Carbon template assisted hydrothermal synthesis of hollow structured

nanomaterials and nanocomposites

Md Shahadat Hossain

A dissertation submitted to the graduate faculty in partial fulfilment of the requirements for the
degree of
DOCTOR OF PHILOSOPHY
Department: Innovation Systems Engineering
Utsunomiya University

March 2023



i

Acknowledgements

First and foremost, thanks and praises to the Almighty Allah for His mercy and blessings

throughout my research.

I would like to express my deep and sincere gratitude to my research supervisor Professor Dr.
Masahide Sato, from the Department of Innovation Systems Engineering, Utsunomiya University,
Japan for his constructive advice, inspiring guidance, valuable suggestions, constant

encouragement, and support throughout this research work.

I am wholeheartedly thankful to Professor Dr. Takeshi Furusawa, Professor Dr. Noboru Suzuki,
Professor Dr. Ken-ichi Iimura, Professor Dr. Toru Oba, Professor Dr. Takafumi Sato, Professor
Dr. Keitaro Tezuka, Professor Dr. Taki Matsumoto from Utsunomiya University, Japan and
Professor Dr. Newaz Mohammed Bahadur from Noakhali Science and Technology University,

Bangladesh for their valuable suggestions, guidance, and support in my research.

I would like to express my special thanks and gratitude to the students from our laboratory who

have supported me painstakingly during this research.

The unconditional love, constant support, and cooperation I have received from my family is

greatly appreciated.

Finally, I could not end without acknowledging MEXT (Ministry of Education, Culture, Sports,
Science and Technology, Government of Japan) and Creative Department for Innovation (CDI),

Utsunomiya University, Japan for financial support.



i1

Table of Contents
LIST OF FIGUIES ...eeeiiieeeiie ettt et ettt e e st e e taeeessseesssaeeessaeesssseesssaeessseeessseeensseeans vii
] A 0 21 o) (<SR PSTUPSRURR X
AADSITACE ...ttt et b et h e bt et h bttt e a e e bt et sat e bt et e eateshe et et e nae et 1
CHAPTER 1 .ttt ettt et s h ettt e bt et e et sat e be e st e sbeeteenee e 3
INEEOAUCTION ...ttt ettt e e st e e e et e e e ssbaeetaaeessseeessseeessseesssseessseeessseeesseeennns 3
1.1 NANOLECHNOLOZY ...ttt ettt et ettt e st e e e e seneeneeens 4
1.2 Nanomaterials and NANOCOMPOSILES ........eerurieruieriieriieeiierieeieeere e seeeereeseeeeseenenes 4
1.2.1  Hematite (0-FE203) .ioiiiiiiiiiieiieiieeie ettt e 5
1.2.2 ZinC OX1de (ZNO)...ccuuiiiiieiieiie ettt ettt sttt b e 5
1.2.3  Zinc Ferrite (ZnFe204) ....ooouiiiiiiiiiieeee et 6
1.3 Hollow structured materials ............ccooouiiiiiniiiiiiniicceeeee e 6
1.3.1  Synthesis of hollow structured materials ............cccocuvreriiiiiniieeniieeee e 7
1.3.1.1 Template-assisted Method ...........cceevviiiiriiieriiiiee e 7
1.3.1.2 Template-free method..........cccvevriiiiiiiiiniieee e e 8
1.3.1.3  Spray drying method ...........ccccuvieiiiiiiiieeiieeeeeee e e 9
1.3.1.4 Kirkendall method ...........cooiiiiiiiiiii e 9
1.3.1.5  OStwald TIPENING.....cccouiieeiiieeiieeeiie ettt et e e e s saeeeseaeeeaneeens 10
1.3.1.6  TON €XChanGe......c.eeviiiiiieiiieiieeie ettt 10
1.3.1.7  SelectiVe @tChING.......cccuiiiiiiiiicie ettt 10
1.3.1.8  Galvanic replacement ............ccccueeruieriienieniieiieeie et 11
1.3.2  Advantages of template assisted method .............cccoeeviiieiiiiiiiniiiniiieeees 11
1.3.3  Difficulties with soft template..........c.ccoeeriiieiiiiiiiiieeeeeee e 11
1.3.4  Carbon template-assisted synthesis of hollow structured materials................. 11

1.3.5 Recent advances in hollow structured materialS ........oeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeennn. 12



v

1.3.5.1 Hydroxide holloW STIUCLUIES .......c.ceeviuiiiiiriieeiieeeiieeeiee et eeveeeevee e 12
1.3.5.2 Transition metal oxide hollow Structures ...........ccoeeceeviieiieniieneenieeicene 12
1.3.5.3 MOFs-based hollow StIUCIUTES ........cccueeruieriieiiieriieiie e 13
1.3.5.4 Phosphate-based hollow StrucCtures............cccecvveeeveeeeiieeniie e eeree e 13
1.3.6  Factors influencing the morphology of hollow structured materials ............... 13
L.306.1  THMIC ettt ettt sttt et 13
1.3.6.2  CONCENITALION. ..c..eitieiieiieiieieete ettt ettt ettt et see e e 14
1.3.6.3  TEMPEIALUIE......ceeiurieeiiieeiieeeiieeeiee e ettt eeteeeetteeebee et e e sebeesnaeeeenseeenneeens 14
1.3.7  Factors influencing the performance of hollow structured materials............... 14
1.3.7.1 Shell number (single, double, multiple) .........ccceecevevieniieniiniieiecieeee 14
1.3.7.2  Shell size, thickness and inter-shell spacing..........cc.ccoceeverviirieneeniennenne. 14
1.3.7.3  MOIPROIOZY ..ttt 15

1.4 Applications of hollow structured materials ............ccoeeeeeriieeniieeniieecie e 16
L1.4.1  PhotOCatalySiS....cueieiiieeiiieeiiie ettt ree e eee et e e sabeeeenbeeenaeeeneeas 16
1.4.2  Energy Storage dEVICES.......cccvieeruieriireeeiiieeeiieeeieeeeieeesreeesereesnsseeensseeensseesnsseas 17
1.4.3  Dye-sensitized Solar CelIS........ccviiiiiiiiiiiiirieeeee e 17
144 Water SPITING ..cuveieiieeiie ettt et e e s e e enbeeenaeeenneas 17
1.4.5  Low-temperature chemiresiStive SENSING .......ceecvvreriureerireeerrieerreeenreeenaeeennnens 18
| S T By 1T (5] § 7<) USRS 18
L1460 GAS SEISINE ...eeeueieiiieiieeiieeite ettt eieesteebeesateebeeseteeteesabeenseessbeenseesnseenseesnsesnseens 18
CHAPTER 2 ..ttt ettt et a et e e st e bt enbeenee bt enteenee st enseeneennes 19

Hydrothermal synthesis, characterization and thermal stability studies of a-Fe2O3 hollow

1001 (0 L0133 8] 1153 (L SRS 19
AADSTTACT ...ttt ettt e h et e b e bt e bt e e bt e bt e e beenabeebeenaeas 19

2.1 T T OMUCTION .. esmnesenenesmnmne 20



2.2 EXPErimental ........ccccuviiiiiiiiii ettt ae e e naeeea 21

2.2, 1 MaterialS...eeeeiieiiie e ettt 21

2.2.2  Preparation of 0-Fe2O3 hollow microspheres.........c.coveeierienennienieneeieneenne. 22

2.2.3  Preparation of carbonaceous SPheres .........c.ceevveecvierieiciierieeiierie e 22

2.2.4  CharacteriZAtiONS ........evueeueeierieeteeitesteeie ettt et et sie et et sbeeste et sieenbeenresaeenees 22

23 Results and diSCUSSIONS .......eeeuiiiiieiiiiiieeie et e 23

24 CONCIUSIONS ...ttt ettt et ettt e bt e e bt e st e e abe e s bt e enbeesneeenseens 36
CHAPTER 3 ettt e e et e e ettt e e e e aa e e e e s seaaee e e ssbeeeeessssaeeannssaaeeansssaeesassneeeanns 37

Sucrose-derived carbon template-assisted synthesis of zinc oxide hollow microspheres:

Investigating the effect of hollow morphology on photocatalytic activity ..........cccceeevvvervreneennen. 37
F N 0] 1 v o] TSRS 37

3.1 INEOAUCTION ...ttt ettt et eb e 38

3.2 EXPErimental .........cccviiiiiiiiiiicie et 41
32,1 MaALETIAIS ettt 41

3.2.2  Preparation Of ZHMS ......oooiiiieeee ettt 41

3.2.3  Preparation Of ZINP ...cc.oooiiiiiiiiiiiccte e 41

3.2.4  CharacteriZatiONS.........cecueeeiuienuieeiieriieeteesite et esite et esteeebeessteebeesabeenseesnneenseens 42

3.2.5  Photocatalytic activity MEASUTEMENL.......c.cceecveerieriiieniieeiierieeieesieereesneeeeens 42

3.2.6  Scavenging EXPETIMENT .........ccuueeuieriierireerieereeseeeseesaeeeseesseesseesssesseessnessseens 43

33 Results and diSCUSSIONS .......eeruiiiiiiiieiiieiieeee et 43

34 CONCIUSIONS .ttt ettt et e bt ettt e st esbeeesbeesaeeenneens 57
CHAPTER 4 ...ttt et sttt ettt ettt eb e b ettt e bt et e eaeenaes 58

Facile one-pot hydrothermal synthesis of hollow ZnO/ZnFe>O4 composite microspheres with an

ultrahigh SUITACE Area..........cocuiiiiiiiiiiiii ettt ettt enbee e 58

AADSETACE ..ot e e e et e e e e e et ——aaeeeeeeeua————————aaeeeetran——————————— 58



vi

4.1 INEEOAUCTION ..ottt ettt e st e e 58

4.2 EXPErimental ........ccccuiiiiiiiiiii ettt e aae e e nneeen 60
4.2.1  MAETIAlS...cueeiiieiieieeesee ettt 60

4.2.2  Preparation of ZnO/ZnFe;04 hollow microspheres ..........c.cccoceeveerienieeeennenne. 60

4.2.3  CharacteriZAtiONS ........ccueeuerierieeteetesteete ettt ettt ettt e et siee bt eneesaeeees 60

43 Results and diSCUSSIONS .......eeuiieiiiiiiieiieeie ettt 61

4.4 CONCIUSIONS ...ttt ettt ettt et et e e bt e st e eabe e beeenbeesneeeaneens 67
CHAPTER 5 ..ottt et sttt ettt et e at e bt et e sae e bt eneeeaeenaes 68
Discussions and Future RESEArch...........cooveiiiiiiiiiiiiiiiieseecee e 68
RETRIEIICES ...ttt ettt et e et et e bt e s st e enbeesateeabeesnteenbeennees 71
| BT o) i 010 1o] Lo 10 o PSP PRR 101

LISt Of PIESENEAtIONS ... .eeiuiiiiiiiiiieeiie ettt ettt ettt e bt et e bt et e saee e 102



vil

List of Figures

Fig. 2. 1: Schematic representation of hollow a-Fe20s3 synthesis by applying a hydrothermal technique 23

Fig. 2. 2: XRD patterns of (a) hollow a-Fe203 microspheres calcined at 500 °C; (b) bare carbonaceous spheres and

ferric ion-coated carbonaceous spheres 25

Fig. 2. 3: (a-b) FE-SEM images of carbonaceous spheres prepared without an iron precursor, (c-d) FE-SEM images of
ferric ion-coated carbonaceous spheres before calcination, (e-f) FE-SEM images of hollow a-Fe>0z microspheres,

and (g-h) TEM images of hollow a-Fe203 27

Fig. 2. 4: Average particle size distributions of (a) carbonaceous spheres and (b) ferric ion-coated carbonaceous

spheres before calcination, and (c) hollow a-Fe>O3 microspheres 28

Fig. 2. 5: (a) EDX spectrum of hollow a-Fe203 microspheres, (b) selected mapping area, (c-d) elemental distributions

of Fe and O, respectively 29

Fig. 2. 6: (a) XPS wide spectrum of hollow a-Fe203 microspheres, (b-d) deconvoluted XPS narrow spectra of Fe 2p, C

1s, and O 1s, respectively 31

Fig. 2. 7: FT-IR spectrum of hollow a-Fe203 microspheres 32

Fig. 2. 8: N2 adsorption-desorption isotherm of hollow a-Fe203 microspheres. Inset shows the differential volume vs.

pore size graph constructed from BJH pore size distribution analysis 33

Fig. 2. 9: TGA/DTA curves of (a) ferric ion-coated carbonaceous spheres (b) hollow a-Fe>O3 microspheres 34

