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Summary

Summary

Polyoxometalates are unique molecular metal oxides containing early transition elements
in their highest oxidation state. They have highly tuneable structure which allows their
design from an atomic level, thus their potential in various applications in a wide field of
research is made viable. The structural and physical properties are important
understanding required in the toolbox of researchers for the design of polyoxometalates
based materials. Due to their highly soluble nature, the heterogenization of
polyoxometalates will be favourable from the perspective of sustainable development.
The facile separation of catalyst will improve the feasibility of polyoxometalates for
environmentally sustainable applications, making the synthesis and design of

polyoxometalates based nano-architecture a necessary endeavour.

In the first part of the study, polyoxometalates (POMs) of the series H.n)[PVaMo(12-0)O40]
(PVMA) were prepared and investigated to assist in the design of POMs based materials.
Basic characterizations of PVMAs were performed to understand the structural and
physiochemical characteristics. Two simple design approaches: (1) surfactant
encapsulation of POMs and (2) surface modification of metal oxide for immobilization of
POMs were adopted with the aim of obtaining a heterogenizing PVMA. In order to further
investigate the redox characteristic of PVMA, PVMA-2 was chosen for incorporation
with TiO2 for investigation of redox properties. The TiO2 nanoplates immobilized with
PVMA-2 via (3-aminopropyl)triethoxysilane as a coupling agent showed synergistic
effect of PVMA-2 on TiO: surface and the potential of such material in application as
anodes in lithium ion battery. This also provides insights for design of POMs immobilized

materials for environmental applications.

In the second part of the study, amine functionalized high surface area titanate nanotube
was modified with PVMA-2. The synthesis utilizes the high surface area of titanate
nanotubes for immobilization of PVMA-2, obtaining heterogeneity and high surface area
in the as-prepared material for application as a photocatalyst. Structural characteristics

and physical properties of PVM-X%S-TNT (X = 2, 5, 10) was characterized by various
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Summary

technique herein. PVM-5%S-TNT was found to be optimized for the photocatalytic
degradation of MB with H>O: added as an oxidant. The photocatalytic efficiency of the
material was also tested against rhodamine B, methyl orange and acid orange 7. The
results provided useful insights on the mechanism for photocatalytic degradation of

organic dye by PVMA-2.

In the final part of this study, a series of surfactant encapsulated heteropolyanion (SEH-n)
based on Hi+n)[PVaMo(12-1)040] (PVMAS) was prepared. The morphological optimisation
of the SEHs was studied by the control of solvent polarity and PVMA to surfactant ratio
used. Investigation by TEM revealed the formation of particles with multi-lamellar nano-
structure in the SEHs. The performance of SEHs as catalysts for the removal of
bisphenol-A under ambient conditions was evaluated. Factors influencing the
performance of the SEH-n are the relative stability of the Keggin structure and electron
accepting property. The hydrophobic property of the nano—sized SEHs provides good
aqueous stability and allows excellent recoverability of the catalyst from the aqueous

solution after treatment.

The studies show a potential for further development, design and understanding of
polyoxometalates based nano-architecture which can find a niche in environmental
application. The recommendations for future work are communicated in the concluding

chapter.
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Table 2.1 Advantages of heteropolyanion catalysts. Reprinted from reference?. Copyright 1996,

with permission from Elsevier (Academic Press, Inc.).

Table 2.2 Polyoxometalates immobilized materials and their applications.

Table 3.1 Characteristic wavenumbers of as-synthesized Hz+n[PVaMo(12-nO40] (n =1, 2, 3)
Table 4.1 Elemental analysis data of PVM modified material by XPS analysis.

Table 4.2 Structural properties of P-TNT and PVM-X%S-TNT (X = 2, 5, 10) characterized by

N> adsorption.
Table 5.1 EDX analysis providing semi-quantitative results of phosphorus, molybdenum and

vanadium in PVMAs and SEHs normalized to 100% and BET surface area of PVMAs and
SEHs. Phosphorus is not detectable by EDX in all SEH.
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Figure Caption

Figure Captions

Main text typed in Times New Roman, Size 12. Must start on odd page (right hand page).

Figures must be numbered sequentially within chapters.

Figure 2.1. Structure of isopolyanion (a) Lindqvist, M6019; heteropolyanions (b)
Keggin, XM12040 and (c) Dawson, X2M18064; Molybdenum-blue (d) Mo154 and (e)
Mo368.

