxygen on
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pristine ZnO at 533.33 and 536.44 eV, which are associated with Zn?* and
chemisorbed oxygens (surface hydroxyl groups) [[157]. 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 [|63]]. Fig. d) shows the deconvoluted
Ce 3d peaks, which consist of binding energies, representing the integrated peaks
of Ce** (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®t in the ZnO
matrix [64]. 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.

(a (b)

/Q

7%Ce/ZnO

Eg=222eV

5%Ce/ZnO

 Eg=248eV

3%Ce/ZnO

Absorbance (a.u.)
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Fig. 22: UV-visible spectroscopy of the pristine ZnO and Ce/ZnO samples: (a)
Absorption spectra and (b) optical band-gap energy.

65



The optical properties of the pristine ZnO and Ce/ZnO samples were
investigated by UV-visible spectroscopy. Fig. [22[a) exhibits the absorption
spectra of as-prepared Ce/ZnO with different % Ce doping. As shown in Fig.[22]
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 (o) can be calculated as

follows [[149], [[156]], [[158]:

(ahv)? = D(hv — E,), (20)

where D is a constant which is called the band-tailing parameter, /v is the photon
energy, and E; is the energy band gap. According to Eq. (20), the energy band
gap of as-prepared materials was calculated by conventional extrapolation of the
plot of & h v? and hv at a = 0, as shown in Fig. b). The calculated energy
band gaps of the pristine ZnO and Ce/ZnO samples are summarized in Table
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 eV (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 Fig. 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

66



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
vacancies and interstitial oxygen [[149]]. However, luminescent quenching of the
Ce/ZnO samples was observed in the order of 7% Ce/ZnO, 5% Ce/ZnO, 3%
Ce/ZnO, and 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 CeO2 and ZnO.

387 — ZnO
3%Ce/Zn0O
— 5%Ce/Zn0O
_ 7% Ce/ZnO
S
3
oy
72}
=
3
=
-]
=W 443
489
\—-—_/\
e —
I I ) I ) I ) I L] I )

350 375 400 425 450 475 500
Wavelength (nm)

Fig. 23: The photoluminescence spectra of the pristine ZnO and Ce/ZnO samples.
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4.3.2 Photocatalytic Activity Studies

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 tothe UV and visible light
emissions, as shown in Fig. 28] 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 at 464 nm, as shown in Fig. 24] The percentage of MO

photodegradation was calculated using the formula [59];

% Photodegradation = [(Ag — At)/Ap] x 100, (1)

where Ag 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 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.

The mechanism and effectiveness of photodegradation of MO was studied
though the kinetic adsorption. Fig. 25] 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 Ct =In CO - k‘lt. (22)

Second-order kinetic adsorption model:

1 1
— = — + kot 23
c, C'0+ ot, (23)

where C; and Cy are the final and initial absorptions of MO under fluorescent
lamp illumination, respectively; k; and ko are the first- and second-order kinetic
reaction rate constants; ¢ is the fluorescent lamp illumination time. The summary
of the calculated &y, ko, R%, and R% was tabulated, as shown in Table 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 [12)). 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 [I5] 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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Fig. 24: Change in absorption spectra of the (a) pristine ZnO, (b) 3% Ce/ZnO,
(€) 5% Ce/ZnO, and (d) 7% Ce/ZnO catalysts during photodegradation of methyl
orange.
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A possible photocatalytic degradation mechanism of the Ce/ZnO catalysts
is displayed in Fig. The band-edge positions of the conduction (Ecp) and
valence band (Ey ) of metal-oxide semiconductors can be calculated using the
equations [[64]:

Ecp =X — E,.— 05 x E, (24)
Eyp = FE, — EcBg, (25)

where X is the electronegativity of ZnO and CeO2 (5.79 for ZnO and 5.56 eV for
CeOs), 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 Ecpg and Ey g
of CeO, were located at —0.44 and 2.56 eV. A CeO5/Zn0O heterojunction forms
due to the band-edge potentials between ZnO and CeOg, which is beneficial for
photocatalytic activity in terms of preventing charge recombination.
Additionally, some Ce?* ions may have drifted to the surface of the ZnO, which
can promote more trapped electrons by the reaction Ce*t + e~ — Ce?*. The
product of this reaction can react with oxygen molecules to form superoxide

radicals by the reaction Ce3t + O, — Ce't + O;f)

. 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
Zn0O. 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 CeO2/ZnO heterojunction would
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provide a carrier pathway to separate photogenerated electron—hole pairs,

obstructing charge recombination in Ce/ZnO.