Fig. 2. 10: SEM images of a-Fe203 microspheres at different calcination temperatures. (a-b) 600°C, (c-d) 700°C, (e-f)

800°C, (g-h) 900°C, (i-j) 1000°C. Calcination was performed for 1 h 35
Fig. 3. 1: XRD spectra of the ZHMS and ZNP samples 45
Fig. 3. 2: SEM images of the (a, b) ZHMSs and (c, d) ZNPs 45

Fig. 3. 3: Elemental distribution of the samples: EDX spectra of the (a) ZHMSs and (b) ZNPs, elemental mapping of
the (c) ZHMSs and (d) ZNPs, Zn distribution in the (e) ZHMS and (f) ZNP samples, and O distribution in the (g) ZHMS

and (h) ZNP samples 46




viil

Fig. 3. 4: XPS survey spectra of the (a) ZHMSs and (b) ZNPs, Zn 2p narrow spectra of the (c) ZHMSs and (d) ZNPs,

and deconvoluted O 1s spectra of the (e) ZHMSs and (f) ZNPs 48

Fig. 3. 5: Nitrogen adsorption—desorption isotherms of the (a) ZHMSs and (b) ZNPs. Insets show the graphs of

differential volume vs. pore size constructed based on the BJH pore size distribution analysis 49

Fig. 3. 6: (a) UV-vis DRS spectra and (b) Kubelka—Munk plots of the ZHMSs and ZNPs 50

Fig. 3. 7: Time-dependent UV-vis absorbance spectra of the RhB aqueous solution treated with the (a) ZHMSs and

(b) ZNPs; plots of (c) photocatalytic degradation and (d) first-order reaction kinetics 52

Fig. 3. 8: Schematic diagram illustrating the possible photocatalytic mechanism in ZHMSs for RhB degradation _ 54
Fig. 3. 9: (a) Radical trapping assessment of reactive oxygen species during RhB photodegradation over ZHMSs and

ZNPs, and (b) photodegradation of RhB using ZHMSs and ZNPs over four cyclic runs 55

Fig. 4. 1: Schematic representation of the possible synthetic mechanism of ZnO/ZnFe»04 hollow composite

microspheres 61
Fig. 4. 2: XRD spectra of ZnO/ZnFe>04 hollow composite microspheres 62
Fig. 4. 3: SEM images of ZnO/ZnFe204 hollow composite microspheres 63

Fig. 4. 4: Elemental distribution of ZnO/ZnFe204 hollow composite microspheres: (a) EDX spectra (b) elemental

mapping; distribution of elements (c) Zn (d) Fe and (e) O 63

Fig. 4. 5: XPS spectra of ZnO/ZnFe»04 hollow composite microspheres: (a) survey spectra (b) Zn 2p narrow spectra

(c) deconvoluted Fe 2p and (d) deconvoluted O 1s spectra 65

Fig. 4. 6: Nitrogen adsorption-desorption isotherms of ZnO/ZnFe>04 hollow composite microspheres. Inset

represents the graph of differential volume vs. pore size obtained from BJH pore size distribution analysis 66



X

List of Tables
Table 2. 1: Elemental composition of the prepared hollow a-Fe203 microspheres obtained by EDX analysis 29
Table 3. 1: Elemental analyses Of the ZHMS GNA ZINP .............cooueeeueeiieeeieeeieeeieeeeeeee sttt 47
Table 3. 2: Comparison of BET surface areas of ZHMSs with previously reported literature ...............cccoveeevvveennnen. 50

Table 3. 3: Comparison of photodegradation efficiency of ZHMSs with other ZnO photocatalysts reported against

QIffErENT AYE MOICCUIS. ...ttt ettt et ettt et e sate e sate e s aaeenateesaneenanes 53

Table 4. 1: Elemental analyses of ZnO/ZnFe204 hollow composite MiCrOSPREIES..........cccvvcveecveeieecrecreceeieeieseenrens 64

Table 4. 2: Comparison of surface areas of the composite with previously reported literature ...............cccccuveveun.... 67



Abstract

Hollow micro/nanostructures, integrating hollow interiors or voids with mesoporous shells of
varying dimensions, are generally characterized by high surface area, faster surface reactions,
improved mass transfer, low density, and high permeability. In this study, a simple, cost-effective
hydrothermal technique was used to fabricate hollow structured nanomaterials and
nanocomposites, using sugar-derived carbon as a hard template. No organic solvent or additive
was used. Hollow a-Fe>O3; microspheres were synthesized using anhydrous ferric chloride as the
precursor and the thermal stability of this material has been demonstrated at high calcination
temperatures. ZnO hollow microspheres were successfully prepared using Zn(NO3)2.6H2O as the
precursor and its photocatalytic performance was compared with ZnO nanoparticles. ZnO-
ZnFe;04 hollow composite material with an ultra-high surface area was fabricated using a similar
technique. Different characterization techniques such as X-ray diffraction spectroscopy (XRD),
field-emission scanning electron microscopy (FE-SEM), energy-dispersive X-ray spectroscopy
(EDX), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS),
attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR), and
thermogravimetric analysis coupled with differential thermal analysis (TGA-DTA) were used to
analyze the prepared materials. Based on the results, the shell of the hollow structured
nanomaterials and nanocomposites was composed of aggregated nanoparticles, while the sugar-
derived carbon core was decomposed during calcination, leaving a hollow interior. The diameter
of the prepared hollow microspheres was in the range of 500 nm to 2 pm. EDX spectrum of these
samples detected the signals of the elements present in these materials, and elemental mapping

studies confirmed a homogenous distribution of these elements.



Thermal stability studies of hollow a-Fe>O3 microspheres were demonstrated by TGA-DTA
analysis, and the data depicted that the material's thermal stability was achieved at 480 °C and no
weight loss was observed up to 1000 °C. High-temperature calcination results showed that this
material can maintain its hollow morphology up to 700 °C. ZnO hollow microspheres and ZnO
nanoparticles of similar crystallite size (around 40 nm) were prepared by hydrothermal and sol-gel
techniques, respectively. The photocatalytic efficiency and effectiveness of the hollow
morphology of these catalysts for rhodamine blue degradation were studied under ultraviolet light
irradiation. The ZnO hollow microspheres showed 10% higher efficiency than ZnO nanoparticles
which can be attributed to their nano-porous structure, large surface area, and easy formation of
*OH radicals. Hollow microspheres of ZnO-ZnFe;O4 composite material synthesized by a similar
method demonstrated an ultra-high surface area of 1051 m?g™! which makes this material useful in
different surface-related applications. These materials also have potential applications in drug

delivery, gas sensing, and lithium storage.



CHAPTER 1

Introduction

The term hollow material refers to materials that have space or cavities inside them or are not solid
within [1]. The size of the cavity makes hollow materials extraordinarily advantageous in
numerous applications, such as catalysis, photocatalysis, drug delivery, solar cells,
supercapacitors, lithium-ion batteries, electromagnetic wave absorption, and sensors, due to their
specific surface area, load capacity, material transfer, and storage. Generally, the benefits are

mainly reflected in the following aspects:

1. Volume-specific surface area is higher in hollow structures. Thus, the structure can
effectively prevent particle accumulation and expose more active sites resulting in greater
contact between reactants and active sites [2].

ii. A hollow structure has many pores in its shell. Reactants and products can be transported
more rapidly due to the abundance of pores [3.,4].

iii.  Hollow structures allow for the modulation of product selectivity, thereby increasing
yields.

iv.  In the shell, numerous and discrete cavities can facilitate the reaction of metastable
intermediates at active sites [5,6].

v.  Hollow structures have the property of spatial confinement, which allows the reactant
molecules to be enriched inside the structure to achieve higher concentrations and
accelerate electrode reaction rates [7].

vi.  In a hollow structure, the interconnected network can reduce electron transport distances

8].



vii. A hollow structure exhibits a greater degree of structural stability. In numerous studies, it
has been demonstrated that this unique structure has better mechanical and chemical

stability during catalysis [9].

1.1  Nanotechnology

The term "nanotechnology" refers to the study and control of matter with dimensions of
approximately 1-100 nanometers, where unique physical properties enable new applications [ 10].
Nanotechnology involves manipulating matter on a near-atomic scale to create new devices,
materials, and structures. This technology offers scientific advancement in a variety of sectors,

including medicine, consumer products, energy, materials, and manufacturing.

1.2 Nanomaterials and nanocomposites

Materials defined as nanomaterials have a size range of roughly 1 to 100 nanometers (nm) or at
least one dimension in the nanometer range [11]. The definition of a nanomaterial is never
straightforward. For some, the size of the material should be a few nanometers, for others, it should
be smaller than a few tens of nanometers, for still others anything less than a micrometer will do.
Also, for some, one dimension at the nanoscale is enough; for others, it should be at least two or

even all three [12].

The term nanocomposite refers to multiphase materials in which one of the phases has a dimension
of less than 100 nanometers; or the phases in the composite have nanoscale distances between

them [13].



1.2.1 Hematite (a-Fe203)

The iron oxide compound hematite, also known as haematite, can be found in rocks and soils and
has the formula Fe;Os. In ambient conditions, Hematite is more stable than other iron oxide
polymorphs and is highly resistant to corrosion. Inversion of maghemite or oxidation of magnetite
produces hematite. In addition, it can be formed during oxyexsolution of titanomagnetite when
cooled slowly or by inversion of titanomaghemite during heating. Having a 70 percent iron content
and being abundant, it is the most important iron ore. By weight, pure hematite consists of about
70% iron and 30% oxygen. Much like most natural materials, it is rarely found with that pure
composition. a-Fe2O3 crystallizes in the rhombohedral system with space group R-3c and lattice
parameters a = 5.0369 A and ¢ = 13.749 A [14]. In addition to the N’eel temperature, it can

display the Morin temperature, the blocking temperature and the freezing temperature [15].
1.2.2 Zinc Oxide (ZnO)

At room temperature, zinc oxide (ZnO) is a group II-IV semiconductor with a wide band gap of
3.37 eV [16,17] and large exciton binding energy (60 MeV) [18]. Depending on the reaction
conditions, zinc oxide can be synthesized as rods, cones, bullets and hexagonal plates, making it a
remarkably versatile semiconductor nanomaterial [19]. The properties of ZnO nanoparticles are
governed by their size, shape, surface area, crystallinity, and stability, which depend on the
synthesis methods and conditions [20]. ZnO crystallizes as a thermodynamically stable hexagonal
wurtzite structure, with basal plane parameter a and axial lattice parameter c, having a ratio of c/a
= 1.633, and is built from two interpenetrating hexagonal close-packed (hcp) sub-lattices of one

type of atom that are displaced along the three-fold c-axis by u = 3/8 = 0.375c.



A sublattice of ZnO consists of four atoms per unit cell, i.e., the ZnO unit cell contains 4 Zn and 4
O atoms and the wurtzite structure has three surfaces of particular importance, namely (0001),

(1120), and (1100) planes (c, a, and m-planes, respectively) [21].

1.2.3 Zinc Ferrite (ZnFe204)

A zinc ferrite is an inorganic compound that consists of zinc and iron (ferrite) and has a general
formula of ZnyFe;—xO4. ZnFe;Oy4 is a spinel-structured ferrite with a narrow bandgap (—1.9 eV)
with low activation energy, high surface activity, high electron mobility, excellent stability, high
thermal conductivity, high electrical resistivity, controllable saturation magnetization, moderate
thermal expansion coefficients, energy transfer efficiency and narrow line width in ferromagnetic

resonance [22-24]. In addition to its normal spinel structure, it crystallizes in a regular system (a

=b=c,a=pF=7=90).

1.3 Hollow structured materials

The word ‘‘hollow” refers to an empty space or cave inside. Structures containing vacant spaces
inside can be considered hollow [25]. However, in material science, hollow generally refers to
structures with an open and large fraction of empty space along with well-defined shells [26].
Nanomaterials with hollow structures fall into a special category of materials characterized by
solid walls enclosing an internal void. These materials come with certain advantages compared
with their bulk counterparts. Hollow nanomaterials have dramatically increased surface areas
compared to bulk material, which makes hollow nanomaterials extremely useful in surface-related
applications [27]. These materials require significantly lower amounts of expensive noble metals,

representing a noble-metal economic design.



Hollow materials generally show enhanced light scattering, faster surface reactions, and lowered
charge recombination. Besides, the hollow spheres are constructed with an unusual hierarchically
nanoporous structure, which enables more efficient transport of the reactant molecules to reach the
active sites on the framework walls. Aside from that, the hollow spheres permit multiple reflections
of UV-visible light inside the cavity that promotes more efficient use of the light source.
Additionally, hollow spheres can be easily separated from slurry systems through filtration or
sedimentation, and can be reused more efficiently than nanosized powder photocatalytic materials
[28]. The massive pores and high porosity of hollow structured materials indeed decrease the

density of the absorber, affording the lightweight features for practical application [29].