Figure 2.2. Periodic table showing polyoxometalates forming elements.

Figure 2.3 The formation of Keggin structure [XM12040]™.

Figure 2.4 The structural hierarchy of heteropolyanion showing the primary Keggin
structure, secondary structure and tertiary structure. Reproduced from ref.® with
permission from The Royal Society of Chemistry.

Figure 2.5 The different rotational isomers of the Keggin structure.

Figure 2.6 Lacunary species formed from Keggin-type heteropolyanion'.

Figure 2.7 Polyhedra representation of a "sandwich-type" heteropolytungstate. The
different types of tungsten atoms are labelled al, a2, a3, b and c¢. The mimicked M oxide
surface occupies the four central edge linked polyhedra. Adapted with permission from

Journal of the American Chemical Society'®.

Figure 2.8 (a) Anderson-Evans structure and (b) Dexter-Silverton structure

heteropolyanion.

Figure 2.9 The distribution of 12:1 molar ratio of [MoO4]2- and [HPO4]2-at different pH

values. Adapted with permission from ref.!°. Copyright 1986 American Chemical Society.
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Figure Caption

Figure 2.10 Ball and stick structure of mixed-addenda [PVnMo12-nO40] (a) n =0, (b) n
=1 and (c) n = 2 Adapted with permission from ref 7. Copyright 2011 American Chemical
Society.

Figure 2.11 Cyclic Voltammogram of Keggin [PM01204]* in 50% ethanol/water mixture

containing 0.1 M HCI. Copyright 1991 Wiley. Used with permission from reference'?.

Figure 2.12 Keggin polyoxometalate, PMo0120403- undergoing 24 electrons redox
process, acting as an "electron-sponge". Reprinted with permission from reference!®.

Copyright 2012 American Chemical Society.

Figure 2.13 Three types of heterogeneous catalysis by heteropolyanions.

Figure 2.14 The key strategies for preparation of heterogeneous polyoxometalates-based

catalyst. Reproduced from reference® with permission of The Royal Society of Chemistry.

Figure 2.15 (a) TEM image and SAED pattern of H3PW12040/TiO2nanocomposite, (b)
UV-vis diffuse reflectance spectra of TiO2, H3PW12040 and H3PW12040/TiO2 composite.
Visible photocatalytic degradation of various dyes using the nanocomposite. Reprinted

from reference'®. Copyright 2005. With permission from Elsevier.

Figure 2.16 FESEM images of (a) TiO2 nanotubular array, and cross-sectional SEM
images of (b) TiO2 tubules, (c) PW12040-TiO; tubules, and (d) enlarged view of PW 2040~

TiO; tubules. Reproduced from reference®.

Figure 2.17 SEM images of (a-c) 3DOM-TiOz, (d-f) 3DOM PW;Co-APS-TiO> and (g-i)

PW;Co-APS-TiOa. Reprinted from reference!’. Copyright 2014. With permission from

Elsevier.
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Figure Caption

Figure 2.18 Polyoxometalates immobilized on functionalized graphene sheet. Reprinted

with permission from reference®. Copyright 2013 American Chemical Society.

Figure 2.19 Schematic representation of CNT modified with Py-Anderson clusters via
noncovalent functionalization. Reprinted from reference'!. Copyright 2015 With

permission from John Wiley and Sons.

Figure 2.20 TEM micrograph of (a) pristine CNTs, (b-d) Py-Anderson-CNTs nano
composite. Reprinted from reference'!. Copyright 2015 With permission from John Wiley
and Sons.

Figure 2.21 SEM micrograph of C3Ns modified with (a,b) PMo012040 and (c,d) PW12040.
Adapted from reference’. Copyright 2015. With permission from Elsevier.

Figure 2.22 Micellar self-assembly of polyoxometalates with
dimethyldiocatadecylammonium bromide. Adapted with permission from reference®.

Copyright 2010 American Chemical Society.

Figure 2.23 SEP assemblies. (a) Fullerene, (b) tubes, (c) rose flows, (d) snow flowers, (e)

semi-tubes and (f) cones.

Figure 2.24 (a) Assembly of nanocones from (DODA);PW 2040 with incorporation
magnetite nanocrystal. (b) Oxidation of sulfides using the nanocones as a nanoreactor.

Reprinted from reference!®. Copyright 2011 With permission from John Wiley and Sons.

