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ABSTRACT

SYNTHESIS OF ZINC OXIDE NANOSTRUCTURES BY CALCINATION
AND SOLVOTHERMAL METHODS

EL ACCEN, Muhammed
M.Sc. in Materials Science and Engineering
Supervisor: Prof. Dr. Metin BEDIR
Co-Supervisor: Assoc. Prof. Dr. Derya KAPUSUZ YAVUZ

January 2024
70 pages

This thesis includes a thorough examination into the synthesis and characterization of
ZnO particles of various morphologies. The structure of the particles was analyzed by
XRD, SEM, TEM, FTIR and XPS techniques and gas adsorption. XRD analysis
confirmed the formation of wurtzite crystals, and microscopy images demonstrated
their growth into various morphologies such as flower-like, nanorods, nanospheres,
nanoprisms, and urchins. By XPS analysis, the oxygen defects on the particle surfaces
were detected. The solvothermally produced nanospheres exhibited the highest
mesopore surface area (30.56 m?/g), while calcined nanorods had the lowest (4.55
m?/g). The band gap energy (E;) of the particles ranged between 3.08 and 3.29 eV and
was lower than the theoretical value of wurtzite ZnO (3.37 eV). The photocatalytic
degradation tests were carried out with methylene blue (MB) dye as the model organic
pollutant. The results showed that calcined, acetic acid-modified nanorods were
particularly ideal for photocatalytic degradation. Over the course of 24 h, 50.42 % of
MB was degraded by these nanorods. Additionally, the thesis explored the preliminary
experiments for the production and characterization of ZnO-PEG hybrids. FTIR
spectra confirmed the interaction of PEG with ZnO on the particle surfaces. Their
biocompatibility was qualitatively compared through immersion in simulated body

fluid (SBF). Results revealed their potential to be used in the biomedical field.

Key Words: ZnO, Nanostructure, Photocatalytic, ZnO-PEG, Biocompatibility.



OZET

CINKO OKSIT NANOYAPILARININ KALSINASYON VE SOLVOTERMAL
YONTEMLERLE SENTEZI

EL ACCEN, Muhammed
Yiiksek Lisans Tezi, Malzeme Bilimi ve Miihendisligi
Damisman: Prof. Dr. Metin BEDIR
Ikinci Damisman: Dog. Dr. Derya KAPUSUZ YAVUZ

Ocak 2024
70 sayfa

Bu tez, ¢esitli morfolojilerdeki ZnO pargaciklarinin iiretimi ve karakterizasyonunun
kapsamli bir incelemesini igermektedir. Par¢aciklarin yapisi, XRD, SEM, TEM, FTIR
ve XPS teknikleri ve gaz adsorpsiyonu ile analiz edilmistir. XRD analizi, vurtzit
kristallerinin olusumunu go6stermis olup ve mikroskopi goriintiileri, bunlarin ¢igek
benzeri, nanocubuklar, nanokiireler, nano prizmalar ve kestaneler gibi cesitli
morfolojilere dogru biiytidiiginii a¢iga ¢ikarmistir. XPS analizi ile pargacik
ylizeylerindeki oksijen kusurlar1 tespit edilmistir. Solvotermal olarak {iretilen
nanokiireler en yiiksek mezogozenek yiizey alanmm (30,56 m?/g) sergilerken,
kalsinasyon yontemi ile iiretilen nanogubuklarin en diisiik (4,55 m?/g) yiizey alanina
sahip oldugu goriilmiistiir. Parcaciklarin bant araligi enerjisi (Eg) 3,08 ile 3,29 eV
arasinda degismistir ve vurtzit ZnO'nun teorik degerinden (3,37 eV) daha diisiik elde
edilmislerdir. Fotokatalitik bozunma testleri, model organik kirletici olarak metilen
mavisi (MB) boyasi ile gerceklestirilmistir. Sonugclar, kalsine edilmis ve asetik asitle
modifiye edilmis nanogubuklarin fotokatalitik bozunma i¢in 6zellikle ideal oldugunu
gostermigtir. 24 saat i¢inde MB'nin 9%50,42'si bu nanogubuklar tarafindan
bozunmustur. Ayrica bu tezde ZnO-PEG hibritlerinin {iretimi ve karakterizasyonuna
yonelik on deneyler yapilmistir. FTIR spektrumlari, pargacik ylizeyleri iizerinde
PEG'in ZnO ile etkilesimini dogrulamistir. Hibritlerin biyouyumluluklari, simiile
edilmis viicut sivisina (SBF) daldirma yoluyla niteliksel olarak karsilastirilmistir ve

sonu¢lar bunlarin biyomedikal alanda kullanilma potansiyelini ortaya ¢ikarmistir.

Anahtar Kelimeler: ZnO, Nanoyapi, Fotokatalitik, ZnO-PEG, Biyouyumluluk.
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CHAPTER 1
INTRODUCTION

1.1 Motivation

With the development of nanotechnology, a new age of materials science has begun,
defined by an interdisciplinary approach that combines materials engineering with
chemistry, physics, and biology to tackle difficult challenges in engineering
applications. [1], [2]. Among the numerous materials investigated, zinc oxide (ZnO)
appears as a versatile and attractive competitor for a variety of applications,

particularly in the form of nanostructures and hybrids.

Zn0O possesses intrinsic properties such as non-toxicity and antibacterial activity,
which are indispensable for most medicinal applications. Moreover, its unique ability
to interact with light through photocatalytic activities paves the way for advanced
therapeutic and diagnostic techniques [3]. Furthermore, ZnO can be chemically
modified using polymers for specific capabilities or morphologically for greater
surface area [4]. For instance, ZnO-polymer hybrids stand at the forefront as potential
materials for drug delivery systems [5]. They can be engineered to respond to various
stimuli such as pH, temperature, or light, making them ideal for targeted drug release
[5]. Furthermore, their high surface area and the ability to modify the surface with
functional groups make them suitable carriers for therapeutic molecules [6]. Such
smart delivery systems have the potential to transform the efficiency and accuracy of
treatment modalities, particularly in the battle against cancer, where targeted delivery

of chemotherapeutic drugs is important.

The synthesis of ZnO particles is an extensive research area and controllable synthesis
of both ZnO and ZnO-polymer hybrid morphologies of large surface area is in high
demand. Larger number of polymer or functional groups can interact with ZnO on its
surface, providing not only more homogeneous and effective tailoring of the properties
but also high loading capacity for i.e. Drugs. It also presents an opportunity to explore
the interactions between inorganic nanoparticles and organic matrices, opens new

avenues for research and applications [7].



In the overall, the synthesis of ZnO and its polymer hybrids is not only a response to
the urgent needs for engineering applications, but also a stride toward the future of
multifunctional materials. In this regard, the motivation for this work stems from its
potential to make a substantial contribution to related research by exploiting the
features of ZnO and ZnO-PEG to build innovative materials for engineering

applications.

1.2 Scope and Objective of The Thesis

The scope of this thesis is to investigate the potential use of ZnO and ZnO-PEG hybrids
for photocatalytic and biomedical applications. Thus, the general objective of the
thesis is to synthesize distinct ZnO morphologies and then forming their hybrids with
PEG, and investigate their photocatalytic capability and apatite-forming. Particular
attention was paid to the correlation between the morphological characteristics of ZnO
particles and their photocatalytic activity, with the aim of identifying those

configurations that demonstrate superior performance.
In the light of this general objective, the specific goals are:

e Synthesis of distinct morphologies at low temperature and high impurity.
e Building a correlation between the structure and photocatalytic capability.

e Investigation of PEG-hybridization on the structure and Biocompatibility.



CHAPTER 2
LITERATURE REVIEW

2.1 Structure and Synthesis of ZnO Nanoparticles

ZnO stands as a semiconductor material that has captivated academic interest, largely
attributable to its wide band gap and large exciton binding energy, properties that
render it an exceptional candidate for using in electronic and optoelectronic devices
[8]. It has three polymorphs: the stable phase; wurtzite [9], the zinc blende structure
which is stable only when grown on cubic substrates [10], and the rock salt structure,

which can be obtained at relatively high pressures [11] as shown in Figure 2.1.

Rocksalt (B1) Zinc blende (B3) Wurtzite (B4)

Figure 2.1. The three crystalline polymorphs of ZnO [12]

The semiconducting nature of ZnO, along with its environmental robustness and
thermal stability, makes it an ideal candidate for applications in harsh operating
conditions, where organic semiconductors might falter [13]. In the domain of
transparent electronics, ZnO’s ability to conduct electricity while maintaining
transparency is leveraged in the fabrication of transparent conductive oxides [14], a
critical component in liquid-crystal displays, touch screens, and solar cells.
Furthermore, the high electron mobility of ZnO contributes to its efficiency in

electronic transport, enhancing the performance of electronic devices [15].