1.3.1 Synthesis of hollow structured materials

1.3.1.1 Template-assisted method

Depending on the type of template used for fabricating the hollow core, this method can be
classified as hard-templating or soft-templating. Hard-templating uses rigid particles as core
templates that are removed after the formation of a core-shell to obtain a hollow structure. Silica,
carbon spheres and polystyrene spheres are generally used as hard templates. It is possible to
control the morphology, particle size, and structure of nanomaterials using these methods. As for

these approaches, a brief synthesis process can be exhibited in the following three steps [30]:

a.  Fabrication of template materials with specific morphologies as kernel support materials,
b.  Depositing the target material on the surface of the template materials,
c.  Removing the interior template materials through appropriate approaches to obtain the

hollow nanostructured materials.



Soft templating, however, generates hollow structures directly by the self-assembly of starting
materials. Polyvinyl pyrrolidone (PVP), cetyltrimethylammonium bromide (CTAB), sodium
dodecyl sulfate (SDS), vesicles, droplets, micelles and gas bubbles are widely used soft template
materials. The surfaces of these templates are curved or spherical under the action of surface
tension since they are primarily formed in solution and are relatively soft and therefore, suitable

for preparing hollow spheres.

It is true that hard template strategies for hollow structured materials are simple and
straightforward to apply, but the strategies are only applicable to core-shell structures where the
core and shell exhibit significantly different dissolution properties. A soft template approach, on

the other hand, allows the soft template to be easily removed from core-shell structures.

However, the use of a soft template strategy restricts the morphology of hollow structures to mainly
spherical shapes due to inherent difficulties in modulating the soft template. Besides, the
conditions in which these templates are created are usually affected by factors like temperature,
pressure, pH, concentration, etc. As a result, it is important to explore hollow structures with

different compositions based on the specific situation.

1.3.1.2 Template-free method

A hollow sphere can be prepared without using an additional template. The template-free method
can be mainly divided into two categories such as self-templating and self-assembly methods. An
unstable intermediate obtained during the reaction acts simultaneously as both a hard template and

a sacrificial template in the self-template mechanism.



A template-free strategy may be more convenient in some cases since they are generally one-pot
processes without additional etching steps. Nonetheless, finding the right conditions for unstable
intermediates such as organized crystallite aggregates, concave octahedra with high surface
energy, and self-templates remains challenging. Further, the mechanisms underlying the transition
from unstable kinetic intermediates to stable thermodynamic hollow structures have still not been

properly elucidated.

1.3.1.3 Spray drying method

In this method, nanoparticles are suspended in related solvents as a precursor solution. Spray
drying consists of transforming a fluid into dried particles by using a gaseous hot environment.
Different stages of the spray-drying process involve atomization, droplet-to-particle conversion
and particle collection. It is often necessary to add some chemicals to adjust the pH of

nanoparticulate suspensions in order to maintain their colloidal stability.

1.3.1.4 Kirkendall method

It is possible to readily convert solid nanoparticles into hollow spheres in some cases instead of
hard templating. Under controlled heating conditions, the Kirkendall effect converts low-density
materials like hydroxides to high-density ones like oxides. According to conventional Kirkendall
theory, the fast diffusing materials create voids around the slower diffusing ones to compensate
for the unequal material flow [31]. As part of the nanoscale Kirkendall forming process, small
voids are produced at the interface, enhanced by atom diffusion, and thus form hollow cavities

[32].
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1.3.1.5 Ostwald ripening

Ostwald ripening is a phenomenon which is evident in solid solutions or liquid sols. The process
involves dissolving small crystals or sol particles and re-depositing them as crystals or larger sol
particles. This phenomenon is commonly observed in oil-in-water emulsions. Since the inner
crystallites develop at the earliest stages of crystallization and growth, they are usually smaller and
have higher surface energy than the outer crystallites [33]. Smaller particles, due to significant
differences in interfacial energy, gradually dissolve and redeposit on the surface of large particles
during crystallization, leading to the continued growth of larger particles and the dissolution of

smaller particles [34].

1.3.1.6 Ion exchange

In ion exchange, cations or anions are exchanged between a solution and a solid. The Ion exchange
process has been widely used to fabricate hollow nanostructured materials [35-37]. In general,
hollow nanostructured materials prepared through ion exchange are largely determined by the
morphology of the precursor materials. A large number of hollow nano- and microstructures have
been reported including single, double, triple, quadruple shelled structures by using this ion

exchange process [38].

1.3.1.7 Selective etching

Through chemical etching or direct calcination, the selective etching strategy creates cavities by

selectively etching some constituent materials [39].
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1.3.1.8 Galvanic replacement

Hollow nano- and microstructures can be assembled using galvanic replacement reactions, which
are simple but versatile. Using this method, Xia et al. [40] created hollow nanostructures of Au,
Ag, Pd, and Pt with controlled and well-defined thicknesses and pore volumes. The reaction is
triggered when metal particles came into contact with other ions of a higher reduction potential

[41]. A difference in electrical potential between two metals drives this force [42].

1.3.2 Advantages of template assisted method

Template-assisted synthesis is an effective method for exactly controlling the morphology of
hollow structures. This can be accomplished by choosing templates with different shapes and/or
varying operational parameters. Several studies have confirmed that the hard template method is
the easiest to control and that it can be used to precisely adjust the shape and composition of hollow

structures.

1.3.3 Difficulties with soft template

A soft template is particularly sensitive to the parameters of synthesis, such as temperature, pH,
solvent polarity, etc., so controlling certain structural features of hollow materials, such as particle

size, shell thickness, and particle morphology, can be challenging.

1.3.4 Carbon template-assisted synthesis of hollow structured materials

Carbon spheres are among the most commonly used hard template materials due to their precise
synthesis, tunable size, surface properties, and ease of removal. Porous carbon, graphene, carbon

tubes, and other types of conductive carbon can be used as template materials.
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In a conventional hard templating process, there are three main steps: the first is the formation of
the template material, the second is the deposition of precursors for the hollow material to be cast,
and the third is the removal of the template. But, in our study, we adopted a one-pot synthesis
approach where the carbon template was in-situ formed under hydrothermal conditions and a

separate template formation was not required.

1.3.5 Recent advances in hollow structured materials

1.3.5.1 Hydroxide hollow structures

Single transition metal hydroxides, layered double hydroxides, and oxyhydroxides are the most
common hydroxides. Transition metal hydroxides have become a class of very promising materials
because of their outstanding catalytic activity, high abundance, miscellaneous chemical
compositions, and environmental friendliness [43.,44]. As a special hydroxide, layered double
hydroxides (LDHs) are ionic lamellar structures, which are formed from brucite-like layers and
interlayer anions and water molecules [45]. The application of oxyhydroxides such as NiOOH,
FeOOH, CoOOH, etc., has received a great deal of experimental and theoretical attention in the

last few years. [46-48]

1.3.5.2 Transition metal oxide hollow structures

Because of the unique chemical composition and crystal structure, such as spinel, perovskites,
layered oxides, etc., transition metal oxide hollow structures have been extensively used [49]. A
variety of oxide hollow structures like hollow nanotubes [50], hollow spheres [51], hollow
nanosheets [52], hollow polyhedrons [53], etc. have been synthesized, and their unique structural

features equip them with special properties to make them useful for applications in different fields.
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1.3.5.3 MOFs-based hollow structures

In recent years, metal-organic frameworks (MOFs), a type of periodic network structure made of
metal ions and organic ligands, have attracted special attention due to their unique structural
characteristics, including large specific surface areas, highly ordered micropore structures, uniform
pore sizes and special shapes, and abundant active sites, among others. [54,55]. Micropores
constitute the majority of pores in MOFs. Consequently, the hollow structure of MOFs with large
void spaces and mesoporous or macroporous channels exposes more active sites and accelerates

material diffusion compared to bulk MOFs.

1.3.5.4 Phosphate-based hollow structures

Transition metal phosphates have recently attracted researchers' attention because of their low cost,
environmental friendliness, and unique tunable structure [55]. Typically, transition metal
phosphates have an open framework with a layered structure, which makes electron and ion
transfer easier [56].

Additionally, the transition metal ions with variable valence can optimize the redox behaviour
while the phosphate group can provide many protons to facilitate good proton conductivity through

the interlayer region.

1.3.6 Factors influencing the morphology of hollow structured materials

1.3.6.1 Time

A key parameter in the synthesis process of hollow nano- and microstructures is time. Research
has shown that the etching time, reaction time, and calcination/annealing time all have significant

effects on the transformation of solids into hollows [57,58].
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1.3.6.2 Concentration

Concentrations of solutes and solvents can also influence hollow nano- and microstructure
formation. Ma et al. [57] reported the fabrication of self-templated Fe-glycerate hollow spheres
via a solvothermal method by tuning the reaction time and their research revealed that at different

time scales, various stages of hollow structure formation happened.

1.3.6.3 Temperature

In the fabrication of hollow structures, the reaction or annealing/calcination temperature plays a
significant role. It was evident from several studies that annealing temperature influences the shell

thickness, cavity radius, surface property, crystallinity and porosity of materials [59,60].

1.3.7 Factors influencing the performance of hollow structured materials

1.3.7.1 Shell number (single, double, multiple)

One of the most distinguished features of hollow structures is the number of shells. Single, double,
and multi-shell hollow structures have their own set of properties. TEM is the most useful tool for
determining how many shells are present in hollow structures. Several factors can affect the shell
number, including the type of solvent, reaction time, composition, and concentration of precursors

[61].

1.3.7.2 Shell size, thickness and inter-shell spacing

In addition to shell number, shell size, thickness, and inter-shell spacing have a significant impact

during hollow structure formation and have a substantial influence on performance.
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Size, thickness, and inter-shell spacing of shells play a crucial role in short transport pathways and
volume expansion. It is generally expected that smaller inter-shell spacings and more shells will

provide better performance.

However, it is also important to consider the grain size and porosity of shells. A porous structure
provides a large surface area for the active materials, excellent contact with the electrolyte ions,
and a short pathway for the ions and electrons. Shells made up of smaller grains have been shown
to have more surface area [62]. In the template-assisted method, the outer shell size is partially
determined by the template [63]. Inner shell size, however, is dependent on the formation

conditions [64].

1.3.7.3 Morphology

A hollow structured material's shape and nature also affect its performance in different

applications. The following aspects are important for hollow nanostructured materials:

1.1  Easy penetration of electrolyte into the interior surfaces through porous shells [65],
1.2 Improved surface area and excellent stability due to protective outer shell [66], and
1.3 Enhanced ions/electrons transport for fast kinetics provides a means for enhanced

electrolyte contact with active materials [67].

One of the great interests of materials scientists and engineers is controlling the shapes and

morphology of hollow structures and understanding how ions interact within them.
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1.4  Applications of hollow structured materials
Hollow structured materials have promising applications across a wide array of scientific fields
including catalysis [68], energy storage [69], magnetic resonance imaging | 70], cancer imaging

therapy [71], sensors [72], drug delivery [ 73], and environmental remediation |74 ].

1.4.1 Photocatalysis

Photocatalyst is composed of two words: photo, which refers to photons, and catalyst, which refers
to substances that influence reaction rates. A photocatalyst is therefore a material that changes the
rate of a chemical reaction when exposed to light and this phenomenon is known as photocatalysis.
Almost all photocatalysts are semiconductors. A photocatalytic reaction uses light and a
semiconductor to carry out a reaction, in which an electron-hole pair is generated on exposure of
a semiconducting material to light. In terms of the physical state of the reactants, photocatalytic
reactions can be divided into two categories. Homogeneous photocatalysis occurs when the
semiconductor and reactant are both in the same phase, i.e. gas, solid, or liquid. It is called

heterogeneous photocatalysis when the semiconductor and reactant are in different phases.

Photocatalysis has been demonstrated to be an eco-friendly and sustainable method for removing
dyes from wastewater [75]. It is important to note that in photocatalytic processes, electron and
hole generation are two competing processes, and photocatalytic activity depends heavily on

electron and hole lifetimes [76].

In addressing energy and environmental challenges, photocatalysis promises a bright future. In
photocatalysis, the efficiency of light harvesting, the separation of charges, and the acceleration of

surface reactions are heavily dependent on the design of photocatalysts.
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A semiconductor with a hollow structure offers many advantages when developing photocatalysts,
including enhanced light scattering and harvesting, shortened distances for charge migration,

directed charge separation, and an abundance of surface reactive sites [77].