Figure 2.25 Schematic of photocatalytic oxidation using TiO2 as catalyst for
mineralization of volatile organic compounds (VOCs). Reprinted from reference's.

Copyright 2009. With permission from Elsevier.

Figure 3.1 FTIR spectra of (a) Hs[PVMo01104], (b) Hs[PV2Mo010O4] and (c)
He[PV3Mo09O40].
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Figure Caption

Figure 3.2 XRD diffractogram of FTIR spectra of (a) Hi[PVMo11O4], (b)
Hs[PV2Mo010040] and (¢) Hs[PV3Mo09O40] with the characteristic reflection peaks of the
Keggin structure labelled.

Figure 3.3 Thermogravimetric analysis weight loss profile of (a) H4PVMo11040], (b)
Hs5[PV2Mo10040] and (¢) He[PV3Mo09Oa4o].

Figure 3.4 (a) Schematic of PVMA-2 modified TiO2 NP synthesis. As synthesized TiO2
(b) SEM micrograph and (c) EDX spectra. PVMA-2 modified TiO2 (d) SEM micrograph
and (e) EDX spectra. Solvothermal synthesis (f) without PVMA-2 in aqueous layer and (f)
with APTES in organic layer.

Figure 3.5 XRD diffractogram of (a) Hs5[PV2Mo010O40]-29H>0, TiO> synthesized (b)
without PVMA-2 in aqueous layer, (c) with PVMA-2 in aqueous layer and (d) PVMA-2
modified TiOz NPs (TiO2-PVM).

Figure 3.6 TEM micrograph of TiO> NP (a) at low magnification (inset shows the
corresponding SAED pattern taken close to [100] zone axis) (b) at high magnification.
TEM micrograph of TiO»-POM (c) at low magnification and (d) at high magnification
(inset shows corresponding SAED pattern).

Figure 3.7 (a) FTIR spectra of (i) PVMA-2, (ii) TiO2 NP, (iii) APTES modified TiO, NP
and (iv) TiO2-PVM. (b) N> adsorption/desorption isotherm of (i) PVMA-2, (ii) TiO> NP
and (iii) TiO2-PVM.

Figure 3.8 Cyclic voltammograms of (a) TiO2, (b) PVM and (c) TiO2-PVM electrodes at
0.01-3 V potential window and a scan rate of 0.2 mV s for the first three cycles.
Galvanostatic discharge-charge voltage profiles at 0.1 A g for the 1%, 2™, 5% and 10"
cycle of (d) TiO2, (e) POM and (f) POM-TiO: electrode.
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Figure Caption

Figure 3.9 (a) Rate capability of the TiO2, PVMA-2 and TiO2-PVM electrodes at various
current densities. (b) Cycling performance of the as-prepared samples at 10.0 A g, All of

the measurements were evaluated at potential range of 0.01-3 V.

Figure 3.10 (a) Equivalent circuit for electrochemical system. (b) Nyquist plots of as-

prepared samples.

Figure 3.11 Characterizations of POM-TiO2 electrode after 100 cycles: (a-b) Low-
magnification TEM images; (c) high-magnification TEM image with inset SAED pattern;
(d) HAADF image and its corresponding elemental mapping images of (e) P, (f) V, (g)
Mo, (h) O and (i) Ti elements.

Figure 4.1 (a) Schematic of P-TNT preparation and surface modification with POMs,
SEM micrograph of (b) P-TNT, (c) PVM-2%S-TNT, (d) PVM-5%S-TNT and (e) PVM-

10%S-TNT.

Figure 4.2 FTIR spectra of (a) Hs[PVaMo10Ou0], (b) P-TNT, (c) PVM-2%S-TNT, (d)
PVM-5%S-TNT and (¢) PVM-10%S-TNT.

Figure 4.3 FESEM Dark Field micrograph of (a) P-TNT, (b) PVM-2%S-TNT, (c) PVM-
5%S-TNT and (d) PVM-10%S-TNT.

Figure 4.4 XPS spectra of (a) PVM-2%S-TNT, (b) PVM-5%S-TNT and (c) PVM-10%S-
TNT.