The study and application of ZnO in the form of nanoparticles has a multifaceted
history, marked by extensive research into its intrinsic properties and the pursuit of
innovative synthesis techniques. ZnO nanoparticles are characterized by their
distinctive physical and chemical attributes, which include a substantial band gap of
approximately 3.37 eV and an exciton binding energy on the order of 60 milli-electron
volts [16], [17], [18]. These features confer upon ZnO nanoparticles the capacity for
absorbing ultraviolet light, thereby qualifying them as suitable agents for
photocatalytic processes, a quality that has been harnessed in environmental

remediation efforts [19], [20].

Historically, the development of ZnO nanoparticle synthesis has undergone significant
advancements over time. Initially, synthesis techniques largely depended on vapor
phase transport methods. These early methods were effective in producing
nanoparticles but were also characterized by their intensive energy requirements and
the need for high thermal inputs [21], [22]. Several novel chemical methods have been
developed throughout time as the focus on energy efficiency and precise control over
nanoparticle properties intensified. The sol-gel procedure is one of the most well-

known and widely used processes [23].

The comparatively moderate synthesis conditions and high degree of homogeneity that
the sol-gel procedure provides to the resultant nanoparticles made it a popular
technology. Over time, the focus on energy economy and precise control over
nanoparticle properties grew, leading to the development of several innovative
chemical techniques. One remarkable technique that has gained traction is the sol-gel
procedure [24]. This method involves the transition from a colloidal solution to a gel
phase, culminating in the formation of ZnO nanoparticles whose size and crystallinity
can be finely tuned, thereby enabling a direct correlation between synthesis conditions

and photocatalytic activity [25].

The precipitation method for synthesizing ZnO nanoparticles is a strategic approach
that involves the co-precipitation of zinc ions with a precipitating agent to form ZnO,
and this technique stands out for its simplicity and cost-effectiveness, which make it
highly attractive for large-scale production [26]. The final step often involves
calcination, where the dried zinc hydroxide is heated at elevated temperatures in a

furnace to decompose it into ZnO [27]. This thermal treatment not only removes any



remaining organic or inorganic impurities but also leads to the formation of
nanoparticles with a more defined crystalline structure and increased photocatalytic

activity [27], [28].

Concurrently, solvothermal and hydrothermal synthesis have gained recognition for
their lower operating temperatures, which generally do not surpass 250 °C [29]. This
approach facilitates the creation of ZnO nanoparticles with diverse morphologies [30],
such as nanorods, nanowires, and nanoflowers, each morphology bringing its own set
of surface characteristics and reactive facets to the fore, thus influencing photocatalytic

efficiency.

The evolution of ZnO nanoparticle synthesis is reflective of a maturing synergy
between disciplines such as material science, chemistry, and environmental
engineering. This synergy is guided by the dual objectives of advancing material
properties to suit targeted applications and adhering to the principles of green
chemistry, which prioritize environmental sustainability alongside technological

progress.

2.2 Photocatalytic Activity

Zinc Oxide (ZnO) is a widely studied photocatalyst due to its abundant availability,
non-toxicity, and high photocatalytic efficiency under UV light [31]. Its high exciton
binding energy is beneficial for photocatalytic applications because it allows efficient

electron-hole pair separation, a crucial factor for photocatalytic processes [32].

ZnO's photocatalytic activity primarily involves the generation of electron-hole pairs
upon UV light irradiation [33] as shown in Figure 2.2. These electron-hole pairs
interact with water molecules or hydroxide ions to produce hydroxyl radicals, which
are potent oxidizing agents capable of degrading a wide range of organic pollutants
[34]. Additionally, the electrons can reduce oxygen molecules to form superoxide
anions, further contributing to the degradation process [35], then by the reaction given

in Eq. (2.1).

The photocatalytic efficiency of ZnO is influenced by several factors, including its
morphology, crystal structure, surface area, and the presence of defects [36], [37].
Distinct morphologies of ZnO, such as nanoparticles, nanorods, and nanosheets,

exhibit different photocatalytic activities due to their varying surface areas and crystal



facets [38]. The presence of defects can also significantly enhance photocatalytic
activity by creating additional energy levels within the band gap or facilitating charge

separation [39].

While ZnO is highly efficient under UV light, its application under visible light is
limited due to its wide band gap [40]. Recent studies have focused on modifying ZnO
with metal or non-metal doping, forming composites with other semiconductors, or

sensitizing with organic dyes to extend its absorption to the visible light range [41].

——), Dves
:.} ;::
&
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e 3 e : &
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'OSICOICS

Degradation

Valenceband

OH OH

Figure 2.2. The proposed photocatalytic mechanism of ZnO nanostructures

The reaction of photocatalytic mechanism is shown in the Eq. (2.1):
Zn0 + hv =Zn0* + h* + e~ (2.1)

Where, hv is the photon (light), ZnO" is the excited state of ZnO, h* is the positive

hole, and ¢" is the free electron.

In summary, ZnO is a promising photocatalyst with considerable potential in
environmental remediation, particularly in the degradation of organic pollutants.
Ongoing research focuses on enhancing its efficiency, stability, and visible light

activity to expand its applicability.



2.3 Hybridizing with Polymers and Biomedical Applications

The utilization of polymer coatings on nanoparticles has become increasingly
prevalent in enhancing the functionality and application scope of nanomaterials. This
approach involves encapsulating nanoparticles with polymers to improve their
stability, biocompatibility, and functionality [42]. Among various polymers,
Polyethylene Glycol (PEG) has gained significant attention due to its unique
properties, such as water solubility and non-toxicity, which make it ideal for

biomedical applications [43].

Focusing on PEG's application in coating ZnO nanoparticles, there's a synergy
between the two materials that broadens their application potential. ZnO, known for
its photocatalytic, antimicrobial, and UV-blocking properties, when coated with PEG,
shows enhanced dispersion in aqueous and biological environments, and improved
biocompatibility. This makes PEG-coated ZnO nanoparticles particularly suitable for
drug delivery and wound healing [44].

Coating ZnO nanoparticles with PEG typically involves the attachment of PEG chains
onto the ZnO surface, which can be achieved through various chemical methods. This
process not only stabilizes the nanoparticles but also imparts new properties, such as

increased hydrophilicity and reduced cytotoxicity [45].

In the realm of biomedical research, the interaction of PEG-coated ZnO nanoparticles
with biological environments such as Simulated Body Fluid (SBF) is of particular
interest. SBF tests are crucial for evaluating the bioactivity and biocompatibility of
materials intended for medical use. These tests simulate the conditions of human body
fluids, providing insights into how materials behave in a physiological environment
[46]. PEG-coated ZnO nanoparticles, when tested in SBF, exhibit several notable
behaviors that underscore their potential in biomedical applications. The interaction of
these nanoparticles with SBF often results in the formation of a biomimetic apatite
layer on their surface, indicative of good bioactivity and potential for bone tissue

engineering [47].

Overall, the use of PEG-coated ZnO nanoparticles in SBF tests has provided valuable
insights into their interaction with biological systems, paving the way for their use in

a range of biomedical applications.



CHAPTER 3
EXPERIMENTAL PROCEDURE

3.1 Materials

Materials used in this work were of analytical grade and used without further
purification. For the synthesis of ZnO, zinc acetate dihydrate (ZAD, ISOLAB 996.016,
99.5%, Zn(CH3COO0),.2H,0) was used as the zinc precursor. Ethanol (EtOH,
ISOLAB 920.026, 99.9%, C,HsOH) was used as the solvent for the solvothermal
reaction. NaOH (NaOH, ISOLAB 969.11, 99%) and acetic acid (AA; TEKKIM
TK010040.01001, 80%, CH;COOH) were used as precipitating agents. For testing of
photocatalytic capability, methylene blue (CHEMBIO CB2700.0100, C16HisCIN3S)
was used as the model organic pollutant. Deionized water (DW) was used for synthesis

and in all washing procedures.

For coating of the ZnO structures produced, poly ethylene glycol (PEG, MERCK
25322-68-3, (CH20OH),) was used. The biocompatibility tests were conducted using
simulated body fluid (SBF). SBF was prepared using the formulation given on Table
3.1, as reported by Kokubo et al. [48].