Oxidized by oxygen

C02+H20‘5 I l ..)

*

PRt
............................. -7 e
":!' B

vacancy

CeQ,/Zn0 heterojunction

\\\

CO, + H,0

Y
PSS

CO,+H,0 4@

Fig. 26: Electron trapping and charge transfer for methyl orange (MO)
degradation using the Ce/ZnO catalysts.
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Table 12: 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.

. . . MO Degradation
Sample Photocatalytic Activity (%)in1h
k1 R? ko R?

Zn0O 0.019 0.981 0.055 0.991 69.42
3%Ce/ZnO 0.038 0.988 0.226 0.991 90.43
5%Ce/ZnO 0.040 0.989 0.255 0.991 92.61
7%Ce/ZnO 0.044 0.990 0.349 0.992 94.06

4.4 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?* ions,
which can trap more electrons, resulting in an increase in generated radicals.
Moreover, CeO2/ZnO 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
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has great potential as a material for water decontamination applications due to its
simple synthesis, low-cost materials, and superior photocatalytic degradation

performance.
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4.5 Supporting informations

Chemical materials

Zinc nitrate hexahydrate was purchased from Sigma-Aldrich, Korea

(Gyeonggi, South Korea)

Cerium nitrate hexahydrate was obtained from Daejung Chemicals Metals

(Gyeonggi, South Korea)

Sodium hydroxide was obtained from Daejung Chemicals Metals (Gyeonggi,

South Korea)

Methyl orange was supplied by Samchun pure chemical (Gyeonggi, South

Korea).

Characterization instruments

XRD (Rigaku D/MAZX 2500V/PC model, Tokyo, Japan)

FE-SEM (JEOL-JSM-7600F, Tokyo, Japan)

HR-TEM (JEM-2100F-JEOL, Japan)

XPS (Thermo Fisher Scientific Co., USA)

UV-visible spectrometer (Spectra Max Plus 384, Molecular Devices, USA)

PL spectrometer (473 nm diode laser; G9800A; Agilent Technologies, Santa
Clara, CA, USA)
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o  Fluorescent lamp as a light source (EL20W; OSRAM dulux superstar)

** The emission spectrum of fluorescent lamp was shown in Figure [2§|

100 150 200 250 300 350 400 450 500 550 600
Particle size (nm)

Fig. 27: FE-SEM image and size distribution of pristine ZnO.

Emission -Fluorescent lamp
= Absorption - Methyl Orange

Normalized intensity (a.u.)

L

T 1 1 T L] L) =
350 400 450 500 550 600 650 700 750
Wavelength (nm)

Fig. 28: The emission spectrum of fluorescent lamp (compact fluorescent lamp)
and absorption spectrum of MO.
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Table 13: Calculated crystal size from several reflection planes of pristine ZnO
and Ce/ZnO samples.

Sample Crystal size from ZnO reflection plan (nm) Average crystal

size (nm)
(100) (002) (101) (103) (200)

ZnO 959 942 949 929 85.1 92.6
3%Ce/ZnO 949 1424 67.0 79.6 82.7 93.3
5%Ce/ZnO 583 940 1109 82.7 80.5 85.3
7%Ce/ZnO 64.8 925 1089 83.8 80.1 86.0

Table 14: XPS peak position and %area of ZnO and 7%Ce/ZnO nanocomposites.

Elemental composition Zn0O 7% Ce/ZnO
Peak Peak
position (eV) % Area position (eV) % Area

Zn 2p Zn 2py /o 1022.9 58.5 1022.3 52
Zn 2p3 s 1045.9 41.5 1045.7 43

O 1s Ce3t/Cet - - 529.3 8.5
Zn?*t 532.8 79.5 533.3 59
OH radicals 536.5 20.5 536.4 32.5
Ce 3d Ce*t:v - - 884.1 15.2
Ce't:V, - - 889.5 19.4

Ce*t:V; - - 898.2 7.3
Ce*t:U, - - 900.6 19.4

Ce't:U, - - 908.4 21.5
Ce*t:U; - - 917.3 17.2
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S Surface Charge Modification of ZnO Nanoparticles
Using Aniline with Improved Photodegradation