Figure 4.5 XPS spectra of Mo 3d5/2, V 2p and Ti 2p of PVM modified materials.
Figure 4.6 N> adsorption desorption isotherm of (a)(i) Hs[PV2Mo100Oa0], (ii) P-TNT, (iii)

PVM-2%S-TNT, (@(v) PVM-5%S-TNT and (v) PVM-10%S-TNT. (b) Pore size
distribution of (i) P-TNT and (ii) PVM-5%S-TNT.
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Figure 4.7 XRD diffractogram of (a) Hs[PV2Mo010040], (b) P-TNT, (c) PVM-2%S-TNT,
(d) PVM-5%S-TNT and (e) PVM-10%S-TNT.

Figure 4.8 HRTEM micrograph showing the local structure of P-TNT (a) low
magnification, (b) high magnification; PVM-2%S-TNT (c) low magnification, (d) high
magnification; PVM-5%S-TNT (e) low magnification, (f) high magnification; PVM-
10%S-TNT (g) low magnification, (h) high magnification

Figure 4.9 UV-Vis spectra of as prepared P-TNT and PVM-X%S-TNT (X=2, 5, 10).

Figure 4.10 Photocatalytic activity of PVM-X%S-TNT (X= 2, 5, 10) under simulate
visible light irradiation (Xe arc lamp 150 W, 420-630 nm, intensity 409 W m?). [MB] = 5
mg L', catalyst dosage = 0.4 g L'!, pH = 2 (inset shows adsorption of MB by the
materials in 60 min) (b) Photocatalytic activity of PVM-X%S-TNT (X= 2, 5, 10) under
simulated visible light irradiation. [MB] = 5 mg L!, catalyst dosage = 0.4 g L'}, pH = 2,
[H202] = 98 mM. (c) UV-vis spectroscopy of MB showing a decrease in concentration

over time.

Figure 4.11 Effect of (a) different HoO> concentration. [MB] = 5 mg L-1, catalyst dosage
= 04 g L-1, pH = 2 and (b) different catalyst loading of PVM-5%S-TNT on the
degradation of MB.

Figure 4.12 (a) Effect of pH on degradation of MB (inset shows colour of catalyst
recovered), (b)(1) Degradation of different dye using PVM-5%S-TNT, structure of (ii)

methylene blue, (ii1) rhodamine B, (iv) methyl orange and (v) acid orange 7.

Figure 4.13 Suggested mechanism for photocatalytic activity of PVM-X%S-TNT under

visible light irradiation.
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Figure Caption

Figure. 5.1 SEM micrograph of (a) PVMA-2, (b) casted film of SEH, (c) bulk powder of
SEH, (d) PVMA-2: DMDOA in ~1:2 ratio, (¢) PVMA-2:DMDOA in ~1:3 ratio and (f)

SEH from mixed solvent of chloroform : n-butanol in 3:1 ratio.

Fig. 5.2 Schematic illustration for synthesis and formation of SEH-2 from PVMA-2 and
influence of DMDOA:HPA ratio.

Fig. 5.3 High-resolution TEM micrograph of (a) SEH-1, (b) SEH-2, (c) SEH-3 and (d)
SEH-2 at showing lattice fringes about 0.2 nm d-spacing inside each Keggin cluster with

a diameter of ca. 1 nm (white circles).

Figure 5.4 XRD patterns of PVMA-1, DMDOA-Br, SEH-1, SEH-2 and SEH-3. The
peaks of PVMA-1 are indexed to single phase H{PVMo11040. Peaks in all SEHs between
15-25° indicate the presence of MLLNS.

Fig. 5.5. BET sorption isotherm of (a) PVMAs and (b) SEHs. (c) FTIR of (i)
H4[PMo11VOu4o], (i1) dimethyldioctadecylammonium bromide (iii) SEH-1, (iv) SEH-2 (v)
SEH-3. (d)Thermo-gravimetric analysis weight loss profile of (i) SEH—1 (ii)) SEH-2 (iii)
SEH-3.

Figure 5.6 (a) Removal efficiency of BPA using SEHs and PVMA-2 without aeration. (b)
Removal efficiency of BPA using SEHs and PVMA-2 with aeration.