Table 3.1. The chemical composition of SBF solution [Kokubo ref]

Order of Chemical
Reagent Purity %  Amount
Addition Formula
1 Sodium Chloride NaCl 99.5 8.035¢
5 Sodium Hydrogen NaHCOs3 99.5 0.355¢g
Carbonate
3 Potassium Chloride KCl 99.5 0.225¢
di-Potassium Hydrogen K>HPO4.3H,0 99.0 0.231¢g
Phosphate



Magnesium Chloride MgCl>.6H.0 98.0 0.311g

: Hexahydrate

6 1 M Hydrochloric Acid HCl - 39 ml
7 Calcium Chloride CaCl, 98.0 0.292 ¢
8 Sodium Sulfate NazS04 99.0 0.072 g
9 Trizma Base (CH20OH);CNH2 99.0 6.118 g
10 Sodium Chloride NacCl 99.5 8.035¢g

*Where 1 M HCI was used extra for pH adjustment (between 0 — 5 ml). pH value
should be 7.25.

3.2 Synthesis of ZnO Nanoparticles

3.2.1 Synthesis by Calcination

For the synthesis of ZnO by calcination, products were first precipitated in solution,
where work performing by S. Rani et a/ [49] was used as a reference study for the
synthesis. Typically, the procedure of precipitation started by mixing 0.01 M (2.19 g)
of ZAD with 10 ml of EtOH in a clean pot, then 0.05 M (2 g) of NaOH was added to
the pot with 5 ml of DW for NaOH dissolving.

The mixture was then kept at RT for 15 min, then at 80 °C for 45 min under continuous
stirring. The precipitates were separated by centrifuging for 20 min, then drying in an
oven at 80 °C for 4 h. After drying, products were calcined at 200, 400, 600 °C for 2
h. AA was added as the final step of an identical procedure to the samples designated

as “2”. The synthesized sample formulations are listed on Table 3.2.

Note: All the results of samples (1a, 1b, 1d) and samples (2a, 2b, 2d) are not shown in
this thesis, because they were identical to the results of the samples 1¢ and 2¢ which

were chosen.



Table 3.2. Samples formulations for calcination

Sample ZAD EtOH NaOH DW AA Calcination

Time (h)
Code (2) (ml) (2) (ml) (ml) Temperature (°C)

la -
1b 200

2.19 10 2 5 - 2
Ic 400
1d 600
2a -
2b 200

2.19 10 2 5 2 2
2c 400
2d 600

3.2.2 Solvothermal Synthesis

For samples 3 and 4, the solvothermal technique was used to produce ZnO products,
as described in Section 3.2.1. After 4 h of stirring at 80 °C, the solution was transferred
to a Teflon-lined stainless-steel reactor (50 mL) and exposed to a solvothermal reaction
at 250 °C for 4 h. Following the completion of the reaction, the solution was vacuum-
filtered using 0.22 pum filter paper. The ZnO precipitates were then dried for 4 h at 80
°C. Solutions in samples labeled “5” were subjected to solvothermal reactions at lower
temperature for a longer period of time (24 h). The solution preparation technique was
identical to that used in steps 3 and 4, but the formulas were different. The NaOH and
AA additions were skipped in 5a and 5b, and DW was employed as the solvent instead

of ethanol in 5c. Table 3.3 lists all of the solvothermal sample formulations.

10



Table 3.3. Samples formulations for solvothermal

Solvothermal
Sample ZAD EtOH NaOH DW AA Time
Temperature
Code (g (ml) (® (ml)  (ml) . (h)
(°O)
3 2.19 10 2 5 - 250 4
4 2.19 10 2 5 2 250 4
Sa 2.5 25 - - - 200 24
5b 2.5 25 - - - 120 24
Sc 0.62 - 2.4 30 - 100 24

3.3 Preparation of ZnO-PEG Hybrids

Based on their microstructural properties, four ZnO samples (2c, 3, 5b, 5c¢) were
chosen for the preparation of ZnO-PEG hybrids. In a typical process, 0.11 g (0.1 ml)
of PEG added in 50 ml of DW, then mixed with 50 mg of ZnO. The mixture was stirred
at RT for 3 h, then centrifuged for 15 min to separate the particles. Particles were then
washed with EtOH and dried at 60 °C for 2 h. The formulations are summarized on

Table 3.4.

Table 3.4. Formulations of ZnO-PEG hybrids

Sample Code ZnO (g) PEG (ml) DW (ml)
(2¢)-PEG
(3)-PEG
0.05 0.11 50
(5b)-PEG

(5¢)-PEG

11



3.4 Characterization and Testing

3.4.1 XRD Analysis

XRD analysis was carried out by scanning the ZnO particles in 10-90° 2-theta range,
with Copper K-o monochromatic radiation (A = 1.54056 A), using Bruker D8
equipment. Particles were scanned with a rate of 2°min. Using the Unit cell®
software, the lattice properties of each composition were calculated. In addition, the
average crystallite sizes were calculated using the Debye-Scherer Formula, shown in
Eq. (3.1).

kA
D= Beosd (3.1)

Where D is the crystallite size (nm), k is Scherer constant = 0.9, A is the wavelength
of the monochromatic X-ray (0.15406 nm for Cu-Ka), B is the full width at half
maximum (FWHM in radians) of the peaks in 10-60° range used in the calculation and

0 is the Bragg’s angle in Radians [50].

3.4.2 Microscopy Analysis (SEM, TEM)

The morphology of ZnO particles was investigated using SEM (FEI Nova Nano SEM
430) operated at 20 kV voltage. Before the analysis, particles were dispersed on carbon
tape and sputter-coated with Au/Pd. Particles were further analyzed by transmission
electron microscope (TEM, JEOL 2100 RTEM) at 200 kV. Prior to TEM analysis,
they were dispersed in EtOH and sonicated for 20 min for the aggregates to break
down. Then a drop was taken from the EtOH surface and placed onto the carbon TEM
grid.

3.4.3 Spectroscopic Analysis (FTIR, XPS)

For identifying the chemical structure, FTIR spectroscopy was performed using
Shimadzu IRTracer-100 FTIR spectrometer. The spectral resolution was 4 cm™ and
each scan was performed in 4000 - 400 cm™ range. To further characterize the
chemical structure of the particle surfaces, X-ray photoelectron spectroscopy (Specs
Flex XPS) with XRD 50 source at an excitation energy of 1486 eV was used to

investigate the Zn and O bonding on the particle surfaces.

12



3.4.4 Gas Adsorption

To characterize the surface structure of samples, N> gas adsorption was performed
using Micrometrics 3Flex Tristar II 3020 system equipped with BET analyzer. By the
systems’ software, adsorption isotherms, and average pore sizes were calculated using
Barrett-Joyner-Halenda (BJH) approach. Before the analysis, particles were degassed
at 80°C for 10h.

3.4.5 Energy Band Gap Determination

A UV-Visible spectrophotometer (Shimadzu UV-3600 Plus) was used to analyze and
characterize the band gap structure of the particles. Scanning was performed in diffuse
reflectance mode. Based on Eq. (3.2), Tauc method was used to calculate the direct

band gap energy (Eg) [51].

(a * )™ = B (hv — E,) (3.2)

Where h is the Planck Constant, v is the frequency of the photon, B is a constant to

define the type of electron transition, and for direct transition band gaps, n equals 1/2.

Through the application of the Kubelka-Munk (K-M) theory, the DRS spectra of
particles are collected and transformed to the absorbance spectra Eq. (3.3).

K _ (1-Rw)?

F(ROO) = E 2R

(3.3)

Where R is the reflectance of a specimen that is infinitely thick, S is the scattering
coefficient, and K is the absorbance. According to K-M Theory, the equation can be

modified to Eq. (3.4) by substituting F (Rwo) with a:
(F(Roo) * hv)*™ = B (hv —E;)  (3.4)

The DRS scans were conducted in the 200—-800 nm wavelength range to determine Eg,
and Eq. (3.4) was applied. Each sample was plotted using the Tauc Plot (F(Roo) * h(!/®
versus photon energy (h)), where n is 1/2. The x-axis was extended to include the steep,
linear portions of the curves, and their intersection locations were noted as the direct

E,. The software Origin Pro® was used to extend the linear portion of the curves.

13



3.4.6 Photocatalytic Degradation Testing

In photocatalytic degradation experiments, MB was used as a model dye. The
photocatalytic degradation capability of the ZnO particles was investigated under UV
light irradiation. In a typical testing procedure, an aqueous MB solution (MBaq)) was
prepared at 25 mg/L concentration. 50 mg of ZnO sample was added into 50 ml of
MB.q). Based on the analysis results and their microstructural properties, 7 samples

were chosen for testing (1c —2c —3 —4 — 5a— 5b — 5¢).