1.4.2  Energy storage devices

Currently, lithium-ion batteries are among the most popular electrochemical energy storage
devices for electronic vehicles and portable devices due to their environmental friendliness, high
energy density, and extended lifespans [78]. There have been numerous studies on nanomaterials
with porous nanoarchitecture for use as LIB electrodes. Hollow nano- and microstructures have

dominated the research due to their low density, high surface area, and high loading capacity [ 79].

1.4.3  Dye-sensitized solar cells

The severe environmental problems resulting from the burning of fossil fuels and society's future
energy demands prompted researchers to study clean energy devices such as dye-sensitized solar
cells (DSSCs). Studies by Xuetal. [80] revealed that hollow materials are superior to conventional

Pt-based cells in terms of power conversion efficiency.

1.4.4 Water splitting

Energy consumption is rising day by day because of an increase in population and an increase in
energy demand. Direct splitting of water into oxygen and hydrogen is one of the most desirable
methods for converting and harvesting solar energy [&1]. It has been reported that a large number
of metal oxides, metal sulfides, metal nitrides, metal phosphides, and their composites have been
used for water splitting. Rapid advances in this field have improved the performance of

photocatalytic water splitting, but low efficiency limits their practical use.
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As an alternative to noble metal-based catalysts, hollow nanostructured materials exhibit good
conductivity, excellent electrical conductivity, and intrinsic electronic structures that facilitate

hydrogen and oxygen evolution at high efficiency [82].

1.4.5 Low-temperature chemiresistive sensing

The use of hollow-/microstructures for low-temperature chemiresistive sensing applications has
also been found to be significant in addition to the above applications. Compared with single
component-based nanodevices, mixed quaternary metal oxide hollow spheres demonstrated

improved response and stability [83].

1.4.5 Drug delivery

The high drug loading capacity and chemical/thermal stability of hollow structured nanomaterials

make them promising candidates for drug delivery [84].

1.4.6 Gas sensing

The resistance change of sensing materials is mainly caused by the interaction of target gases with
oxygen species on their surfaces, which is a surface reaction process; hence, the composition and
morphology of sensing materials have a strong relationship with sensing performance [22]. The
hollow nanostructure offers large surface areas and fast air/gas penetrations to the interior cavity.

Meanwhile, the enlarged surface prevents the gas from leaving the hollow structure [23].
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CHAPTER 2

Hydrothermal synthesis, characterization and thermal stability studies of a-Fe203 hollow
microspheres

Abstract

A simple, cost-effective hydrothermal technique was used in this study to successfully fabricate
hollow a-Fe>O3; microspheres, using only fructose and anhydrous ferric chloride without any
organic solvent or additive. The synthesized a-Fe2O3 hollow microspheres were characterized by
X-ray diffraction spectroscopy (XRD), field-emission scanning electron microscopy (FE-SEM),
energy-dispersive X-ray spectroscopy (EDX), transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS), and attenuated total reflectance Fourier-transform infrared
spectroscopy (ATR-FTIR). Based on the results, the shell was composed of aggregated a-Fe>Os3
nanoparticles, while the fructose-derived carbon core was decomposed during calcination, leaving
a hollow interior. XRD analysis confirmed the presence of the a-phase and the absence of y-phase
Fe;0s3. A mean diameter of 595 nm was estimated for the microspheres by the Gaussian fit of the
histogram constructed from the diameters measured over the SEM images. EDX spectrum of the
sample showed signals attributed to Fe and O, and a homogenous distribution of these elements
was confirmed by elemental mapping studies. ATR-FTIR analysis confirmed the bending and
stretching vibration modes of the Fe-O bond. TGA-DTA data depicted that thermal stability of a-
Fe»Os hollow microsphere was achieved at 480 °C and no weight loss was observed up to 1000
°C. High-temperature calcination results showed that the material can maintain its hollow
morphology up to 700 °C. This material has potential applications in drug delivery, gas sensing,

and lithium storage.
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2.1 Introduction

Hematite (a-Fe203) is an n-type semiconductor that has a bandgap of 2.1 eV and is the most stable
form of iron oxide [85]. Because of its availability, nontoxicity, low processing cost, thermal
stability, environmental friendliness, sensitivity to visible light and good corrosion resistance, it
has gotten a lot of interest in numerous fields. [27,86]. a-Fe>O3 has been extensively investigated
for its use in catalysis [87][88], photocatalytic oxygen evolution [89], gas sensing [85.90], optical
devices [91], supercapacitor electrodes [92], lithium-ion batteries [86,90,93], electromagnetic

devices [27], water treatment |94 ], and biomedicine [95].

Hematite with a hollow structure is more intriguing to researchers because of its excellent surface
permeability, low density, and high surface area compared to ordinary hematite [90]. To date,
many researchers have reported the synthesis of hematite; however, not many have investigated
the fabrication of hematite hollow spheres. Hollow nano/micro-structures of a-Fe:O3 have
reportedly been prepared by a variety of synthetic methods, including sol-gel synthesis [96],
centrifugal spinning [97], electrospinning [98], wrap—bake—peel processing [89], quasi emulsion-
template [99], gas-bubble template [100], hydrothermal [86,93.101], and solvothermal

[87,102,103] methods.

The hydrothermal method is, by far, the most widely used method for fabricating hollow a-Fe>O3
nano-/micro-structures because of its high yield and simplicity [86]. Ma et al. used a hydrothermal
approach utilizing an inside-out-outside-in Ostwald ripening strategy to produce double-shell

hollow hematite nanoparticles [ 104].
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Vuong et al. synthesized hollow nanospindles of a-Fe>O3 by a hydrothermal technique, and their
ethanol-sensing properties were investigated at different gas concentrations and temperature levels
|85]. Niraula et al. synthesized shape-controlled a-Fe>Os hollow nanorings (NRs) and nanotubes
(NTs) via a microwave-assisted hydrothermal process [105]. In an HF aqueous system, Qiu et al.
hydrothermally synthesized hollow polyhedral a-Fe>Os utilizing 1,3,5-benzenetricarboxylic acid

as an additive [88].

Although there have been some reports on the fabrication of hollow a-Fe;O3; microspheres by
hydrothermal techniques, most of these methods involve the use of expensive and harmful
additives and solvents, complex multistep synthesis procedures, and individual synthesis of core
and shell materials. Moreover, to the best of our knowledge, stability of a-Fe;Os hollow structure
at higher temperature has not been investigated before. Hollow structures have a broad range of
potential applications due to their higher surface area, larger pore size, and lighter weight.
Therefore, a cost-effective fabrication process is necessary to maximize their utilization. To this
end, herein, we describe a straightforward method to fabricate a-Fe>O3 hollow microspheres by a
simple, facile, cost-effective one-pot hydrothermal process and study their thermal study at higher

temperatures.

2.2 Experimental

2.2.1 Materials

Ferric chloride (anhydrous), used as the hematite precursor, was procured from Kanto Chemical

Co. Inc. (Japan).
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As the precursor of the carbon template, D-Fructose was supplied from Sigma-Aldrich (USA).

Both chemicals were analytically pure and were not further purified during the experiment.

2.2.2  Preparation of a-Fe203 hollow microspheres

0.2 M FeCls and fructose (CsH120¢) were dissolved in a 50 mL aqueous solution. The solution is
then filled to a 100 ml Teflon-lined stainless-steel autoclave to heat at 180 °C for 16 h. Afterwards,
the product after hydrothermal treatment was washed in water and ethanol. The washed product
was then dried in air at 60 °C for 16 h, then vacuum dried for another 5 h. Calcination at 500 °C

for 3 h provides hollow a-Fe>O3 microspheres.

2.2.3 Preparation of carbonaceous spheres

A 0.2 M fructose solution was obtained by dissolving fructose in 50 mL of deionized water. The
solution was then heated to 180 °C for 16 h in a 100-mL Teflon-lined stainless-steel autoclave.
Afterwards, the product was washed with water and ethanol, dried at 60 °C for 16 h and then

vacuum dried for another 5 h.

2.2.4 Characterizations

Powder XRD patterns of the samples were acquired on a Rigaku Ultima IV diffractometer to
determine the crystallinity of the a-Fe2Os3 hollow spheres.

The surface morphology and elemental distribution were analyzed by field-emission scanning
electron microscopy (FE-SEM S-4500, Hitachi Ltd., Japan) and energy-dispersive X-ray
spectroscopy (FE-SEM.EDX S-782XII, Horiba Ltd., Japan). The shell thickness of hollow a-
Fe>O3; microspheres was measured using TEM (JEM-2010, JEOL Ltd., Japan). A JASCO ATR

PROA450-S FTIR-ATR instrument was used to detect the presence of Fe-O bonds.
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The specific surface areas were measured by a NOVA 1200e surface area and pore size analyzer
applying Brunauer-Emmett-Teller (BET) method. Fe 2p and O 1s were detected with the XPS
(PHI 5000 VersaProbe II (ULVAC-PHI INC.)). Thermogravimetric/differential thermal analysis
(TGA/DTA) measurements were made in the air atmosphere using a Rigaku Thermo Plus Evo II

TG-DTA 8122 for the sample temperature up to 1000 °C.
2.3  Results and discussions

Hollow hematite microspheres were successfully prepared using a hydrothermal technique [106]
with FeCls anhydrous as the a-Fe>O3 precursor and fructose as a sacrificial carbon template. The

synthesis process is quite simple involving two basic steps (Fig. 2.1).

Anhydrous Fructose
FeCl, CeH120¢

y Transfer to an autoclave) Dryingat60°C(Vacuun;)
>
Heating at 180°C Calcination at 500°C

—~ Hollow Fe,0,

Solution Preparation Hydrothermal Reaction Microsphere
(Preparation of carbon core-ferric ion-shell)

Fig. 2. 1: Schematic representation of hollow a-Fe>Oj3 synthesis by applying a hydrothermal

technique
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A core@shell composite is first formed during the heat treatment of FeCls and fructose at 180 °C.
Due to the pressure developed in the autoclave, fructose is converted to carbonaceous spheres
through the dehydration reaction. These carbonaceous spheres possess oxygen-containing
functional groups such as -OH and C-O [106] which attract the metallic cations. These
electrostatic interactions or co-ordination between the carbonaceous spheres and adsorbed metallic

ions trigger the construction of the core-shell composite.

Hollow microspheres of a-Fe2Os are produced through the elimination of the carbon core during
the calcination process. In the process, several layers of dense nanoparticles are produced while
the carbon core oxidizes and decomposes, leaving a hollow interior. The carbonaceous template
serves as a shape-directing agent | 107] and its surface performs a significant role in the a-Fe2O3

hollow structure formation.

The phase composition of the fabricated a-Fe;O3 hollow microspheres was investigated by XRD
analysis. As illustrated in Fig. 2.2a, it has been observed that the a-Fe>O3; sample exhibits sharp
peaks at 24.1°, 33.1°, 35.6°, 40.8°, 49.5°, 54.0°, 57.5°, 62.4°, 64.0°, 71.9° and 75.4°. All peaks are
indexed to the a-Fe;O3; phase (JCPDS No. 01-089-0596) [108]. The diffraction peak at 33.1°
corresponds to the lattice plane of (104) [88]. No broad peak at 27.3° corresponded to the

diffraction peak (116) of y-Fe>O3 [ 105] confirms the absence of any y-Fe>Os.

No other impurity peaks indicate that the samples were highly crystalline and of high purity.

Applying the Debye-Scherer equation [ 109], the average crystal size was measured to be 35.4 nm.
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Bare and ferric ion-coated carbonaceous spheres (Fig. 2.2b) display almost similar broad peaks of

carbon at approximately 20°. No strong peaks were observed at 26 = 20°-30° with the XRD

spectrum suggesting that carbon is amorphous | 16].

(a)

— u—Fe03

(104)

(110)

Intensity (a.u.)

(012)

20 30 40 50 60 70 80
20 (degree)

—
(b)g
=
=
o’
Pk —— Ferric ion-coated
p— i
= carbonaceous spheres
=
=
£ g
= |
- Lol .
U".v‘*""*‘“"’--'. —— Carbonaceous spheres
o g
! e
““ﬁu_ﬁ.‘-\ll“__
A e P, S
T T T T T T

10 20 30 40 50 6l 70 80
20 (degrees)

Fig. 2. 2: XRD patterns of (a) hollow a-Fe:O3 microspheres calcined at 500 °C; (b) bare
carbonaceous spheres and ferric ion-coated carbonaceous spheres

To investigate the preparation of bare carbonaceous spheres, we performed the same synthesis
experiment without using the Fe precursor (anhydrous FeCl3) and succeeded in synthesizing
carbonaceous spheres that have an average diameter of 661 nm. Morphologies of the as-prepared

carbonaceous spheres and the hollow a-Fe>O3 microsphere samples were analyzed using SEM.
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Fig. 2.3 (a-b) display SEM micrographs of the carbonaceous spheres, showing that spherical
carbonaceous spheres have sizes in the range of 400900 nm. A large increase in diameter was
observed in the ferric-ion-coated carbonaceous sphere. Fig. 2.3 (c-d) show that the surfaces of the
spheres were rough compared to those of the carbonaceous spheres synthesized without Fe

precursors.