Figure 5.7 (a) BPA removal without aeration by (i) DMDOA:MVPA-2 2:1, (ii)
DMDOA:MVPA-2 3:1 prepared with chloroform : n-butanol in 3:1 ratio; and (iii)
DMDOA:MVPA-2 5:1 in pure chloroform. BPA removal with aeration by (iv)
DMDOA:MVPA-2 2:1, (v) DMDOA:MVPA-2 3:1 prepared with chloroform : n-butanol
in 3:1 ratio; and (vi) DMDOA:MVPA-2 5:1 in pure chloroform. (b) BPA removal using
SEH-2 with aeration and in argon purged solution, showing limited adsorption effects in

the absence of oxygen.
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Figure Caption

Figure 5.8. BPA removal efficiency (a) at pH3, pH9 and without pH adjustment; (b) at
different SEH loading of 1.0, 0.8, 0.5, 0.2 ¢ L"! and (c) at initial BPA concentration of 20,
10, 5mg L'\

Figure 5.9 XPS analysis results of SEH-2 (a) (i) before catalytic experiment and ii) after
catalytic experiment. XPS spectra of (b) Mo and (c) V (blue = before catalytic experiment,

red = after catalytic experiment).

Figure 5.10 (a) FTIR spectrum of fresh SEH-2 and used SEH-2. Fresh catalyst exhibits
characteristic peaks of water, while the used catalyst shows no presence of water after
drying post usage. The Characteristic peaks of MVP-2 and DMDOA are consistent before

and after catalytic procedure. (b) BPA removal by SEH-2 over 3 consecutive cycles,
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Chapter 1

Introduction

In this chapter, the background, objective, overview and outcomes of this
dissertation will be presented. The key areas and insufficiency in related
research and the motivation of this work will be highlighted. In the objective
section, the goal of this dissertation which is to design polyoxometalates
nano-architecture as a catalyst based on their redox and photoredox
properties and eventually explore their potential environmental applications.
Outcomes of individual chapters covered in this dissertation will be

highlighted in the overview section.



Introduction Chapter 1

1.1. Background

Polyoxometalates are early transition metal oxides clusters in their highest oxidation
state'”. Due to their highly alterable chemical and physical properties, which can be
adjusted according to specific requirements of reactions or application over a range of
sizes from atomic or molecular level to nanomaterials or even microstructures, attention
on polyoxometalates is seeing an increase in recent years'®?*. The application of

polyoxometalates in various fields i.e. in analytical chemistry?®, material science’,

28

magnetism?’, medicine®, memory devices® and photochemistry*® have been studied by

various research groups. However, their application in catalysis®' is still the most

2

prominent due to their interesting redox*? and semiconductor-like*® properties. Early

research of polyoxometalates were performed to study their properties in homogeneous

338 and removal of metal ions*>*°. However, from the

catalysis of organic pollutants
perspective of sustainable development, it is essential to prepare heterogenized

polyoxometalates to improve their viability in practical application.

Metal oxide have mainly been the material of choice as catalyst for removal of organic
pollutants via advanced oxidation processes*'**>. The most well know and studied metal
oxide is titanium dioxide which is highly valued due to its low toxicity, high stability,
insoluble and resistant to most chemicals**. However, it is also well known that titanium
dioxide works as a photocatalyst under ultraviolet radiation due to the large bandgap of ~
3.2 eV*. Even though there are methodologies* which allow the bandgap to be tuned
towards visible light harvesting, but this remains a challenge to researchers. In view of
such a problem, polyoxometalates which are easily tuneable from atomic or molecular
scale are potential solution for preparing of environmentally friendly material for

environmental applications.

While a homogeneous system for catalysis favours higher activity, a heterogeneous
system has several advantages:
1. Facile separation of catalyst from reaction for reuse and recycling

2. Reduces the dissolution of catalyst leading to secondary pollution of dissolved
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metals.
3. Improvement of stability of polyoxometalates which dissociate to form component

oxide anions under low concentration.*®

It is thus imperative to undertake the design of polyoxometalates-based heterogeneous
catalysis via formation of nano-architecture for their application as functional materials.
In recent years, the application of nanoparticles towards the removal of micropollutants is
receiving increased attention . The polyoxometalates (POMSs) nano-architecture catalyst
developed in this project may be applied after the ultrafiltration step of the secondary
effluent treatment process. The application and effectiveness of POMs-based catalyst with

nano-architecture could be investigated with other toxic organics present in wastewater.