In a typical test, ZnO containing MBq) was placed in a dark box and stirred at 500
rpm at RT. After 30 min of dark stirring, at specific time intervals, the UV-C lamp (8
W, 365 nm, OSRAM) in the box was switched on and the solutions were exposed to
UV light for definite time periods (1 —2 — 12 — 24 h). At each time interval, including
the 30 min-dark condition, 5 ml of solution was taken and filtered by syringe filter
(0.22 um). The clear, powder-free MB supernatant solution was scanned at 200 — 800
nm range by UV-Vis spectrophotometer (Shimadzu UV-1800). The apparent
degradation rate constant k (h') was calculated by applying the Langmuir-
Hinshelwood (LH) model based on first order kinetics [52]. The equation used for the
calculation is shown in Eq. (3.5).

In==kxt (3.5)

0

Where C is the concentration (expressed as absorbance at 664 nm, Ases) at time t, and

Co is the initial concentration Aees at t =0 h [52].

3.5 Biocompatibility Tests

0.05 g of each coated sample (Table 3.4) was immersed in 10 ml of SBF, for 24 h at
RT, then they were filtrated and dried to obtain ZnO-PEG hybrids for investigating the
biocompatibility through their SEM and FTIR analyses.
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CHAPTER 4
RESULTS AND DISCUSSION ON
EXPLORING THE STRUCTURE AND PHOTOCATALYTIC CAPABILITY
OF ZnO NANORODS SYNTHESIZED BY CALCINATION AND
SOLVOTHERMAL METHODS

In this chapter, four different ZnO morphologies were studied. Calcined samples
labeled 1¢ and 2¢ (Table 3.2) and solvothermally synthesized samples labeled 3 and 4
(Table 3.3) were explored. The influence the synthesis method on the structural
properties such as crystal properties, morphology, surface chemistry, and porosity
were investigated. Furthermore, the band gap structure and the photocatalytic
capabilities were compared. Upon concluding the chapter, a comprehensive discussion
of all findings is conducted to establish an integrated view of the relationships between

structure and property.

4.1 Structural Properties
The XRD results confirmed that all powder prepared in each sample could be indexed
to JCPDS# 36-1451, indicating each composition resulted in the formation of pure,

hexagonal ZnO (wurtzite) [53], [54], [55], [56] as shown in Figure 4.1.

The lattice parameters and crystallite sizes obtained via the Unit Cell ® software using
the Debye-Scherer Formula, shown in Eq. (3.1) are presented and compared to its
JCPDS card in Table 4.1. The results indicate that the lattice parameters of the ZnO
crystallites remained identical and there was no significant contraction or expansion
in the wurtzite lattice as a result of changes in the synthesis method or the addition of

AA.

The FTIR spectra of the particles are compared in Figure 4.2. Results showed that
regardless of the method used, each formulation involved the presence of the peak

centered at 400 cm™, which could be assigned to stretching of Zn-O bonding [57].
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Similarly, each of the formulations exhibited the C-H bonding vibration between 862
- 878 cm’l. The peak centered at 1637 cm™ was due to the bending vibration of the O-
H group [58].
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Figure 4.1. XRD patterns of ZnO nanorods

Table 4.1. Calculated lattice parameters and crystallite sizes of the ZnO crystals

Cell Volume  Crystallite size

Sample Code a (A) c(A) A& (am)
Ic 3.2461 5.1854 473191 18.83 £2.4
2¢ 3.2454 5.1905 47.3452 19.08 £2.4
3 3.2439 5.1859 47.2596 25.55+3.36
4 3.2449 5.1941 47.3635 2445 +2.5
JCPDS 36-
1451 3.2480 5.2040 47.5445 20-50
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The absence of this peak and the corresponding O-H bending vibration at 3415 cm™!
in the 1c and 2c formulations suggests that the direct calcination technique effectively

eliminated the physically adsorbed water in the particles [59].
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Figure 4.2. FTIR spectra of the ZnO nanorods

In order to determine if the particles possessed the same morphology and if their
growth trends were influenced by the method used, SEM analysis was conducted and

the resulting images are shown in Figure 4.3. The descriptions for the obtained

morphologies are displayed in Table 4.2.

The images indicated that all of the samples displayed rod morphologies in nanoscale.
The rods in sample 1c exhibited tendency to attach themselves on one side, making up
a flower-like structure, while in sample 3, which is the solvothermally synthesized
form of 1c, rods were larger in diameter. The same situation was observed between 2c

and 4, but there was no remarkable morphologies change occurred due to change in

synthesis method.
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Figure 4.3. SEM images of ZnO nanorods synthesized by calcination (a, ¢) and
solvothermal (b, d) methods

Table 4.2. The morphology descriptions of ZnO produced

Sample Code Morphology Description
lc Nanorods, Flower-like
2c Nanorods
3 Nanorods with larger diameters compared to 1c
4 Nanorods with larger diameters compared to 2¢
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The Zn 2p and O 1s XPS spectra of the particles are displayed in Figures 4.4 and 4.5
for more-detailed comparison. The XPS spectra in Figure 4.4 revealed that the Zn 2p
binding energies of the particle’s surfaces exhibited significant variations. For sample
lc, the peak centered at 1020 eV was assigned to the Zn 2p3, binding of wurtzite
structure [60], [61].

The position of the peak did not shift in sample 2c, but it was at a completely different
position for the samples synthesized by solvothermal method; samples 3 (at 1019 eV)
and 4 (at 1022 eV). The same condition was observed for the Zn 2pi» peak. It was
centered at 1043 and 1044 eV for samples 1c¢ and 2c, respectively. Whereas it shifted
to 1042 eV and 1045 eV for samples 3 and 4, respectively. These results indicated that
the electron density around the Zn?" core of the particle surfaces was different, despite

their similar morphologies [62].
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Figure 4.4. Zn 2p XPS spectra of ZnO nanorods
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The O 1s binding energies indicated a similar behavior as shown in Figure 4.5 O 1s
peak of samples 1c and 2c was centered at 529 eV, whereas it shifted to 527 eV and
530 eV for samples 3 and 4, respectively. The low binding energy of O 1s in calcined
samples could be assigned to the O* ions in wurtzite structure. The higher binding
state of sample 4 was possibly due to the oxygen deficient states on their surface [63],

[64].
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Figure 4.5. O 1s XPS spectra of ZnO nanorods

Gladys et al. [65] reported that the smaller binding energy shifts of surface are
associated with different atomic density ({1 1 0} and {3 1 1} facets comparing with
atomically rough (2 1 0) surface). Therefore, it can be stated that the surface structure
is determined not only by the morphology but also by the crystalline orientation on the

surface.
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For physical characterization of the ZnO surfaces, Figures 4.6 and 4.7 show the gas
adsorption isotherms (hysteresis) and BJH pore size distribution plots of the samples
respectively. The BET isotherms shown in Figure 4.6 which indicated that the particles
displayed hysteresis of type H3 according to [UPAC classification. This type of

hysteresis is observed as particles have slit-shaped mesopores (2 — 50 nm) [52].
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Figure 4.6. BET adsorption-desorption hysteresis of ZnO nanorods

Figure 4.7 showed that the adsorbed pore volume is higher in sample 1c, indicating a
greater porosity possibly resulting from broken nanorods. The BET specific surface
area (SSA), micropore surface area, and the pore widths of the samples were calculated
as shown in the Table 4.3, where sample 3 has the higher SSA with lowest pore width

than other samples.

21



Table 4.3. The gas adsorption results of ZnO particles

Micropore
Sample Code BET SSA" (m?/g)  Surface Area  Pore Width (nm)
(m?*/g)
Ic 941212 4.40 29.2370
2c 4.5509 2.82 36.1342
3 13.0559 - 24.0539
4 10.6104 0.27 32.1071

SSA: Specific Surface Area
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Figure 4.7. BJH pore size distribution plots of ZnO nanorods
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Micropores (less than 2 nm) in ZnO particles are too small for significant
photocatalytic activity, as they may not allow easy access for reactant molecules.
However, they can influence the overall surface area significantly [66]. While
mesopores (2 — 50 nm) are large enough to allow reactant molecules to enter and
interact with the active sites but small enough to provide a high surface area, which is
beneficial for photocatalytic degradation [67]. The presence of mesopores in ZnO as
shown in Figure 4.7 can enhance its photocatalytic efficiency by providing more active

sites and facilitating the transport of molecules [66].

4.2 Energy Band Gap and Photocatalytic Degradation Capability

In Figures 4.8 and 4.9 the optical analysis of the particles; the absorption edge and K-
M transformations to obtain E; are plotted. Figure 4.8 showed that the absorbance edge
of particles was found almost identical for the samples. It was found 390 nm, 396 nm,
384 nm, and 386 nm for samples lc, 2c, 3, and 4 respectively. The calculation was

made by extrapolating the linear portion of the curve to the x-axis [68].