Performance

5.1 Introduction

In this chapter, we present the surface modification of ZnO by using Specific
charge and polar molecule functionalization. The photocatalytic activity of
materials is mostly dependent on their surface properties such as particle size,
crystalline phase, surface defects, and surface charge [164]]-[166]. To improve
surface adsorption and charge transfer, many studies have been done on surface
modifications using metal/non-metal doping and polar molecule functionalization
[41], [51-[53], [167]], [168]. Renquan Guan, et al synthesized ZnO/graphitic
carbon nitride (g-C3N4) composites, which improve photocatalytic activity by
increasing the charge carrier and hindering charge recombination [[169].
Debasrita Dash, et al prepared europium (Eu)-doped ZnO nanoparticles, which
have a higher surface area compared to pristine ZnO. Additionally, introducing
Eu into ZnO, generates a defect state, which traps photogenerated electron-hole
pairs, resulting in the improvement of photocatalytic efficiency [170]. Specific
charge and polar molecule functionalization of a material surface is an attractive
technique that capably enhances dye adsorption on the material surface [167],
[168]. Hyunwoong Park, et al reported nafion (an anionic perfluorinated
polymer) functionalized on titanium dioxide (TiO2) which modifies the surface
charge and enhances the photocatalytic degradation of the cationic dye by

opposite charge-induced adsorption and an increase in electron injection [[168].
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However, aniline-functionalized ZnO based on photocatalytic dye degradation

has not yet been reported.

In this study, we present a simple synthesis of ZnO via a hydrothermal
technique, followed by tailoring of its surface charge using aniline, and
systematically characterizing and investigating MO photodegradation. Compared
to pristine ZnO, aniline-functionalized ZnO showed a higher photodegradation

performance.

5.2 Experimental Details

Chemical precursors and characterization equipment information are provided in
supplementary detail section. Deionized water (DI) was used to prepare and clean
sample. All chemicals were utilized in a sample synthesis process as received

without any further purification.

5.2.1 Preparation of ZnO Nanoparticles

ZnO nanoparticles were simply synthesized using hydrothermal technique as
previously described. Briefly, 0.4M of zinc acetate was dissolved in 170 ml of
deionized (DI) water while stirring. A sodium hydroxide solution was separately
prepared and added dropwise into as-prepared zinc solution to a pH of 10. Next,
this mixture was transferred to a Teflon-lined stainless steel autoclave and heated
to 180°C for 12 hr. The sample was collected by filtration, wash with DI water
several times to remove unwanted ions, and dried at 70°C for 24 h (referred to

Zn0).
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5.2.2 Functionalization of aniline on ZnO nanoparticles

Aniline solution was prepared by mixing a pre-calculated amount of aniline (1 ,2
and 3 mole/L) with an ethanol/DI (4:1) solution with stirring for 30 min. To
functionalize aniline onto ZnO, 0.5 g of prepared ZnO nanoparticles was
immersed in the aniline solution and stirred for 12 h. Finally,
aniline-functionalized samples were purified by dialysis using DI water, collected
by filtration and dried in oven at 70°C for 24 h. The samples were named by

ZnO/Anl, ZnO/An2 and ZnO/An3, respectively.

5.2.3 Material Characterization

Field-emission scanning electron microscopy and high-resolution transmission
electron microscopy were utilized to clarify the surface morphology and
crystalline structures. X-ray diffraction was performed to characterize the phase
structures of the samples. Fourier transform infrared spectroscopy and X-ray
photoelectron spectrometer were utilized to investigate the functional groups and
chemical valence states of the samples. The optical properties were studied using
UV-vis diffuse reflectance spectrometry. The Zetasizer equipment was utilized to

investigate an average particle size and surface charge (zeta potential-().

5.2.4 Evaluation of Photocatalytic Activity

For the photocatalytic study, 10 mg of as-synthesized samples was dispersed into
50 mL of methyl orange (MO) solution (10 ppm in DI water) with stirring (500

rpm). The mixed solution was placed in a dark box for 20 min to provide an
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adsorption-desorption equilibrium. Then, Fluorescent lamp, as a light source, was
activated to investigate the photocatalytic degradation of MO for 30 min. The
photocatalytic activity was monitored using a UV-visible spectrometer, measuring

decreases in the MO absorption peak (at 464 nm) at specific time intervals.

5.3 Results and Discussions

5.3.1 Surface morphology and crystalline structure studies

Figure [29(a){29(d) shows FE-SEM and HR-TEM image of ZnO and
aniline-functionalized ZnO. It can be seen that the surface morphology of ZnO
sample was composed of nanorods and nanoparticles while functionalized ZnO
sample also showed a similar particle shape. Zetasizer was utilized to determine
the average particle size of all samples which is summarized as shown in Table
[16] It was found that all of samples show small changing of average particle size

after functionalized aniline.
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digg = 0.280nm) 8

Fig. 29: FE-SEM and HR-TEM images of ZnO and functionalized ZnO samples.