SEM micrographs of the a-Fe>O3 hollow microspheres are presented in Fig. 2.3 (e-f), which show
that nanosized a-Fe;Os particles were formed, aggregating to form the shell of the hollow
microspheres. It is also evident that the shape of the microspheres was slightly deformed, owing
to the random evaporation of carbonaceous materials from the core during calcination and almost
all microspheres have a hollow interior. The diameter of the hollow spheres was also reduced
considerably. The shell thicknesses of the hollow a-Fe2O3 microspheres were found to be 40-150

nm, as measured from the TEM images (Fig. 2.3 (g-h)).

The histograms for the diameters of the carbonaceous spheres (Fig. 2.4a), ferric-ion-coated
carbonaceous spheres (Fig. 2.4b), and hollow a-FeO3 microspheres (Fig. 2.4c) were constructed
by SEM image particle size analysis, and their average diameters were found to be 661 nm, 3.56

um, and 595 nm, respectively, from the Gaussian fit of the histograms.
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The histograms also show that the a-Fe>O3 hollow microspheres have a smaller average diameter
than the carbon cores and ferric-ion-coated carbonaceous spheres. This is because of the
‘shrinkage’ effect [ 106] during calcination, which occurs when metal-ion-rich shells decompose
and transform into a hollow metallic oxide layer. For the same reason, we see a much wider

distribution of diameters in the a-Fe>O3 microspheres than in the carbonaceous spheres.

Fig. 2. 3: (a-b) FE-SEM images of carbonaceous spheres prepared without an iron precursor,
(c-d) FE-SEM images of ferric ion-coated carbonaceous spheres before calcination, (e-f) FE-

SEM images of hollow a-Fe>03 microspheres, and (g-h) TEM images of hollow a-Fe203
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Fig. 2. 4: Average particle size distributions of (a) carbonaceous spheres and (b) ferric ion-

coated carbonaceous spheres

before calcination, and (c) hollow a-Fe>03 microspheres

To investigate the elemental composition of hollow microspheres made of a-Fe;Os;, EDX

measurements were utilized. Fig. 2.5a shows the peaks of Fe and O. Elemental mapping (Fig. 2.5

(b-d)) was performed to observe the elemental distributions.
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As expected from the mapping analysis, elements Fe and O showed complete coverage of the
image frame and were distributed homogenously in the Fe,Os structure. The corresponding mass

and atomic percentages obtained from the EDX analysis are also shown in Table 2.1.

Fig. 2. 5: (a) EDX spectrum of hollow a-Fe>Os3 microspheres, (b) selected mapping area, (c-d)

elemental distributions of Fe and O, respectively

Table 2. 1: Elemental composition of the prepared hollow a-Fe>03 microspheres obtained by

EDX analysis
Element %Mass %Atom
Fe 64.66 34.39
O 35.34 65.61

Total 100 100
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XPS analysis was conducted to assess the surface chemical composition of the hollow a-Fe,O3
microspheres. Fig. 2.6a presents the wide spectrum, showing the signals of Fe, O, and C. The
peak at 710.2 eV typically corresponds to Fe 2p3» [86][97], whereas that at 723.9 eV is assigned
to Fe 2p1» (Fig. 2.6b) [110]. These peaks, together with the satellite peaks at 715.1 eV and 730.5

eV, confirm the formation of the hematite phase [97].

Fig. 6¢ shows that the C-1s spectrum can be deconvoluted to two peaks positioned at 284.6 eV and
288.5 eV, corresponding to C—C sp? and O—C=0 bonds, respectively. These carbon-containing

bonds may originate from the carbon tape used during the XPS sample preparation.

The deconvolution of O 1s gave two peaks at binding energy 529.5 and 532.6 eV, which are
attributed to the bonds Fe—O and C=0, respectively (Fig. 2.6d). The formation of Fe-O bonds can
also be verified from the binding energy difference of O 1s and Fe 2p3,. Are has been calculated

to be -180.7 which is close to -181.0, attributed to the formation of Fe2Os3 elsewhere [111].
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Fig. 2. 6: (a) XPS wide spectrum of hollow o-Fe>O3 microspheres, (b-d) deconvoluted XPS narrow

spectra of Fe 2p, C Is, and O Is, respectively

ATR-FTIR was used to analyze the functional groups and to distinguish the purity of the hematite

phase. The FTIR spectrum of the a-Fe>O3; hollow microspheres is shown in Fig. 2.7.
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The significant peaks between 430—-530 cm™! and two intense peaks at 435.83 and 520.69 cm™ can

be attributed to the bending and stretching modes of the Fe—O bond in a pure a-Fe,O3; sample with

good crystallinity [112,113].
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Fig. 2. 7: FT-IR spectrum of hollow a-Fe>O3 microspheres

According to Brunauer-Emmett-Teller calculations (BET), the surface area of the hollow a-Fe>Os
microspheres was 28.16 m?/g. The obtained isotherm (Fig. 2.8) was classified as type III, as per
IUPAC [114]. The existence of a small hysteresis in the N> adsorption-desorption isotherm is an
indication of the capillary condensation phenomenon, suggesting a mesoporous nature | 1 15]. This
is also evident from the peak at 3.6 nm in the differential volume vs pore size graph (Fig. 2.8

(inset)) determined by Barrett-Joyner-Halenda (BJH) pore size analysis.
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The mesopores may be derived from the intrapores between a-Fe>O3z nanoparticles, which make
up the hollow a-Fe>Os shell. Besides, pores within the hematite nanoparticles also contribute to
the presence of mesopores. The analysis also revealed a wide range of pore sizes up to 280 nm.
These macropores may have contributed to the a-Fe,Os; hollow interior formation. The pore

volume was calculated to be 0.138 cm?/g by the BJH pore size analysis.
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Fig. 2. 8: N> adsorption-desorption isotherm of hollow a-Fe>03 microspheres. Inset shows the

differential volume vs. pore size graph constructed from BJH pore size distribution analysis

Fig. 2.9a shows the results of a TGA combined with DTA in the presence of air and at a heating
rate of 10 °C min™' performed on ferric ion-coated carbonaceous spheres. The stability of the
weight was experienced at a temperature of 480 °C. The first weight loss of 5.5% at room
temperature to 150 °C is primarily because of the evaporation of physically and chemically
adsorbed water. The mass reduction of 91.8% between 150 °C and 480 °C may be attributed to the

removal of organic materials from ferric ion-coated carbonaceous spheres [116].
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Fig. 2. 9: TGA/DTA curves of (a) ferric ion-coated carbonaceous spheres (b) hollow o-Fe>O3

microspheres

The low-temperature peak at 316 °C is accompanied by amorphous carbon [117] indicating the
combustion of carbonaceous materials. An exothermic peak (462 °C) was detected in the heating
process which corresponds to the presence of an a-phase of FeoOs; [118]. Both peaks are
exothermic in nature, which may be due to the heat produced during the combustion of organic

materials.

On the other hand, the TGA-DTA curve of calcined hollow a-Fe>O3 microspheres (Fig. 2.9b)

shows no wet loss between room temperature and 1000 °C validating the high thermal stability of

the sample.

The calcined sample (at 500 °C) was then re-calcinated for 1 h at the temperature range of 600-

1000 °C to evaluate the hollow structural stability of a-Fe.O3 microspheres at higher temperatures.
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Fig. 2.10 shows the SEM images of a-Fe2O3; microspheres at different temperature values. It can
be seen that almost all particles retained their hollow morphology at 600 °C (Fig. 2.10 (a-b)).
Similar hollow morphology was also observed for a-Fe2O; microspheres calcinated at 700 °C,

although the aggregated nanoparticles seemed to be loosened (Fig. 2.10 (c-d)).

Fig. 2. 10: SEM images of o-Fe:O3 microspheres at different calcination temperatures. (a-b)

600°C, (c-d) 700°C, (e-f) 800°C, (g-h) 900°C, (i-j) 1000°C. Calcination was performed for 1 h

The collapse of the hollow structure started at around 800 °C as evident from Fig. 2.10 (e-f) and
very few a-Fe>Os3 hollow microspheres were seen at 900 °C (Fig. 2.10 (g-h)). Fig. 2.10 (i) display
the SEM images of a-Fe;Os hollow microspheres calcinated at 1000 °C where no hollow

microsphere has been observed indicating a total demolition of hollow structure morphology.
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2.4  Conclusions

A facile hydrothermal method was used in this study to fabricate hollow a-Fe>Oz microspheres. In
FE-SEM and TEM images, it is demonstrated that obtained samples have hollow interiors and that
the hollow microspheres have been formed by the deposition of ferric ions on a fructose-derived
carbon core, followed by calcining to decompose the core. The EDX mapping analysis of the
sample detected the signals of Fe and O elements. Along with the XRD peak at 20 = 33.1°,
associated with the lattice plane of (104), this confirmed the presence of the a-phase of Fe;Os.
BET analysis showed that the surface area of the hollow a-Fe>O3 microsphere is 28.16 m2/g. TGA-
DTA studies confirm the thermal stability of the material up to 1000 °C. Calcination at higher
temperatures reveals that the hollow structure starts to collapse at around 800 °C and a-Fe;O3
hollow microspheres can retain the hollow morphology up to 700 °C. a-Fe20s is highly sensitive
to the gaseous environment and the hollow structure may offer greater electrolyte accessibility and
permit more alterations to the structure. Additionally, the porous shells have high surface areas
coupled with high permeability. These outstanding properties highlight the enormous potential this
material has for use in gas sensing, lithium-ion storage, and controlled drug delivery systems.
Moreover, the fabrication process is simple and can easily be adapted to creating hollow structures

of other materials.
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CHAPTER 3

Sucrose-derived carbon template-assisted synthesis of zinc oxide hollow microspheres:

Investigating the effect of hollow morphology on photocatalytic activity

Abstract

ZnO hollow microspheres were successfully prepared using a sucrose-derived carbon template-
assisted hydrothermal method. The synthesized microspheres were characterized by X-ray
diffraction, X-ray photoelectron spectroscopy, UV-visible diffuse reflectance spectroscopy, field-
emission scanning electron microscopy, and energy-dispersive X-ray spectroscopy. The field-
emission scanning electron microscopy results showed that the shell was composed of aggregated
ZnO nanoparticles, whereas the sucrose-derived carbon core decomposed during calcination,
leaving a hollow interior. X-ray diffraction analysis verified the crystal structure of the ZnO hollow
microspheres with a crystallite size of 39.6 nm. ZnO nanoparticles with a similar crystallite size
(40.1 nm) were obtained via a polyvinylpyrrolidone-assisted sol-gel method. The photocatalytic
efficiency and effect of the hollow morphology of these catalysts for rhodamine blue degradation
were studied under ultraviolet light irradiation. Both ZnO hollow microspheres and ZnO
nanoparticles showed excellent photocatalytic activity although a minimal amount of these
catalysts (only 2 mg) was used in the experiment. The ZnO hollow microspheres showed a 10%
higher efficiency than ZnO nanoparticles, owing to their nanoporous structure, higher surface area,

and easy formation of *OH radicals.
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3.1 Introduction

Rapid industrialization is the primary source of pollutants discharged from effluents. Organic dyes
found in textiles, cosmetics, food, and paper products are becoming increasingly prevalent in water
bodies [ 119]. The release of these pollutants into water bodies results in a shortage of clean and
fresh water, which is indispensable to the sustainability of human civilization [20]. Some of these
dyes, such as methyl orange, rhodamine blue (RhB), naphthalene, and benzidine, are toxic,
carcinogenic, or mutagenic to living organisms; therefore, they must be removed from the water
bodies before consumption [120]. Photocatalysis, an eco-friendly and sustainable treatment, has
shown significant potential for dye removal from wastewater | 75]. This type of photodegradation
is generally linked to advanced oxidation processes that utilize hydroxyl radicals (*OH) to oxidize

organic pollutants [20].

At room temperature, ZnO possesses a large exciton binding energy of 60 MeV [18] and a
relatively wide bandgap of 3.37 eV [16,17]. In addition to its high linear refractive index and
excellent electron mobility, it has low electrical resistance and high chemical activity [121].
Therefore, ZnO plays a crucial role as a semiconductor photocatalyst owing to its cost-

effectiveness, stability, and non-toxicity [18].