In Figure 4.9 and Table 4.4, The E; values of samples are compared. The K-M
transformations of each sample showed an Eg (sample 1¢ =3.24 eV, sample 2¢ = 3.08
eV, sample 3 = 3.22 eV, and sample 4 = 3.21 eV) lower than the theoretical E; of
wurtzite ZnO (3.37 eV) [69], which means that these samples can absorb photons with
lower energy, corresponding to longer wavelengths, this enhanced photocatalytic
activity, i.e. in visible light range [70]. When comparing the effects of AA addition,
the findings show that sample 2c, which had AA added, had a significantly smaller E,
than sample 1c. However, the Eg of the two solvothermally produced ZnO (3 and 4)
did not differ from one another as Hadri et al. reported that the presence of AA as the
stabilizing agent controls the crystal growth along planes and the optical properties

does not affect, in addition to observation a slight variation of the band gap [71].
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Table 4.4. Eg, the linear fit values, and degradation rate of ZnO particles

Kinetic rate

Linear Fit adj.
Sample Code E; (eV) constant
(R?)
K (h! * 10
lc 3.24 0.91 10+2
2c 3.08 0.63 68 +33
3 3.22 0.92 34+7
4 321 0.93 260 + 21

Figures 4.10 and 4.11 present a comparison of the particles’ photocatalytic degradation
capability during a 24 h period. Figure 4.10 depicts the percentage of degradation over
irradiation time. The initial 30 min period demonstrates the significance of the absence
of UV light irradiation. Plots show that sample 3 exhibited the most significant initial
degradation under dark condition (34 £ 7%). A marker of MB dye adsorption on
particle surfaces was the deterioration observed in the absence of light. Samples Ic
and 3 did not exhibit a significant rise in degradation % when the light was turned on,
but samples 2¢ and 4 did, indicating that they displayed remarkable photocatalytic
degradation capability. Sample 4 exhibited the greatest degradation percentage and
rate in comparison to samples lc and 2c, as predicted by prior researchers [72] who
noted that solvothermal methods operating above 150 °C typically produce more

active photocatalysts [73].

The degradation plots are illustrated in Figure 4.11. After 24 h of irradiation, k of
sample 4 was (260 + 21) * 10* h'!, which is the highest photocatalytic kinetic rate
constant and the largest surface area for interaction. As previously stated, sample 1c
and sample 3 demonstrated minimal photocatalytic degradation, while sample 2c

exhibited an insignificant degradation rate.
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4.3 Discussion on Morphological Evolution of ZnO

Four distinct morphologies of nanorods where obtained, where samples 1¢ and 2¢c were
produced through the calcination technique, while samples 3 and 4 were synthesized
using the solvothermal method with the identical formulation as the preceding two

samples. Comparing their structures can be found in Table 4.5.

Table 4.5. Summary of structural analysis results for ZnO particles

Property/Sample
perty P 1c 2¢ 3 4
code

Phase, crystallite size
() Waurtzite, 19 Waurtzite, 19 Waurtzite, 25 Wurtzite, 24
nm

O-H bending peak

None None 1641, 3415 1637, 3415
(cm™)

Zn 2p positions (eV) 1020, 1043 1021, 1044 1019, 1042 1022, 1045
O 1s position (eV) 529 529 527 530

Nanorods
Morphology Nanorods Nanorods Nanorods
Flower-like

Mesopore surface area

9.41 4.55 13.05 10.61
(m*/g)

Micropore surface
4.4 2.82 - 0.27
area (m?%/g)

For understanding the evolution of ZnO, it is necessary to take into account the
chemical reactions that take place during the reaction. First of all, ZAD dissolves and
reacts in the soluation as shown in Eq. (4.2), which is EtOH/water mixture,
with/without AA (as shown in Tables 3.2 and 3.3). Then the reaction proceeds with

the formation of zinc hydroxides as shown in Eq. (4.3).
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Zn(CH3C0OO0),.2H20 + 2C,HsOH - Zn(OCzHs), + 2CH3COOH + H,O  (4.2)
Zn(OCyHs), + 2H,0 - Zn(OH), + 2C,HsOH (4.3)

At the same time, NaOH can interact with the ZAD, by the reaction given in Eq. (4.4),
then the hydroxides transform to ZnO structure by Eq. (4.5). As stated by Li et al. for
Zn(CH3COO)y, the nucleation rate of ZnO crystallites by Eq. (4.5) depend on the
concentration of OH™ ions and this concentration is controlled by the hydrolysis rate of
Zn(OCyHs), in Eq. (4.3) [74]. As the hydrolysis rate is increased, the crystallite size
decreases. Study performed by Hadri et al. reported that AA addition prevent the zinc
hydroxide formation, also inhibiting the electron mobility [71]. Therefore, a change in

the surface chemistry and surface area are both expected for samples 2¢ and 4.
Zn(CH3C0O0)2.2H20 + 2NaOH - Zn(OH)> + 2CH3COONa + H,O (4.4)
Zn(OH); = ZnO + H,O (4.5)

As shown in Table 4.1, the crystallite sizes of AA-added samples for both methods
(samples 2c and 4) were larger than their AA-free samples. Therefore, it can be
concluded that AA addition decreased the hydroxide content in the solution. For this
reason, hydrolysis rate decreased and less amount of Zn(OH)> was obtained. This led
the crystallite sizes to be larger [75]. As the electron mobility in these samples was
inhibited, the Zn 2p and O 1s positions were influenced, especially during

solvothermal processing.
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4.4 Discussion on Photocatalytic Degradation Capability of ZnO

Except for samples 2c¢ and 4, particles did not exhibit remarkable photocatalytic
degradation capability. As illustrated in Figure 4.10, degradation on the surface of each
particle varied between 15% and 34% when subjected to dark condition (for 30 min),
due to the surface’s susceptibility to adsorb the MB dye [76]. After UV irradiation,
degradation occurred most remarkable on sample 4. For the other samples, it did not
increase possibly because of recombination rate of photogenerated hole-electron pairs

[77].

The O 1s spectra of samples 2¢ and 4 in Figure 4.5, displayed two peaks, the low and
the medium binding energy components. The low one revealed the presence of O*
around the Zn?" core and the medium one revealed the O% defects on the surface, as
mentioned by researchers that the binding energy component of the O 1s spectra can

be used to compare the oxygen vacancies on the surface of the particles [78].

Using the information obtained by the XPS spectra, it can be stated that the relatively
higher photocatalytic activity of samples 2c and 4 could be explained by their larger

surface area (large crystallite size) and the number of O* defects.
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CHAPTER 5
RESULTS AND DISCUSSION ON
EXPLORING THE STRUCTURE AND PHOTOCATALYTIC CAPABILITY
OF ZnO NANOSPHERES, NANOPRISMS, AND MICRO-URCHINS
SOLVOTHERMALLY SYNTHESIZED AT LOW TEMPERATURE

In this chapter, three different ZnO morphologies were studied. The structure and
photocatalytic capability of ZnO shown in Table 3.3 are explored. The influence of
different low-temperature solvothermal procedures (100 — 200 °C) on the structural
properties such as crystallinity, morphology, surface chemistry and porosity were
investigated. Furthermore, the band gap structure and photocatalytic capabilities were
compared. Upon concluding the chapter, a comprehensive discussion of all findings is

conducted to establish an integrated view of the relationships between structure and

property.

5.1 Structural Properties

The XRD patterns depicted in Figure 5.1 reveal that all of the peaks correspond to
JCPDS# 36-1451, revealing that the formation of pure, hexagonal ZnO (wurtzite) was
the resultant structure for each formulation [53], [54], [55], [56].

The lattice parameters and crystallite sizes obtained via the Unit Cell ® software using
the Debye-Scherer Formula (Eq. 3.1) are presented and compared to its JCPDS card
in Table 5.1 [79], [80], [81]. The results indicate that the lattice parameters of the ZnO
crystallites remained identical and there was no significant contraction or expansion

in the wurtzite lattice as a result of changes in the synthesis procedure.