Table 16: Summaries of crystal information, and surface charge.

Sample XRD Zetasizer Nano ZS
Lattice constant 'Crystal Average size Zeta potential
size (nm) (nm) (mV)
a(d) c@)

ZnO 3.25 5.21 91.6 232.1 18.24
ZnO/Anl  3.25 5.21 87.5 250.9 20.34
ZnO/An2  3.25 5.21 90.1 253.3 23.48
ZnO/An3  3.25 5.21 86.8 246.2 25.54

XRD patterns of samples are shown in Figure It can be seen that the
diffraction peaks of all samples exhibit a prominent peak at 31.7° (100), 34.4°
(002), 36.2° (101), 47.5° (102), 56.5° (110), 62.8° (103), 66.3° (200), 67.9° (112),
69.0° (201), 72.5° (004), 76.9° (202) corresponding to hexagonal ZnO wurtzite
structure (JCPDS card of 89-13971) [171]). No diffraction peaks corresponding to
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aniline, were observed in any samples. The lattice constants (a and c¢) of samples
can be calculated using following hexagonal space lattice formula [[149];

1 4 h%+ hk + k? 12
- +

2= () (26)

a c?

where dy,; is the lattice spacing, h, k, and I are miller indices. The average crystal

size (¢) of samples was calculated using Scherer’s equation [|149];

0.9
Bcost

t=( ); @7

where ) is the X-ray wavelength, 3 is the corrected full width at half maximum
(FWHM), and 6 is the Bragg’s angle. The crystal information is summarized in
Table [T6] There were small changes in average crystal size and particle size after
aniline was functionalized on ZnO. However, aniline functionalization did not

affect to the morphology and the lattice constant of ZnO.

(101) (201
(002 102 (112) i (004)
(100 ( (200 (202)
1oy (103)
’;- Zn0O l
<
S’
)
-E ZnO/Anl J h )
S
~—
=
=1 Zno/an2 l
e
1 l L] I L I 1 I 1 I 1

20 30 40 50 60 70 80
20 (degree)

Fig. 30: XRD patterns of ZnO and functionalized ZnO samples.
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5.3.2 Surface composition analysis

Figure [31[a) shows FT-IR of samples which exhibits broad IR band around
3300-3600 cm™! and 400-600 cm™! corresponding to stretching vibration of OH
and Zn-O, respectively. In addition, prominent peak around 900-1200 cm~!
attributed to carboxyl C-O and alkoxy C-O stretching was observed. It is clearly

L and

seen that functionalized ZnO samples show additional peaks at 1384.2 cm™
1632.2 cm™! which are attributed to C-N stretching and N-H bend (primary
amine) vibrational mode [[172]], respectively (Figure [31(b){31]c)). This indicates

to the existence of aniline molecule on ZnO surface.

ZnO and functionalized ZnO samples were subjected to study their surface
chemical composition using a X-ray photoelectron spectrometer as shown in
Figure 32] Figure [32a) exhibits the XPS survey spectra of ZnO and ZnO/An3
with the presence of C, O, N and Zn elements. The deconvoluted XPS of N 1s
peak was shown in Figure [32|b). Compared to pristine ZnO samples,
functionalized ZnO samples reveals the C-N peak at 399.81 eV and C-NH3™"
peak at 401.72 eV which confirms the existence of aniline on ZnO surface [[172].
Additionally, XPS peak shifting of Zn 2p was observed after aniline
functionalization as shown in Figure @c), consisting of Zn 2p; /o from 1022.28
eV (ZnO) to 1022.48 eV (ZnO/An3) and Zn 2p3/, from 1045.38 eV (ZnO) to
1045.58 eV (ZnO/An3). This indicates to the chemical interaction between
aniline molecules and Zn surface. Along with FT-IR, this is a good agreement to

confirm the successful aniline molecule functionalization on ZnO surface.
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Fig. 31: FT-IR of ZnO and functionalized ZnO samples; (a) 400-4000 cm~!, (b)
C-N stretching region: 1350-1400 cm™!, and (¢) N-H bend vibrational region:
1500-2000 cm ™1,

The above surface modification using aniline on ZnO surface can be further
studied by measuring zeta potential ({) as tabulated in Table After aniline
functionalization, the zeta potential (¢) of samples was increased from 18.24 mV
(ZnO) to 25.54 mV (ZnO/An3). It can be ascribed that the surface charge
modification using aniline directly manipulates to the electrostatic interaction
between positively charged aniline and ZnO, resulting to the protronation
reaction of positively charged-aniline molecules on ZnO surface and increase in

zeta potential value.
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Fig. 32: XPS of ZnO and ZnO/An3 samples; (a) XPS Survey spectrum, (b)
deconvoluted XPS N 1s and (¢) XPS Zn 2p.