The fabrication of hollow-structured photocatalysts has attracted considerable interest in recent
years owing to their unique properties, such as enhanced light scattering, fast surface reaction, and

reduced charge recombination [122].
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Hollow nanoparticles have a larger surface area than bulk nanomaterials, making them particularly
useful in surface-related applications [27]. Besides, the larger size of the hollow microsphere is
suitable for recovery and reuse in the dye degradation process. Moreover, the interior cavity of a
hollow sphere allows multiple reflections of UV-visible (UV-vis) light, allowing more efficient

utilization of the light source [28].

Hollow ZnO has been synthesized by different techniques such as the hydrothermal method
[121,123], solvothermal method [124], ultrasonic-assisted hydrothermal method [125], chemical
vapour-deposition technique | 126, one-pot solution method [ 127], combustion process | 128], and

in situ gas growth method [ 129].

Haghighatzadeh et al. prepared ZnO hollow microspheres (ZHMSs) from self-assembled rod-like
nanostructures using glycerol as the stabilizing agent [121]. Ju et al. fabricated rambutan-like
hierarchical hollow microspheres of ZnO under hydrothermal conditions using carboxyl methyl
starch as a soft template [ 130]. By properly adjusting the concentration of trisodium citrate during
the synthetic process, Yin et al. successfully synthesized a variety of ZnO hollow spheres with
different surface roughnesses using a template-free one-step hydrothermal method [131]. Liu et al.
used a simple seed-assisted hydrothermal technique to prepare ZHMSs on ceramic fibres [ 132]. Li
et al. fabricated three-dimensional nanoarchitectural ZnO hollow spheres via a template-assisted
two-step method using ginkgo leaves as a template [133]. Wang et al. used the bubble-assisted
Ostwald ripening method to prepare ZnO hollow spheres with a double-yolk egg structure [134].
Nanostructured ZnO hollow microspheres for selective CO2 reduction were reported by Xue et al.

[135].
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Hollow nanorices of ZnO have been used in the detection of toxic gases such as NO> and SO,
[ 136]. ZnO core/shell hollow microspheres showed enhanced light harvesting in the quantum dots-
sensitized solar cells [137]. Jeyabharathi et al. reported multi-sphere, highly porous ZnO micro
and nanoparticles for biomedical applications | 138]. Hollow zinc oxide microspheres prepared by

a template-free hydrothermal method were reported for the photodegradation of organic dye [ 139].

However, these methods predominantly require the use of expensive chemicals, such as reducing
agents, surfactants, or stabilizing agents. In addition, the synthesis processes are complex and

involve multiple steps.

Sucrose is an inexpensive material that is widely available and requires no special storage
conditions. In this study, sucrose-derived carbon was used as a template to synthesize ZHMSs, and
the performance of this structure as a photocatalyst was evaluated. As crystallite size plays a major
role in photocatalysis; thus, we prepared ZnO nanoparticles (ZNPs) of similar crystallite size to
investigate the actual role of the hollow structure. To the best of our knowledge, a similar
comparative study on hollow microspheres and non-hollow nanoparticles with identical crystallite

sizes has not been previously reported.

Herein, we describe the synthesis, characterization, and photocatalytic application of ZHMSs and
ZNPs of identical crystallite sizes to elucidate the role of hollow morphology on photocatalytic

performance.
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3.2 Experimental

3.2.1 Materials

Zinc nitrate hexahydrate, (Zn(NO3)2:6H20, 98.0%) , sucrose, (Ci2H22011,99.5%), and
polyvinylpyrrolidone (PVP, MW ~ 55,000 ) were purchased from Sigma-Aldrich (USA). Ethanol
(99.5%) and Isopropanol (IPA, 99.7%) were obtained from KANTO CHEMICAL CO., INC.
(Japan). Ethylenediaminetetraacetic acid (EDTA, 98%), catalase and p-benzoquinone (BQ, 97%)
were supplied from TOKYO CHEMICAL INDUSTRY CO., LTD. Commercial TiO (P25) was

purchased from NIPPON AEROSIL (Japan).

3.2.2 Preparation of ZHMS

0.01 mol of Zn(NO3)2-:6H>0O and 0.04 mol of sucrose were dissolved in 100 mL of deionized water.
The solution was then transferred into 50-mL PTFE-lined stainless-steel autoclaves (three
autoclaves were used) and heated at 180 °C for 16 h. The product was then washed multiple times
with deionized water and ethanol. After washing, it was dried in an oven at 60 °C for 16 h followed

by calcination at 600 °C for 4 h.

3.2.3 Preparation of ZNP

4 g Zn(NO3)2-6H>O and 5 g PVP (Molecular weight ~ 55,000) were thoroughly dissolved in a
50:50 (v/v) mixture of deionized water and ethanol. The solution was heated at 80 °C for 1 h with

constant stirring using a reflux system. The resulting gel was calcined at 650 °C for 4 h to obtain

ZNP powder.
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3.2.4 Characterizations

In this study, powder X-ray diffraction (XRD) patterns were recorded on a Rigaku Ultima IV
diffractometer to determine the crystallinity of the ZHMSs and ZNPs in the 26 range of 20—-80°
using Cu-K radiation (A = 1.54056 nm). Field-emission scanning electron microscopy (FE-SEM;
S-4500, Hitachi Ltd., Japan) and energy-dispersive X-ray spectrometry (EDX; S-782XII, Horiba
Ltd., Japan) were employed to study the surface morphology and elemental composition. A Pt-Pd
ion coating (E-1030, Hitachi Ltd., Japan) was used to sputter the samples prior to scanning electron
microscopy (SEM) and SEM-EDX analyses. A PHI 5000 VersaProbe II X-ray photoelectron
spectrometer (ULVAC-PHI Inc.) was used to study the surface chemical properties. Brunauer—
Emmett-Teller (BET) surface area and pore size analyses were performed using a NOVA 1200e
surface area and pore size analyzer. UV-vis diffuse reflectance spectroscopy (DRS) measurements
were performed on a JASCO V-670 UV-vis spectrophotometer with an integrating sphere

attachment of 60 mm.

3.2.5 Photocatalytic activity measurement

The photocatalytic activities of the ZHMSs and ZNPs were studied using RhB as the dye molecule.
Initially, 2 mg of the ZHMS was dispersed in 20 mL of 10 ppm RhB solution, and the mixture was
magnetically stirred for 30 min in the dark to ensure equilibrium adsorption on the catalyst surface.
A 400-W Hg lamp, which produces light in the wavelength range of 254—577 nm with the highest
intensity at 365 nm, was used to irradiate the sample solution with UV light. Next, approximately
I mL of the RhB solution was extracted from the reaction tube, and the catalysts were then
separated via centrifugation. The absorption of RhB was measured at 554 nm using a UV-vis

spectrophotometer.



43

The photodegradation efficiency of the ZHMSs was calculated using the following equation [ 140]:

Co—C

% Degradation = %100

(o]
where C, is the RhB concentration after equilibrium adsorption—desorption and C is the RhB
concentration at different time intervals.

Finally, RhB degradation in the presence of the ZNPs was tested using a similar procedure.

3.2.6 Scavenging experiment

To identify the principal active species involved in the photodegradation of RhB, some specific
scavengers were utilized. 2 mM isopropyl alcohol (IPA), 2 mM benzoquinone (BQ), 2 mM
ethylenediamine tetraacetic acid (EDTA) and 100 units/mL catalase were introduced as the
quencher for hydroxyl radical (*OH), superoxide anion radical (¢O2"), photogenerated hole (h")
and H>0, respectively [141]. The experimental conditions were similar to that of the

photocatalytic experiment.

3.3 Results and discussions

The ZHMSs were prepared using a sucrose-assisted hydrothermal method. During the formation
of the hollow structures, a core@shell composite was formed as a result of hydrothermal treatment
(autoclaving) of Zn(NO3)»2-6H>0 and sucrose at 180 °C for 16 h, followed by the decomposition
of carbon core via calcination. Owing to the pressure that spontaneously developed within the
autoclave system during the hydrothermal reaction, the sucrose dehydrated and carbonized. The
hydrothermal decomposition of sugar yields carbonaceous spheres that are hydrophilic in nature
and carry oxygen-containing functional groups such as -OH and C—O, which serve as anchors for

metal ions [106].
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The core@shell composite was formed due to the coordination or electrostatic interaction between
the layers of adsorbed metallic ions on the carbon sphere. The calcination of solid materials at 600
°C led to the formation of several layers of dense ZnO nanocrystalline particles, while the carbon
sphere was oxidized and decomposed concurrently. As a shape-directing agent, the surface of the

carbon template plays a decisive role in forming ZnO hollow structures [107].

A sol—gel technique was used to synthesize the ZNPs. Due to high surface energy and surface area,
almost all nanoparticles tend to aggregate. PVP was used as a surfactant to minimize the particle
size and aggregation. PVP has also been reported to improve the surface morphology and

microstructure [ 142].

XRD measurements were performed to determine the crystal structures, crystallite sizes, and
phases of the ZHMS and ZNP photocatalysts. The XRD spectra of the ZHMSs and ZNPs are
shown in Fig. 3.1. The XRD peaks of the ZHMS sample at 31.74°, 34.35°, 36.22°,47.51°, 56.55°,
62.79°,66.37°,67.91°,69.02°, 72.53°, and 76.91° can be assigned to the (100), (002), (101), (102),
(110), (103), (200), (112), (201), (004), and (202) planes that aligned with hexagonal wurtzite ZnO
(JCPDS 36-1451) [18]. In contrast, the XRD peaks of the ZNP sample at 31.75°, 34.40°, 36.23°,
47.51°, 56.56°, 62.83°, 66.34°, 67.93°, 69.08°, 72.55°, and 76.97° can be ascribed to the (100),
(002), (101), (102), (110), (103), (200), (112), (201), (004), and (202) planes of ZnO (JCPDS 36-
1451). These samples were highly crystalline and of high purity as no impurity peaks were
detected. By applying the Debye—Scherer equation | 143], the mean crystallite sizes of the ZHMSs

and ZNPs were calculated to be 39.6 and 40.1 nm, respectively.
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SEM was used to examine the morphological characteristics of the ZHMS and ZNP. Figs. 3.2a
and 3.2b show the SEM images of the ZHMSs, demonstrating the aggregation of nanosized ZnO
particles to create the shell of the hollow microspheres. In the SEM images, the shells of some
microspheres appear thicker than those of others. These thicker shells were formed due to the
deposition of multiple layers of ZNPs, resulting in both single- and multi-layered shells. In
contrast, the SEM images of the ZNPs show the formation of spherical nanoparticles (Figs. 3. 2¢

and 3.2d).

(3)

Fig. 3. 3: Elemental distribution of the samples: EDX spectra of the (a) ZHMSs and (b) ZNPs,
elemental mapping of the (c) ZHMSs and (d) ZNPs, Zn distribution in the (e) ZHMS and (f) ZNP

samples, and O distribution in the (g) ZHMS and (h) ZNP samples
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EDX was employed to analyze the elemental compositions of the fabricated ZHMSs and ZNPs.
Figs. 3.3a and 3.3b show the Zn and O peaks of the EDX spectra of the ZHMSs and ZNPs,
respectively. Elemental mapping of the ZHMSs (Figs. 3.3¢, 3.3e and 3.3g) was performed to
observe the elemental distributions, which reveals that Zn and O covered the entire image frame
and were homogeneously distributed within the ZHMS structure. Similar elemental mapping
results were observed for the ZNPs (Figs. 3.3d, 3.3fand 3.3h). The corresponding mass and atomic

percentages obtained from the EDX analysis are listed in Table 3.1.

Table 3. 1: Elemental analyses of the ZHMS and ZNP

Element % Mass % Atom
ZHMS ZNP ZHMS ZNP
Zn 75.66 81.96 43.21 52.62
(@) 24 .34 18.04 56.79 47.38
Total 100 100 100 100

The chemical states and elemental compositions of the ZHMS and ZNP were determined by X-
ray photoelectron spectroscopy (XPS). Figs. 3.4a and 3.4b show the survey spectra of the ZHMSs
and ZNPs, respectively. The XPS survey spectra of both samples exhibit peaks for Zn, O, and C,
indicating the presence of Zn and O in the as-prepared ZHMS and ZNP photocatalysts. The C peak

may have originated from the carbon tape used during the XPS measurements.