XRD results revealed that the ZnO particles obtained exhibited sharp diffraction peaks,
which point out that particles were formed with high crystallinity [82] and no
characteristic peaks were observed other than ZnO. Considering the diffraction peak
(101) which is the most intense [53], the presence of OH™ in NaOH could be a factor

for formation of improved crystallinity of ZnO nanoparticles [83].
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Figure 5.1. XRD patterns of ZnO morphologies solvothermally synthesized

Table 5.1. Calculated lattice parameters and crystallite sizes of the ZnO crystals

Cell Volume Crystallite

Sample Code a (A) c(A) &) size (am)
S5a 3.2457 5.1965 47.4087 35+4
5b 3.2573 5.2094 47.8667 32.55+5
5c 3.2498 5.2080 47.6338 40.6 +6

JCPDS 36-
1451 3.2480 5.2040 47.5445 20-50
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FTIR spectra of the particles are compared in Figure 5.2 The peak centered below 400
cm’! that is assigned to Zn-O bond stretching also proves the formation of ZnO
structure. The other peaks were assigned to the C-H bending (863 cm™), C-O
stretching (1444 cm), O-H bending (1563 cm™!) and CHj3 stretching (2976 cm™),
which possibly were related to the presence of unreacted ZAD. Samples 5a and 5b
lacked the O-H bending peak at around 3400 cm’!, suggesting that there was no
significant amount of unreacted zinc hydroxide (Zn(OH)2) or physically adsorbed
water on the particle surface [59]. In addition to the presence of unreacted ZAD, the
micro-urchins of sample 5c showed a slight peak for Zn-OH. Results show that the

ZnO precipitation reaction in the reactor was not complete during the processing of

samples 5b and 5Sc.
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Figure 5.2. FTIR spectra of ZnO morphologies solvothermally synthesized
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The growth morphologies of these particles, as determined by SEM and high-
resolution TEM, are illustrated in Figure 5.3 The descriptions for the obtained
morphologies are displayed in Table 5.2. Preferred growth along particular
crystallographic planes was attained due to the comparatively elevated temperature,
which subsequently led to the aggregation of clearly defined spherical morphologies
[82]. Where at a lower temperature a different growth mechanism happened, leading
to the unique triangle prismatic morphology as shown in Figure 5.3 (¢, d). On the other
hand, the low temperature in conjunction with the alkaline environment provided by
NaOH, supported the dissolution-precipitation mechanism, fostering the growth of
complex micro-urchin structures in sample 5S¢ as shown in Figure 5.3 (e, ) [84].
Similar ZnO structures synthesized under alkaline conditions have been reported in
previous studies [83], [85], [86]. TEM images Figure 5.3 (g, h, 1) further substantiate
the crystallinity and integrity of these diverse ZnO structures. Their growth

mechanisms are discussed in Section 5.1.3, along with other analysis results.

0

Figure 5.3. SEM images of (a, b) nanospheres “5a”, (¢, d) Triangular nanoprisms “5b”,
(e, f) Micro-urchins “5¢” and TEM images of ZnO compositions grown

into different morphologies g) 5a, h) 5b, 1) 5S¢ samples

34



Table 5.2. The morphology descriptions of ZnO particles

Sample Code Morphology Description
Sa Nanospheres
5b Nanoprisms
5c Micro-urchins

The high-resolution Zn 2p and O 1s XPS spectra synthesized particles are shown in
Figures 5.4 and 5.5 In the Zn 2p spectrum of sample Sa, there were two peaks centered
at 1020 eV and 1042 eV, which could be assigned to the binding energies of Zn 2p12
and Zn 2p3 in wurtzite. Figure 5.4 shows that the Zn 2p binding energies of sample
5b shifted to 1022 eV and 1046 eV, respectively. For the sample 5c, Zn 2p3» was
identical, whereas for Zn 2pi. it shifted to 1043 eV. These results are similar to that
was observed in the work of Al-Gaashani et a/ [63]. It was disclosed that the binding
energies of Zn 2p for nanorods were greater in magnitude compared to those of

nanoparticles and nanoflowers.
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Figure 5.4. Zn 2p XPS spectra of ZnO morphologies
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On the other hand, Figure 5.5 indicates that the O Is binding energies of the ZnO
particles were also different from each other. The peak was centered at 528, 532 and
530 eV for samples 5a, 5b and 5c, respectively. The low binding energy O 1s
component of sample 5a at 528 eV corresponds to the O* ions in wurtzite structure.
Higher binding states could be a sign of oxygen deficient states on the surface. Sample
5ananospheres and sample Sc the micro-urchins may have possessed a greater quantity

of oxygen deficiencies on their surfaces than sample 5b nanoprisms.
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Figure 5.5. O 1s XPS spectra of ZnO morphologies

36



Figure 5.6 displays the Braeuer-Emmett-Teller (BET) hysteresis isotherms. The
difference in the gas adsorption and desorption branches led to formation of hysteresis
loops and is a sign of mesoporosity in the structure (pores of 2-50 nm). Except for
sample 5b, particles indicated Type III isotherm with H3 type hysteresis which
correspond to the presence of slit shaped pores between aggregates of plate-like
particles. sample 5b displayed an increased volume in 0.1 - 0.3 relative pressure range;
a H4 type hysteresis which was indicative of narrow slit-shaped pores [87]. On Table
5.3, the specific BET surface area and micropore area of particles are listed. As shown,
sample 5b nanoprisms exhibited larger microporosity (21.66 m?/g) than mesoporosity
(15.41 m%/g). Largest surface area was obtained by the nanospheres, then by the
nanoprisms. Sample 5c¢c micro-urchins displayed the lowest surface area. Figure 5.7
shows the distribution of pore sizes. sample 5a nanospheres exhibited peaks around 2
nm and 45 nm. Whereas sample 5b nanoprisms exhibited 25 nm average pore width.

Sample Sc¢ micro-urchins no peak, but a large pore size distribution in 20 - 160 nm.
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Figure 5.6. BET adsorption-desorption hysteresis of ZnO morphologies
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Table 5.3. The gas adsorption results of ZnO particles

Micropore
BET Surface Area
Sample Code Surface Area Pore Width (nm)
(m*/g)
(m*/g)
Sa 30.5600 10.91 13.0095
5b 15.4158 21.66 26.7744
5¢c 4.4710 - 45.7488

Micropores in ZnO particles, being less than 2 nm in size, may not contribute
substantially to photocatalytic activity due to their limited capacity to accommodate
reactant molecules. Nevertheless, they play a crucial role in increasing the overall
surface area of the particles [66]. On the other hand, mesopores, which range from 2
to 50 nm, are adequately sized to allow the entry and interaction of reactant molecules
with the active sites. Their relatively small dimensions also contribute to a high surface
area, which is advantageous for photocatalytic degradation [67]. As shown in Figure
5.7, the incorporation of mesopores in ZnO can significantly boost its photocatalytic
efficiency. This enhancement is attributed to the increased availability of active sites

and the improved transportation of molecules within the structure [66].
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5.2 Energy Band Gap and Photocatalytic Degradation Capability

The absorption edge and K-M transformations to obtain E; are plotted in Figures 5.8
and 5.9 and results are listed on Table 5.4. Results indicated that the absorbance edge
was found 385 nm, 387 nm, and 386 nm for samples 5a, 5b, and 5Sc, respectively as
shown in Figure 5.8 There was no significant difference in absorbance edge of samples
5a and 5b possibly because they had identical composition and synthesis route. As
shown in Figure 5.9, each sample showed an E; (3.29 eV) slightly lower than the
theoretical Eg of wurtzite ZnO (3.37 eV) [69]. The data indicated that the change in
morphology from nanospheres to nanoprisms or to micro-urchins did not cause

significant difference in the absorbance edge and E,.
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Figure 5.8. The UV-Vis absorbance plots of ZnO morphologies

40



— 5a
— &b
3000 -
—5¢
15004
o
£ g
> 20000 > 4000-
£ £
(e o
S I
Lo ~ 500
1000
0' T T
32 3.3 3.4 3.5
Energy (eV)
0 I I
1 2 3 4

Energy (eV)

Figure 5.9. K-M transformation for direct Eg determination of ZnO morphologies

Table 5.4. Eg, the linear fit values, and degradation rate of ZnO particles

Kinetic Rate
Linear Fit adj.
Sample Code Eg (eV) Constant
(R%)

K (h! *10%)
5a 3.29 0.98 26+2
5b 3.29 0 -23+2 (N/A)
5¢ 3.29 0.68 3.8+1
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Despite their similar band gap structure, the photocatalytic degradation rate of the ZnO
particles was completely different. In Figures 5.10 and 5.11, the photocatalytic
degradation capability of particles for 24 h are compared. Figure 5.10 shows the
change in degradation % by time. The first 30 min (0.5 h) shows the value for the dark
condition. For each particle type, a remarkable degradation started at dark condition
and did not increase with increasing time under UV light, which indicate that surface
adsorption dominated over photocatalytic degradation of MB. The degradation rate
plots are showed in Figure 5.11. The degradation rate in 24 h was (26 £ 2) * 10 h!
for sample 5a nanospheres, which displayed the largest surface area for interaction,
was the highest. The sample 5b nanoprisms and sample 5S¢ micro-urchins exhibited no

significant photocatalytic degradation.
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Figure 5.10. Photocatalytic degradation % of ZnO morphologies with respect to
time of UV-light irradiation
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5.3 Discussion on Morphological Evolution of ZnO

Three different morphologies were obtained; nanospheres (sample 5a), nanoprisms
(sample 5b) and micro-urchins (sample 5¢). samples 5a and 5b were formed by an
identical solvothermal route in EtOH (200, 120 °C). Their structures are compared on

Table 5.5.