5.3.3 Optical property studies

Optical properties were characterized by using UV-vis diffuse reflectance
spectrometer as shown in Figure [33] UV-vis (DRS) spectra of functionalized
ZnO samples show a hypsochromic shift as that of surface chemical interaction
between aniline molecule and ZnO. The optical band gap (E;) samples were
determined from reflective spectra using the Kubelka—Munk function as given by
[173]

(F(R)hv) = A(hw — E,)? (28)
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where F(R) = (1-R)?*/2R and R is the reflectance. According to Equation the
band gap of materials has been calculated by conventional extrapolation of the
plot of (F(R))? and hv at F(R) = 0, as shown in inset of Figure The small shift
in the energy band gap was observed and expected to enhance the photogenerated
electron/hole pairs efficiency and photocatalytic performance. The calculated

optical energy band gap was summarized in Table[I7]

Eg=3.222¢V
E,=3.214¢V
Eg=3219¢V

(F(R) hv)(eV em~1)*

F(R)

— Zn0
= Zn0O/Anl
— Zn0O/An2

g
I T T T T T
310, 315 320 325 330 335 340
Photon energy (eV)

——————————
200 250 300 350 400 450 S00 550 600 650 700 750
Wavelength (nm)

Fig. 33: UV-vis spectra of ZnO and functionalized ZnO samples; (inset) optical
energy band gap.

5.3.4 Photocatalytic activity of aniline functionalized ZnO

Photocatalytic performance of samples under fluorescent lamp is demonstrated as
a function of absorption peak and wavelength with different illumination time of 0,
5, 10, 20, 30, 45, and 60 min, as shown in Figure@ The absorption region of MO

was observed at 464 nm. The photocatalytic degradation of MO, was calculated

89



as the following equation [[174];

Ay — A
0

%Degadation = ( ) x 100, (29)

where Ag and A; is the absorbances of MO a initial time and after irradiation at ¢
min. The calculated %degradation of samples was summarized in Table |17 and
the variation in the absorption band of MO solution with the presence of ZnO
and aniline functionalized ZnO samples as a function of illumination time, was
exhibited in Figure [34(a). It can be seen that an increase in aniline
functionalization can intensively improve photocatalytic degradation ability of
ZnO. An increase in aniline concentration on functionalized ZnO increased MO
degradation from 39.96% (Zn0O) to 98.29% (ZnO/An3) in 60 min. Photocatalytic
activity of MO degradation is studie though the first order kinetic adsorption,as

following [175]], [[176]

In () = —ket, (30)
o

where cop and c¢; are the concentration of MO solution before and after light
illumination, ¢ is light illumination time, and k.. is the photocatalytic reaction rate
constant (slope in Figure [34(b)). This revealed that an increase in aniline
concentration in ZnO improved photocatalytic reaction rate constant (k.) from
0.008 min~! (ZnO) to 0.066 min~! (ZnO/An3). This was due to an aniline
molecule(CgHs-NH3 1) working as the active site to protonate on ZnO surface,
that could easily absorb and decompose MO (anionic dye). Our results revealed
that aniline (as positive charge) modified on ZnO surface effectively improve

surface adsorption of MO. Upon light illumination, photogenerated radicals
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(superoxide and hydroxyl radicals) could oxidize and mineralize MO to green
products faster compared to pristine ZnO.

Table 17: Optical energy band gap and photocatalytic performance.

Sample  UV-visible Photocatalytic performance

E, MO k. R2
(eV) degradation (min—')

Zn0O 3.222 39.96% 0.008 0.9516
ZnO/Anl1 3.214 74.09% 0.021 0.9635
ZnO/An2 3.219 96.63% 0.054  0.9948
ZnO/An3 3.215 98.29% 0.066  0.9975

(a) (b)
= i
=
g o L]
.?'; 60+ Qj | e
g g .
a 404 £ " Zn0
$ : "I_n(]/.»\nl
3 ZnO/An2 v,
oy V of ZnO G
0 Dark Sunlight illum:;l]iv:;\r —— -4 ::Eﬁgi::é v

T T T T T T T T T
<20 -10 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) Ilumination time (min)

Fig. 34: (a) Photodegradation percentage, and (b) kinetic adsorption curves during
MO photodegradation of ZnO and functionalized ZnO samples.