Both ZHMSs (Fig. 3.4c) and ZNPs (Fig. 3.4d) display two peaks at approximately 1022 and 1045
eV, respectively, in their Zn 2p spectra, which correspond to Zn 2p3» and Zn 2p1., respectively
[ 76,144]. In addition, the difference between the doublet binding energies (~23 eV) indicates the

existence of Zn as Zn?" in the samples [ 144].
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Fig. 3.4e and 3.4f depict the deconvoluted O 1s spectra of both samples, which show two peaks at
binding energies of approximately 531 and 532 eV, respectively, corresponding to lattice oxygen
and chemisorbed oxygen, respectively [76]. As shown in the O 1s spectra, the lower-energy peak
was attributed to O®~ in the wurtzite structure, whereas the higher-energy peak was attributed to
0% in oxygen-deficient ZnO [145]. A higher amount of O 1s, assigned to deficient O, indicates

that *OH radicals were easily formed on the ZHMS sample.
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Fig. 3. 4: XPS survey spectra of the (a) ZHMSs and (b) ZNPs, Zn 2p narrow spectra of the (c)

ZHMSs and (d) ZNPs, and deconvoluted O Is spectra of the (e) ZHMSs and (f) ZNPs
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Using BET analysis, the surface areas of the ZHMSs and ZNPs were found to be 7.73 and 4.61
m2g’!, respectively. The obtained isotherms (Figs. 3.5a and 3.5b) were classified as type III
according to [IUPAC [ 114]. The presence of a small hysteresis loop in the N> adsorption—desorption
isotherms of both samples was an indication of capillary condensation, suggesting a mesoporous
nature [ 1 15]. The graphs of differential volume vs. pore size of the ZHMSs (Fig. 3.5a (inset)) and
ZNPs (Fig. 3.5b (inset)), obtained using the Barrett—Joyner—Halenda (BJH) pore-size analysis,
show peaks at 3.58 and 3.6 nm, respectively. For the ZHMSs, macropores larger than 200 nm were
detected, which may have contributed to the formation of hollow interiors. The mesopores in both
ZHMSs and ZNPs may be derived from the intrapores between the ZNPs and pores within the

ZNPs themselves.
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Fig. 3. 5: Nitrogen adsorption—desorption isotherms of the (a) ZHMSs and (b) ZNPs. Insets
show the graphs of differential volume vs. pore size constructed based on the BJH pore size
distribution analysis

The pore volumes of the ZHMSs and ZNPs were 0.025 and 0.011 ccg’!, respectively. The surface
area, pore size and pore volume of the prepared materials are analogous to that of other ZnO

nanostructures reported in previous literature listed in Table 3.2.
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Table 3. 2: Comparison of BET surface areas of ZHMSs with previously reported literature

Material Morphology Surface area  Pore size Pore volume Reference
(m’g) (nm) (em’g)
Zn0O Hollow 10.09 - - [146]
microspheres
ZnO Hollow 9.6 13.0 0.03 [147]
microspheres
Zn0O Cauliflower-like 7.2 12.1 0.044 [148]
structure
Zn0O Nanorods 33 3.92 - [149]
ZnO Hollow 10.02 - - [137]
core/shell
microspheres
Zn0O Nanoparticles 7.49 - 0.01 [150]
ZnO Hollow 7.73 3.58 0.025 This
microspheres work
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Fig. 3. 6: (a) UV-vis DRS spectra and (b) Kubelka—Munk plots of the ZHMSs and ZNPs
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In addition to its large surface area, the ZHMS structure was found to enhance light scattering. Fig.
3.6a shows the UV-vis DRS spectra of the ZHMSs and ZNPs. Owing to the increased light
reflection and scattering, ZHMSs can capture the light of different wavelengths for a longer

duration.

From the Kubelka—Munk plot, the bandgaps of the prepared ZNPs and ZHMSs were calculated to
be approximately 3.23 eV [151] in which no significant difference in the bandgap values was

observed between the samples (Fig. 3.6b).

The photocatalytic activities of the ZHMSs and ZNPs were studied by monitoring RhB
degradation. The reaction under ultraviolet irradiation was investigated, and the concentration of
the dye molecules was measured using a UV-vis spectrophotometer. The intensity of the maximum

absorption peak of RhB (554 nm) was monitored over time.

Figs. 3.7a and 3.7b show that the RhB absorbance gradually diminished over time in the presence
of ZHMSs and ZNPs, respectively. The RhB concentration was calculated from the absorbance
values by applying the Beer—Lambert law [152] It was found that after 90 min of UV irradiation,
the RhB concentration decreased by approximately 95 % and 85 % in the presence of ZHMSs and
ZNPs, respectively. Although ZNPs exhibited lower photocatalytic performance than commercial
TiO2, ZHMSs performed better than TiO> as a photocatalyst. The photocatalytic efficiency of
ZHMSs was also compared with the ZnO photocatalysts with varied morphologies from the

previous studies and results are displayed in Table 3.3.
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kinetics

Additionally, the C/Cy plots of the RhB photodegradation can determine which is the optimal ZnO

structure for photocatalysis (Fig. 3.7c). The photodegradation kinetics of RhB can be defined as -

In (C/Co) = kt, where k is the first-order kinetic constant and t is the irradiation time (Fig. 3.7d).

For RhB degradation in the presence of ZHMSs and ZNPs, the R? value was found to be > 0.99.

The k value for the ZHMSs (0.03456 min!) was larger than that of the ZNPs (0.02157 min™),

indicating the superior efficiency of the ZHMSs towards photodegradation.
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No significant photodegradation was observed in dark, but a considerable 12% of RhB was

degraded during photolysis.

Table 3. 3: Comparison of photodegradation efficiency of ZHMSs with other ZnO photocatalysts

reported against different dye molecules

Photocatalyst ~ Pollutant ~ Concentration Catalyst  Light Irradiation Photodegradation  Reference

loading  source time (%)
ZnO hollow  Rhodamine 0.02 mM 10 mg uv 120 min 23 [153]
spindles blue
ZnO hollow Crystal - 05¢g uv 75 min 79.5 [154]
spheres violet
ZnO hollow  Rhodamine 15 ppm 0.05¢g uv 80 min 80 [155]
microflower blue
ZnO Methylene 10 ppm 100 mg uv 180 min 90.5 [156]
nanoparticles blue
ZnO Red S3B 50 ppm 100 mg uv 120 min 80 [157]
nanoparticles
ZnO Congo red 100 ppm 100 mg uv 180 min 93 [158]
nanoparticles
ZnO Congo red 30 ppm 100 mg uv 240 min 62 [159]
nanoparticles
ZnO hollow  Rhodamine 10 ppm 2 mg uv 90 min 95 This work
microspheres blue

This higher photocatalytic efficiency can be attributed to the nanoporous structure of the ZHMSs,
which allows for more efficient transportation to the active sites of the reagent molecules, thus

increasing the photocatalytic efficiency.

The light reflection and scattering properties appear to contribute very little to the high
photocatalytic activity of the ZHMSs owing to their large bandgap. Using the Planck equation, the
wavelength corresponding to the bandgap energy (3.23 eV) was calculated to be 384 nm [ 160].

Based on the UV-vis DRS spectra, light absorption, which is responsible for the transfer of
electrons from the valence band to the conduction band, occurs primarily below 384 nm, while

light scattering occurs above 384 nm.
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Because the bandgaps of the ZHMSs and ZNPs are similar, they are both restricted to absorbing
light of higher wavelengths, that is, > 384 nm. In addition, light after reflection and scattering
possesses lower energy, which may not contribute to photocatalysis. Therefore, higher light

scattering properties have little or no contribution to the photocatalytic performance of the ZHMSs.

A photocatalytic mechanism (Fig. 3.8) was hypothesized by dissolving a variety of trapping agents

in solution and determining the main photoactive species during the photodegradation process.

Fig. 3. 8: Schematic diagram illustrating the possible photocatalytic mechanism in ZHMSs for

RhB degradation
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EDTA, BQ, IPA and catalase were used to eliminate the h*, *O>", *OH and H>O, respectively.
From the scavenger experiment, it is evident that photogenerated holes and superoxide radicals are
the dominant reactive oxygen species (ROS). Also, *OH radical trapping in ZHMSs showed a
considerable reduction in degradation efficiency (Fig. 3.9a). Therefore, more *OH radicals are

formed in the ZHMSs. However, their formation mechanism is yet unknown.
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Fig. 3. 9: (a) Radical trapping assessment of reactive oxygen species during RhB
photodegradation over ZHMSs and ZNPs, and (b) photodegradation of RhB using ZHMSs and

ZNPs over four cyclic runs

When radiation hits the ZnO photocatalyst surface with energy (hv) equal to or higher than the
bandgap of the catalyst, electrons (¢°) initially at the valence band (VB) gain energy and transfer
to the conduction band (CB) by leaving holes (h") at VB. These photo-generated holes react with
the chemisorbed water molecules which lead to the formation of hydroxyl radicals (OHe) and

protons (H").
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On the other hand, photo-generated electrons in the ZnO conduction band (CB) react with oxygen
molecules and generate superoxide radicals (¢O2"). [161]. These radicals react with electrons and
protons to yield H>O». Photogenerated holes themselves can take part in the photodegradation or

produce more hydroxyl radicals (OHe). The photocatalytic mechanism can be proposed as follows

[162—-165]

ZnO +hv — ZnO (h" +¢) (1)
e+ 02— Oy (2)
h"+ H,O — OHe + H" (3)
Oy + e +2H" — Hy0s 4)
h" + dye — degradation products (5)

OHe + dye — degradation products (6)

*Oy” + dye — degradation products (7

H>0; + dye — degradation products (8)

The feasibility of photodegradation efficiency was also examined with a recycling test (Fig. 3.9b).
The performance of ZHMSs and ZNPs was studied in four consecutive runs of RhB
photodegradation under UV-light irradiation. The ZHMSs and ZNPs were collected after each run,
dried, and reused under the same experimental conditions. After four cycles, ZHMSs and ZNPs
exhibited a 7% and 15% loss in degradation efficiency, respectively. Therefore, both

photocatalysts are stable and reusable for long-term practical photocatalytic applications.
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In ZHMSs, nanoparticles aggregate to form the shell which puts more weight on the material. As
a result, separation from slurry becomes easier for ZHMSs leading to better performance in the

reusability test.

34 Conclusions

A facile hydrothermal technique was used in this study to fabricate ZHMSs. To study the role of
the hollow morphology of the ZHMSs, ZNPs of similar crystallite sizes were fabricated by a sol—
gel method, in which the crystallite size was controlled using a specified amount of PVP. The FE-
SEM images showed that the resulting ZHMS samples had hollow interiors, and hollow
microspheres were formed by the deposition of zinc ions on a sucrose-derived carbon core,
followed by the decomposition of the core via calcination. EDX spectra of the ZHMSs and ZNPs
showed signals of Zn and O. The fabricated ZHMS and ZNP photocatalysts were used to degrade
RhB dye under UV light. The ultraviolet light responsive and optimized ZHMSs demonstrated
higher degradation efficiency (~95%) towards the RhB dye compared to the ZNPs (~85%).
Moreover, the ZHMS and ZNP photocatalysts exhibited first-order kinetics with rate constants of
0.03456 min™' and 0.02157 min™!, respectively. Therefore, the ZHMSs can be used for the
treatment of dyes and organic contaminants from both polluted water and wastewater at a

commercial level owing to their ability to respond to ultraviolet light.
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CHAPTER 4

Facile one-pot hydrothermal synthesis of hollow ZnO/ZnFe204 composite microspheres

with an ultrahigh surface area

Abstract

This work represents the synthesis of hollow ZnO/ZnFe>O4 microspheres by a one-pot
hydrothermal technique. Sucrose-assisted synthesis of these composites has been reported for the
first time in this study. The hybrid hollow composites are composed of well-dispersed ZnO and
ZnFe>O4 nanoparticles. The crystalline phase, surface morphology, and elemental composition of
the prepared composite were characterized by X-ray diffraction, field-emission scanning electron
microscopy, energy-dispersive X-ray spectroscopy, and X-ray photoelectron spectroscopy. BET
surface area for this material was calculated to be 1051 m?g™!, which is the highest value for this

hollow composite material according to our known literature.

4.1 Introduction

In recent years, hollow nanomaterials with remarkable interior void spaces have received extensive
research due to their nanostructured walls, low density, higher surface area to volume ratio, and
high permeability for controlled mass transport [166,167]. ZnO/ZnFe>O4 composite has been
investigated for many applications, such as lithium-ion battery [168], gas sensing [22,169-171],
photocatalysis [ 1 72—174] and colourimetric biosensing [ 1 75]. Certain drawbacks of pure ZnO such
as inferior selectivity towards gases and poor visible light absorption could be resolved by doping

it with ZnFe>Oa.
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Compared to other p-type semiconductors, ZnFe>O4 has a narrow band gap (1.96 e¢V), outstanding
photochemical stability, environmental friendliness, good sensitivity and selectivity to gases, low
cost, and high thermal and chemical stability [22,166]. Due to its low activation energy, the
ZnFe>0y4 is capable of sensing reducing gases efficiently [23]. Moreover, the incorporation of

ZnFe>04into ZnO is effective in controlling their optical properties [176].