Table 5.5. Summary of structural analysis results for ZnO particles

Sa 5b Sc
Property/Sample Code
200°C, EtOH 120°C,EtOH 100°C, NaOH(ag)
Phase, crystallite size (nm)  Wurtzite, 35 Waurtzite, 32 Wurtzite, 40
OH bending band in FTIR None 1567 1563, 3415
spectra (cm™)
Zn 2p positions (eV) 1020, 1042 1022, 1046 1020,1043
O 1s position (eV) 528, 530 532 530
Morphology Nanosphere Nanoprism Micro-urchin
Mesopore surface area 30.56 15.41 4.47
(m?/g)
Micropore surface area 10.91 21.66 -

(m*/g)

The findings demonstrated that the structural characteristics of samples Sa, 5b, and 5c
were comparable. Wurtzite phase with uniform crystallite size was produced. The
formation of wurtzite crystals in EtOH and water can be elucidated by the reactions

presented in Eq. (5.1, 5.2, 5.4) and Eq. (5.3, 5.4), respectively.
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Zn(CH3C00),.2H20 + 2C2HsOH = Zn(OC,H5), + 2CH;COOH + H20 (5.1)

Zn(OC,Hs) + 2H,0 = Zn(OH), + 2C,Hs0H (5.2)
Zn(CH3COO0),.2H,0 + 2NaOH - Zn(OH); + 2CH3;COONa + H,0 (5.3)
Zn(OH); > ZnO + H,0 (5.4)

The FTIR and XPS spectra indicated the presence of a diverse chemical environment
surrounding the forming atomic clusters. With the exception of the particles generated
in alkaline water (sample 5c¢), the OH™ FTIR bands were unnoticeable. Furthermore,
XPS analysis of the surfaces revealed that the Zn 2p and O 1s binding energies were
different for each sample. Eq. (5.2) specifies the quantity of Zn(OH)> generated by the
reaction and is associated with the OH™ bands' existence. The absence of an OH™ band
in sample 5b, given that the ZAD/EtOH ratio was identical for samples 5a and 5b, can
be attributed to an incomplete or gradual transformation of Zn(OH): to ZnO, as
specified by Eq. (5.3) due to decreased temperature. The observed shifts in the energy
levels of the Zn 2p3» and 2pi» peaks, from 1020 to 1022 and 1042 to 1046 eV,
respectively, suggest that the increased abundance of OH™ has resulted in a greater

number of electrons surrounding the Zn*" ions.

The O 1s peak shifted in the same manner. The low binding energy of 528 eV observed
for sample 5a could be attributed to the O* ion surrounding the Zn>" atom in wurtzite.
Additionally, it exhibited a shoulder centered at 530 eV, which was attributed to the
surface O>" defects [63], [88]. The absence of these peaks and the presence of an
additional peak at 532 eV in the O Is spectrum of sample 5c indicate that there were
no O defects but rather several oxygen atoms that are loosely bonded to the surface
[63]. The observed phenomenon can be attributed to the incomplete conversion of Zn
(OH), generated by Eq. (5.3) into ZnO by Eq. (5.4), a theory that is further
corroborated by the OH™ bending bands seen in the FTIR spectrum of sample Sc.

Chemical variations on the surface of developing crystallites resulted in the formation
of different morphologies. Despite the fact that the synthesis techniques for sample 5a
and 5b were equivalent, reducing the reaction temperature resulted in a substantial shift

in morphology, from nanospheres to triangular nanoprisms. Furthermore, employing

45



alkaline water instead of EtOH resulted in a similar outcome. Sample 5S¢ demonstrated
larger rods united on their particular surfaces resembling an urchin structure in
microscale. Previous researchers conducted substantial study on the formation of ZnO
crystals. They discovered that ZnO develops primarily through the Ostwald Ripening
(diffusion-limited; OR) process. The addition of impurity ions such as Na*, K, Li",
might cause the growth behavior to alter into orientated attachment (OA) [89].

The spherical form of the wurtzite particles of sample 5a was in agreement with its
crystal symmetry and facet surface energies, suggesting that OR was the growth
process [90]. The particles were edgy nanospheres that resembled wurtzite's hexagonal
structure. Because no excess OH™ was identified and the temperature and time (200°C,
24 h) were sufficient for full transformation, spherical morphology could possibly be
considered as the stable form of wurtzite synthesized using this solvothermal approach
with EtOH. The FTIR and XPS spectra revealed that the transition in sample 5b was
incomplete, presumably because of the lower synthesis temperature (120 °C). As a
result, the oxygen-deficient nanoprism morphology ought to have served as an
intermediary morphology to promote the growth of edgy wurtzite spheres. This result
is supported by the SEM as shown in Figure 5.12 which illustrates two morphologies
present in the same powder sample. It also proves that further growth of the edgy
spheres (i.e. at longer time at 200 °C) would result in the growth of nanorods (A to C

transformation).

Figure 5.12. SEM image of sample 5a illustrates two morphologies
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5.4 Discussion on Photocatalytic Degradation Capability of ZnO

Except for the sample 5a nanospheres, particles did not exhibit remarkable
photocatalytic degradation capability. As shown in Figure 5.10, approximately 20 %
of degradation occurred on the surface of each particle, under dark condition (30 min).
It was because the surface of particles had high tendency to adsorb the MB dye [76].
As the UV light was on and the surfaces were irradiated with the light, degradation
started most remarkably on sample 5a. The degradation did not increase under UV
light, possibly due to the rate of recombination of photogenerated hole-electron pairs
[77]. Previous researchers stated that the binding energy component of the O 1s spectra
can be used to compare the oxygen vacancies present on the surface of particles [78].
In this manner, the O 1s spectrum of sample 5a spheres displayed two peaks, the low
and the medium binding energy components at 528 and 530 eV, respectively (Figure
5.5 and Table 5.4). The low binding energy component revealed the presence of O*
around the Zn?" core and the medium one revealed the O* defects on the surface (The
shoulder on the black curve, Figure 5.5). For the sample 5b particles, the low binding
energy component was not observed but a high binding energy component at 532 eV
was present, pointing out the presence of loosely bound oxygen on the surface of
nanoprisms. The sample 5S¢ particles exhibited O* defects (at 530 eV) but the surface
area was low. Using the information obtained by the XPS spectra, it can be stated that
the relatively higher photocatalytic activity of sample 5a could be explained by its

larger surface area and the number of O* defects, as all the particles had the same E,.
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CHAPTER 6
RESULTS AND DISCUSSION ON
APPLICABILITY OF ZnO NANOSTRUCTURES IN BIOMEDICAL FIELD

In this chapter, 4 types of synthesized ZnO morphologies used for the preparation of
ZnO-PEG hybrid structures. The synthesized hybrids were characterized by SEM
images and chemically by FTIR spectroscopy. Their biocompatibility was assessed by
SBF immersion test. This work is a preliminary study to the aim of determining the

potential use of this hybrids in the biomedical field.

6.1 Structure of ZnO Nanorods Hybridized with PEG
The FTIR analysis and SEM images of ZnO (2¢)-PEG are shown in Figure 6.1,

compared to its PEG-free counterparts.
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Figure 6.1. a) FTIR spectra and SEM images of b) ZnO, c) and d) ZnO (2¢)-PEG
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The peak at 508 cm’!, assigned to the Zn-O lattice vibration, shows a decreasing in
transmittance, indicating PEG's interaction with ZnO surface sites. The typical peaks
associated with the carbonyl acetate groups at 1599 cm! exhibit a slight decrease after
hybridization, suggesting some interaction or replacement by PEG molecules [91].
The C-O-C stretching vibrations characteristic of PEG in the 1101 cm™ range also
show a notable decrease in transmittance supporting the presence of PEG on the
nanoparticle surface. The O-H stretch region around 3447 cm™ and the C-H stretch at
2868 cm™' both show a small decrease in transmittance, further confirming the

attachment of PEG to the ZnO nanoparticles [45].