5.4 Conclusions

Aniline molecules were attached onto ZnO surface by using impregnation
technique. Aniline acted as a positive charge modifier on ZnO surface. This
modified ZnO showed promising improvement for MO dye adsorption by
enhancing the electrostatic interaction between positive aniline functionalized

ZnO and negative MO molecules. The photocatalytic degradation of MO was

91



observed over 98%, faster than ZnO in an hour. The acceleration in
photocatalytic degradation suggested that aniline functionalization could be
viable option to modify surface charge and improve photocatalytic performance

for advance materials.
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5.5 Supporting informations

Chemical materials

e  Zinc nitrate hexahydrate was purchased from Sigma-Aldrich, Korea

(Gyeonggi, South Korea)

e  Sodium hydroxide was obtained from Daejung Chemicals Metals (Gyeonggi,

South Korea)
e  Aniline was from Sigma-Aldrich, Korea (Gyeonggi, South Korea).

e  Methyl orange was supplied by Samchun pure chemical (Gyeonggi, South

Korea).

Characterization instruments

o  Field-emission scanning electron microscopy (FE-SEM, JEOL-JSM-7600F,

Tokyo, Japan)

e  High-resolution transmission electron microscopy (HR-TEM, JEM-2100F-
JEOL, Tokyo, Japan)

e  X-ray diffraction (XRD, Rigaku D/MAZX 2500V/PC model, Tokyo, Japan)
e  Fourier transform infrared spectroscopy (FT-IR, Thermo Electron Co., USA)
e  X-ray photoelectron spectrometer (XPS, Thermo Fisher Scientific Co., USA)

e  UV-vis diffuse reflectance spectrometer (UV-vis DRS, Spectra Max Plus 384,

Molecular Devices, USA)
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Zeta potential analyzer (Zetasizer Nano ZS, MALVERN, USA)

Fluorescent lamp as a light source (EL20W; OSRAM dulux superstar)
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Fig. 35: Change in absorption spectra of the (a) pristine ZnO, (b) ZnO/Anl, (c)
ZnO/An2, and (d) ZnO/An3 catalysts during photodegradation of MO.
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6 Conclusions

In summary, the photocatalytic degradation property of materials is mostly
dependent on their surface properties such as particle size, crystalline phase,
surface defects, and surface charge. This research is based on the idea of
improving a photocatalytic degradation property of ZnO, by using different
strategies such as nonmetal and metal doping and specific charge and polar

molecule functionalization.

For nonmetal doping strategies, I have chosen GO as a nonmetal dopant
model. Hydrothermal technique to prepare ZnO/rGO nanocomposites with high
photosensitivity and high photodegradation of MB has been observed. This study
indicates that using the optimal amount of GO additive plays a significant role in
not only nanoparticle—nanorod tunability, but also in inducing the intrinsic defect
formation of ZnO. The ZnO/rfGO based on UV detection and photocatalyst
outperformed pristine ZnO, as the GO additive generates more defects and
disorder, leading to increase absorbed oxygen for carrier concentration
increment. Additionally, it provides the alternative charge carrier pathway to
prevent charge carrier recombination and prolong photocatalytic reaction life

time.

For metal doping strategies, I have selected cerium as a metal dopant model.
A simple 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 CeOq
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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) in 60 min. This
may be due to the Ce** ions, which can trap more electrons, resulting in an
increase in generated radicals. Moreover, CeO2/ZnO heterojunctions were
formed, which provide a carrier pathway to obstruct charge recombination and

improve the photocatalytic degradation performance.

For specific charge and polar molecule functionalization strategies, I have
chosen aniline as a specific charge molecule model. Aniline molecules were
attached onto ZnO surface by using impregnation technique. Aniline acted as a
positive charge modifier on ZnO surface. This modified ZnO showed promising
improvement for MO dye adsorption by enhancing the electrostatic interaction
between positive aniline functionalized ZnO and negative MO molecules. The
photocatalytic degradation of MO was observed over 98%, faster than ZnO in an
hour. The acceleration in photocatalytic degradation suggested that aniline
functionalization could be viable option to modify surface charge and improve

photocatalytic performance for advance materials
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