On the other hand, due to the easy aggregation of pure ZnO, absorption and reaction are limited to
a small part of the material. This problem can be dealt with by creating a hollow structured
composite. A hollow structure also comes with an increased specific surface area.

As reactions predominantly take place on the surface of the materials, a high surface area could

offer an ample “reaction field” for gas adsorption and identification [22].

Various types of techniques have been used to fabricate ZnO/ZnFe;O4 hollow composite materials
e.g., hydrothermal [22], solvothermal [177], electrospinning [23], chemical precipitation [174],
atomic layer deposition (ALD) [178], microwave-assisted heating [179], and impregnating—
calcination process [166]. Qin et al. prepared nanostructured ZnO-ZnFe;O4 heterojunction by
thermal decomposition of metal—surfactant complexes for photoelectrochemical water oxidation
[180]. ZnO-ZnFe>O4 hollow nanofiber was fabricated for the H>S gas sensor using a one-needle
syringe electrospinning method [23]. A surfactant-free solvothermal process was used to prepare
octahedral ZnO/ZnFe;O4 heterostructure for malachite green adsorption [177]. Janus hollow
nanofibers of ZnO/ZnFe,O4 were investigated for photocatalytic degradation of organic dyes

[178].
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In this study, the ZnO/ZnFe>04 hollow microsphere with an ultra-high surface area was fabricated
by a carbon template-assisted hydrothermal method. As high surface area is the key requirement
for boosted surface reactions, this material could be highly useful in different surface-related

applications.

4.2 Experimental

4.2.1 Materials

Zinc nitrate hexahydrate, (Zn(NO3)2-:6H20, 98.0%) and sucrose, (Ci2H22011, 99.5%) were
purchased from Sigma-Aldrich (USA). Ferric chloride anhydrous (FeClsz, 96.0% ) was procured
from Kanto Chemical Co. Inc. (Japan). All chemicals were analytically pure and were used in the

experiment without further purification.

4.2.2 Preparation of ZnO/ZnFe204 hollow microspheres

First, Zn(NO3)2.6H20, anhydrous FeCls and sucrose were dissolved in deionized water. Then, the
solution was sealed in a 100 mL capacity Teflon-lined stainless-steel autoclave and heated at
180°C for 16h. After washing with deionized water and ethanol, the product was dried in an oven.

The dried product was then calcined in air at 500°C for 6h to get the desired product.

4.2.3 Characterizations

In this study, X-ray diffraction (XRD) patterns were obtained using a Rigaku Ultima IV
diffractometer. To study the surface morphology and elemental composition, field-emission
scanning electron microscopy (FE-SEM; S-4500, Hitachi Ltd., Japan) and energy-dispersive X-

ray spectrometry (EDX; S-782XI1I, Horiba Ltd., Japan) were employed.
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A PHI 5000 VersaProbe II X-ray photoelectron spectrometer (ULVAC-PHI Inc.) was used to
study the surface chemical properties. Brunauer—Emmett—Teller (BET) surface area and pore size

analyses were performed in a NOVA 1200e¢ surface area and pore size analyzer.

4.3 Results and discussions

The template-assisted synthesis of hollow structured microspheres utilizing sucrose generally
involves the adsorption of metal ions on the surface of carbon microspheres, and subsequent
removal of carbon via calcination (Fig. 4.1). Through a hydrothermal reaction, sucrose can
efficiently produce carbonaceous spheres with a hydrophilic surface [ 181]. The metallic ions (e.g.,
Zn*" and Fe’") get adsorbed onto the surface of carbonaceous spheres to form core@shell

composites.

A complicated process takes place during the heating of the ZnFe;Os precursor. At lower
temperatures, bound water is eliminated, and precursors are converted to ZnO and Fe>Os. A high

temperature during the heating process causes carbon microspheres to decompose and ZnFe;O4 to

form from the reaction of ZnO and Fe2O3 [166].

"’..“

Zn(NO3)26H)Q Auocisve Heatng

N Oetydaton) &
+ Catbonaceous sphere
CanOu (Derived from sucrose

Fig. 4. 1: Schematic representation of the possible synthetic mechanism of ZnO/ZnFe>0y4 hollow

composite microspheres
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To determine the phase of the composite, XRD analysis was used (Fig. 4.2). The peaks at 31.76°,
34.39° 36.26°, 47.58°, 62.86°, 67.93° are considered to be the characteristic peaks of the ZnO
wurtzite structure (JCPDS no. 36-1451) [144]. Peaks at 18.04°, 29.93°35.15°, 42.72°, 53.02°,

56.58°, 62.27°, and 73.40° correspond to the cubic phase of ZnFe,O4 [166].

As diffraction peaks of Fe-related phases such as a-Fe2Os, y-Fe;Os, FeO, and Fe;O4 were not

spotted in the XRD pattern, it can be confirmed that the obtained composite consists of ZnFe>O4

and ZnO phases.
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Fig. 4. 2: XRD spectra of ZnO/ZnFe>04 hollow composite microspheres
SEM images of hollow microspheres containing ZnO/ZnFe>O4 are shown in Figure 4.3(a-d). It
appears from the images that the surface of the hollow microspheres is rough, coarse, and broken.
There were some hollow spheres (Fig. 4.3(b-d)) with openings, which might be the result of

template removal. The microsphere size ranges from 500 nm to 2.5 pm.



63

£,
T
o3 [ SS——

e 500 nm

500 nm

Fig. 4. 3: SEM images of ZnO/ZnFe>04 hollow composite microspheres

(a)

W

0.00 keV ' 20.47 ke

' B

(d) (¢)

Fig. 4. 4: Elemental distribution of ZnO/ZnFe;O4 hollow composite microspheres: (a) EDX

spectra (b) elemental mapping; distribution of elements (c) Zn (d) Fe and (e) O
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EDX study of ZnO/ZnFe,04 verified the Zn, Fe and O elements. The elements covered the entire
image frame and were evenly distributed throughout the ZnO/ZnFe>O4 structure. Table 4.1

displays the corresponding atomic and mass percentages of the elements.

Table 4. 1: Elemental analyses of ZnO/ZnFe>04 hollow composite microspheres

Element %Mass %Atom
O 37.66 69.28
Fe 34.49 18.18
Zn 27.85 12.54
Total 100 100

To analyze the surface chemical composition of different elements and their atomic states, XPS
analysis was carried out. Fig. 4.5a shows elemental signals of the ZnO/ZnFe;Os.

Fig. 4.5b indicates that Zn 2p12 and Zn 2p3,2 have two peaks at 1045.0 and 1021.8 eV, respectively
suggesting the +2 chemical state of Zn and the existence of Fe-containing component in the

composite [23,170,182].

To fit the XPS spectra of Fe 2p, the spin-orbit doublets were considered (Fig. 4.5¢). Peaks at 711.0
and 713.2 eV represent Fe 2ps. tetrahedral and octahedral structures, respectively. The peak at
719.5 eV was consistent with Fe 2p1/2, while at 725.2 eV, the peak can be attributed to the shake-

up satellite structure indicating the normal state of Fe** in the resulting composite [178].
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Gaussian-Lorentzian functions were used to fit O 1s (Fig. 4.5d). A peak at 530.0 eV can be

attributed to surface lattice oxygen (O%) oxygen, whereas the other peak at 532.2 eV indicates

surface adsorbed oxygen (O™ and Oy") [22].
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Fig. 4. 5: XPS spectra of ZnO/ZnFe:>04 hollow composite microspheres: (a) survey spectra (b) Zn

2p narrow spectra (c) deconvoluted Fe 2p and (d) deconvoluted O Is spectra

The surface area of the prepared composite was obtained by nitrogen adsorption-desorption
isotherms measurement (Fig. 4.6). Based on the IUPAC classification, this isotherm is type IV and

representative of mesoporous materials [114]. The surface area of the hollow composite

microspheres was found to be 1051 m?g.
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Average pore size and pore volume were calculated to be 15.6 nm and 3.977 cc/g, respectively
using Barrett-Joyner-Halenda (BJH) method (Fig. 4.6(inset)). The surface area of this material was

compared with the previously reported studies which are shown in Table 4.2,
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Fig. 4. 6: Nitrogen adsorption-desorption isotherms of ZnO/ZnFe:O4 hollow composite
microspheres. Inset represents the graph of differential volume vs. pore size obtained from BJH

pore size distribution analysis



Table 4. 2: Comparison of surface areas of the composite with previously reported literature

Material Morphology Method Surface Pore Pore Reference
area size  volume
(m’g")  (nm) (em’-g™)
Zn0O/ZnFe;O4  Hollow cubes Pyrolysis 50 8 - [170]
Zn0/ZnFe;O4 Core-shell Hydrothermal 67 - - [182]
Zn0O/ZnFe;04 Octahedral Solvothermal ~ 60.45 0.94 [177]
ZnFe;04@ZnO  Core-shell Microwave- 41 7.5  4.6x107 [172]
assisted
ZnFe>04/Zn0O Hollow Hydrothermal 30.8 9.12 - [171]
spheres
ZnO/ZnFe204  Nanoparticles  Microwave  94.466 - - [183]
combustion
Zn0O/ZnFe;04 Hollow Hydrothermal 1051 15.6 3.977 This work
microsphere
4.4 Conclusions

Sucrose assisted one-pot hydrothermal method for the fabrication of hollow ZnO/ZnFe>O4 has

been reported for the first time. The prepared hollow composite has been analyzed by different

characterization techniques. A massive surface area, pore size and pore volume were recorded for

this material, which can contribute to faster surface reactions in different surface-related

applications. The synthesis procedure is quite simple and can be adapted for the fabrication of

other binary/ternary hollow composite materials.
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CHAPTER 5

Discussions and Future Research

In this research work, hollow structured nanomaterials and nanocomposites have been fabricated
by a simple, cost-effective, one-pot hydrothermal technique. As the unique characteristics of the
hollow structure confer many benefits, such as discrete cavities, large specific surface area,
abundant pores, high structural stability, spatial confinement effect, high product selectivity, short
electron transport distance etc., research has progressed significantly in various fields as a result

of these advantages.

However, many challenges remain in the synthesis of hollow structured micro/nanomaterials
despite their successful synthesis with diverse compositions and morphologies. The first issue is
that few hollow structures can be synthesized in large quantities by specific methods, which is far

from being sufficient for actual production.

One of the most important factors limiting the commercial application of hollow structural
materials is their yield. In addition, most of the mechanism underlying hollow structure formation
is still a matter of speculation, without more direct evidence. It is necessary to introduce some

advanced technologies and concepts to meet these challenges.
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Future research on hollow structured materials should consider the following aspects:

ii.

1.

1il.

Hollow structured materials are restricted by their yield, which is one of the main factors
preventing their large-scale use. Therefore, mass production of these materials must be
studied to make them a useful in practical industrial production. However, heat and mass
transfer between small and large chemical reaction systems differ significantly. Larger
systems have more difficulty transferring heat and mass, which results in poor homogeneity.
The advancement of computer simulation technology has brought good news to it. To
simulate laboratory conditions as closely as possible, mass and heat transfer can be scaled up
through computer simulations. It is also feasible to optimize the synthesis process and

develop new synthesis techniques for hollow structures.

Most of the mechanisms responsible for hollow structure formation are still in the stage of
speculation or ex-situ observations at present. A direct in situ observation of hollow
structures can be achieved using in situ electron microscopy or in situ liquid infrared, to
better understand their synthesis mechanisms. By using in situ electron microscopy, hollow
structures can be observed during their nucleation and crystallization. During crystallization
and nucleation of hollow structures, in situ infrared may provide insights into reactant

molecules' behavior.

Multi-shell porous hollow structures constructed by nano-units with exposed crystal

planes may be more useful for research and development.
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In addition to maximizing space and increasing the effective surface area, multi-shell
hollow structures are also capable of regulating the transport of substances through layer
spacing, layer thickness, and pore channels | 184]. The specific crystal plane nano-units,
on the other hand, can expose the active crystal plane more easily, improving catalytic
activity [ 185]. Thus, the combination of these two approaches may be one of the research

directions of hollow structures in the future.

To conclude, there is still a lot of work to be done to fully harness the potential of hollow structured

materials for real-life applications.
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