SEM images shows that the bare ZnO nanoparticles are rods shaped (Figure 6.1 (b))
with particle size of 20 nm consistent with XRD results, while The ZnO-PEG
nanoparticles were obtained as nanorods in the same particle size as shown in Figure
6.1 (d), which confirm the little effect of the coating with the PEG as a polymer on the
size and morphology of ZnO [92].
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6.2 Structure of ZnO Nanoparticles Hybridized with PEG
The FTIR analysis and SEM images of ZnO (3)-PEG are shown in Figure 6.2,

compared to its PEG-free counterparts.
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Figure 6.2. a) FTIR spectra and SEM images of b) ZnO, c) and d) ZnO (3)-PEG

The peak at 582 cm!' (Zn-O bonding) decreased in transmittance, suggesting
interactions between PEG molecules and the ZnO surface. The carbonyl acetate
stretching vibrations, typically present in the ZnO precursor due to synthesis

! after coating. This

conditions, exhibited a transmittance decreasing at 1598 cm’
notable change indicates that PEG molecules may be replacing the surface-bound
acetate groups [91]. A notable decrease in the C-O-C stretching vibration peak
transmittance, at 1094 cm™!, further confirms the presence of PEG on the ZnO particles
surface. The O-H stretch region peak at 3499 cm! and the C-H stretch peak at 2866
cm’! both show significant decreases in transmittance, reinforcing the successful

hybridization [92].
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SEM images shows that the bare ZnO nanoparticles are rods shaped (Figure 6.2 (b))
with particle size of 24 nm, while The ZnO-PEG nanoparticles were obtained as rods
with changing shape to as like prisms with larger particle size as shown in Figure 6.2

(d), which prove the role of PEG on the size and morphology of ZnO [92].

6.3 Structure of ZnO Nanoprisms Hybridized with PEG
The FTIR analysis and SEM images of ZnO (5b)-PEG are shown in Figure 6.3,

compared to its PEG-free counterparts.
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Figure 6.3. a) FTIR spectra and SEM images of b) ZnO, c¢) and d) ZnO (5b)-PEG

The Zn-O bond, with its characteristic peak at 588 cm™!, exhibited a slight increase in
transmittance, which could suggest a decreasing of surface Zn-O bonds accessible to
the FTIR measurement, due to PEG surface coverage [93]. The carbonyl acetate peak
at 1560 cm™ shows an increase in transmittance after coating, this evidence of acetate
environment modification on the ZnO surface, which may be attributed to the

displacement of acetate groups by PEG molecules. The C-O-C stretching vibrations
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identified at 1149 cm™ decreased in transmittance, confirming the presence of PEG
and suggesting strong interaction between PEG and ZnO particles surface [92].
Furthermore, the O-H stretch region at 3446 cm™ and the C-H stretch at 2860 cm™!
both demonstrate a slight decrease in transmittance. These confirm the PEG

attachment to the ZnO surface.

SEM images shows changing in the morphology after coating, changing in the particle

size and shapes loosely clustered around each other was observed as shown in Figure

6.3 (d) [93].

6.4 Structure of ZnO Micro-urchins Hybridized with PEG
The FTIR analysis and SEM images of ZnO (5¢)-PEG are shown in Figure 6.4,

compared to its PEG-free counterparts.
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Figure 6.4. a) FTIR spectra and SEM images of b) ZnO, c) and d) ZnO (5¢)-PEG
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The characteristic Zn-O stretching peak at 466 cm™! shows a pronounced increase in
transmittance, which suggest a changing in the surface Zn-O bonds, due to PEG
coating. In the carbonyl acetate region, the peak at 1497 cm™' shows decreasing in
transmittance after PEG coating. this large shift indicates that hybridization influences
the acetate surface groups, by stopping the interaction of these groups with the IR beam

or by chemical displacement [93].

The stretching of PEG, represented by the peak at 1041 cm’!, also reflect a decrease in
transmittance, confirming the successful coating of PEG on the ZnO surface. The O-
H stretching region at 3309 cm™! and the C-H stretching vibrations at 2866 cm™ exhibit

a decrease in transmittance, consistent with the presence of PEG.

SEM images show the urchin-shaped structures which are composed of hundreds of
rods as shown in Figure 6.4 (b), while after coating with PEG, these clusters of rods
were broken and formed sheet-like structure, because the instability of morphology for

micro-urchins [94].
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6.5 Biocompatibility of ZnO-PEG Hybrids
The SEM images of the samples coating with PEG after their immersion in SBF are

shown in Figure 6.5.
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Figure 6.5. SEM images of ZnO-PEG hybrids immersed in SBF, a) sample 2c, b)
sample 3, ¢) sample 5b, and d) sample 5S¢

Samples 2c and 3 before SBF immersion reveals distinct morphologies, irregular
shaped particles of nanorods and big prisms-like respectively, with spreading of PEG
at the ZnO surface between these nanorods and prisms. These initial morphologies are
significant for understanding the initial state of the nanomaterial and its potential
interaction with biological systems [95], [96]. After SBF immersion, SEM images
exhibit notable changes in surface morphologies, these alterations refer to interaction
between the PEG-coated ZnO surface and the SBF components, which are indicative
of bioactivity and biocompatibility [97], [98]. It can be proved by hydroxyapatite
(HAP, Caio(PO4)s(OH)2) formation, where phosphate stretching bands P-O and
bending mode P-O-P group should be indexed to FTIR curve of HAP [99].
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For samples 5b and Sc, there are not big notable changes in the surface before and after
SBF immersion, that’s due to the composition of these samples (Zinc precursor and
solvent only) synthesized by solvothermal or hydrothermal process at low
temperatures comparing to samples 2¢ and 3 which contain acidic and alkaline agents

synthesized at high temperatures.
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CHAPTER 7
CONCLUSION AND RECOMMENDATIONS

7.1 Conclusions
In this thesis, synthesis of ZnO particles with several morphologies were studied for
their use in photocatalytic and biomedical fields. The following conclusions were

obtained:

e The particles synthesized had different morphologies composed in nanoscale
and all the peaks of the particles synthesized were indexed to JCPDS# 36-1451,
and the lattice parameters were identical to the wurtzite lattice and no
characteristic peaks were observed other than ZnO.

e TEM results are in agreement with the size of particles calculated by XRD
patterns, and confirmed SEM results.

e (alcination provides simplicity and cost-effectiveness but less control over
particle properties, while solvothermal synthesis provides better control over
size and morphology with higher costs and complexity.

e There is difference in the binding energy of Zn 2p components due to the
different morphologies obtained, and the chemical valence of Zn at the surface
is +2 oxidation state, because the presence of oxygen defects on the surface of
ZnO particles. Each of these particles contain the presence of the peak centered
at 400 cm™! assigned to stretching of Zn-O bonding.

e The particles synthesized had displayed hysteresis of type H3 according to
IUPAC classification, and they have slit-shaped mesopores (2 — 50 nm), but
sample 5b with nanoprisms morphology had displayed hysteresis of type H4.

e The band gap energy of all samples is lower than the one of wurtzite ZnO, so
these particles can absorb the photons with lower energy and longer
wavelengths.

e The ZnO nanostructures demonstrated varying efficiencies in photocatalytic
degradation of pollutants, attributed to differences in surface area and the

presence of oxygen defects.
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The synthesis of ZnO-PEG hybrids marked a preliminary start into potential
biomedical applications. These hybrids showed biocompatibility, hinting at

future uses in biomedical field such as drug delivery systems.

7.2 Recommendations for Future Work

The thesis primarily focuses on zinc acetate dihydrate and ethanol as the
precursor and solvent, respectively. Future studies could explore alternative
zinc precursors and solvents to synthesize ZnO nanoparticles. This could
potentially lead to the discovery of new morphologies with unique
photocatalytic properties.

While the thesis explores a range of temperatures, further investigation into the
effects of varying the temperature and pressure during the solvothermal
synthesis could be insightful. This might lead to a deeper understanding of the
relationship between synthesis conditions and the resulting ZnO structure.
Employing more advanced characterization techniques could provide deeper
insights into the nanostructure, defects, and surface properties of the ZnO
nanoparticles.

The thesis focuses on the degradation of methylene blue. Future researches
could explore the photocatalytic degradation of a wider range of pollutants,
including heavy metals and organic contaminants. This would expand the
applicability of ZnO nanoparticles in environmental remediation.

Combining ZnO nanoparticles with other materials (e.g., carbon nanotubes,
graphene, other metal oxides) could enhance their photocatalytic efficiency.
Expansion the synthesis process and testing the photocatalytic capabilities of
ZnO nanoparticles in real-world scenarios (like wastewater treatment stations)
would be a significant step toward practical applications.

While this thesis touches on biocompatibility, further research could be
directed towards specific biomedical applications of ZnO nanoparticles, such
as drug delivery, and antibacterial treatments.

Using computational tools to model the photocatalytic processes at the atomic
or molecular level could offer valuable theoretical insights, complementing

experimental findings.
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