1.2. Knowledge gap and motivation

In the application of polyoxometalates as heterogeneous catalyst, various strategies have
been adopted in their preparation. Some of the recent advances are well covered in a
recent review by Zhou et. al.’> for liquid-phase organic transformation and Marci et. al.*®
for photocatalysis. While it is encouraging to see reports and studies of polyoxometalates
in catalytic system, the process for the preparation of the material are often neglected. As
the process for preparation of these materials is intrinsic to their effectiveness as catalyst,
it is important to carefully characterize and elucidate the role of polyoxometalates in the
catalytic processes. Therefore, the preparation of polyoxometalates nano-architectures and

how the design influences their effectiveness represents an area of study necessary for

future development.

They key motivation of this research is the interdisciplinary study and development of
catalytic material as sustainable technologies. Wastewater treatment technologies
represents an important aspect in safeguarding of our water sources. This is especially
important in Singapore as the wastewater here is being used as the feed water to be used
for the production of NEWater *. Wastewater comes from combined sewage from

domestic, municipal and industrial origins and contains a wide spectrum of chemicals and
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pathogens *°. Therefore, different treatment technologies must be adopted to effectively
treat the wastewater, to remove the various constituents to acceptable levels before the
water could be further treated at the water reclamation plants. A convenient classification
of these treatments are: physical treatments, chemical treatments, combination of physical

and chemical treatments and biological treatments.

Based on the composition of the wastewater, as no single treatment can completely
remove the complex matrix of components in wastewater, different treatments must be
applied to effectively remove them. Typically, in a centralized wastewater treatment plant,
preliminary treatment is carried out by screening off debris and sandy materials, this is
followed by primary treatment in a primary clarifier by gravitational sedimentation
process. In the secondary treatment, aeration tanks with activated sludge is used to
degrade organic pollutants especially biochemical oxygen demand (BOD) in the
wastewater. The water is then passed on to the final clarifier and the clear supernatant is
discharged as the secondary effluent >!. After this treatment process, removal BOD and

suspended solids up to 90 % is typically achieved.

At this stage, the secondary effluent still contains low amounts of suspended solids,
inorganics, virus, bacterial, protozoa and organics. The water will then undergo
microfiltration/ultrafiltration which removes most of the remaining turbidity, bacteria and

protozoa. Various advance oxidation processes 2

could be applied on the secondary
effluent at different stages to removal micropollutants. The primary target here are the
micropollutants which remain within the water matrix. Even though most micropollutant
are biodegradable to varying extents, long period of time is required to effectively remove

them via biological processes 3.

The process of secondary effluent treatment includes ultrafiltration, reverse osmosis and
UV-disinfection. The proposed application of the catalyst after ultrafiltration also
improves the recoverability of the catalyst with less particulate contaminant. The
reduction in undesirable matrix present after the ultrafiltration process will minimize

potential fouling and thus extend the useful lifetime of the catalytic material. The removal
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of organic pollutants by the catalyst at this stage of the wastewater treatment process also
reduces the components which may lead to fouling of the reverse osmosis membrane in

the later stage of the treatment process.

An additional separation unit could be added after the catalytic oxidation treatment and
the catalyst could be recovered for reuse again. Possible ways of catalyst separation could
be achieved by magnetic separation via incorporation of magnetite nanocrystals with
POMs 3. Use of the POMs based nano-architecture catalyst could also see possible
application in specific industry if they exhibit high efficiency in removal of certain

organics present in the industrial effluents.

Polyoxometalates are easily tuneable from atomic or molecular scale is a potential
solution for preparing of environmentally friendly material for environmental
applications. This allows us to prepare the materials which are benign for application and
during the usage life-cycle of the material. In the consideration of the support material
systems, TiO2 has long been a long favoured material due to its low cost, low toxicity,
stability and availability. For the use of surfactant, the stability of the catalyst and ease of
control of morphology by surfactant and solvent in the construction of nano-architecture
are the primary reasons for this material system. Furthermore, the potential of such nano-
architectures which can be carefully designed for environmental application is a frontier
which scientific exploration is warranted. With the above target as motivation, this study
aims to design and synthesize polyoxometalates based nano-architectural material as

catalyst.

1.3. Objective and scope

The use of the prepared material lies at the heart of wastewater treatment processes, which
is why a strong foundation in the preparation and understanding of these
polyoxometalates based material, is essential. The scope of work covered in each part of

the study is outline below:
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1. Synthesis of mixed-addenda transition metal substituted polyoxometalates

H3::PViMo012.1040 (n= 1, 2, 3).

a. Synthesis of titanium dioxide nano-structure for immobilization with
polyoxometalates
b. To prepare a nano-architecture via immobilize polyoxometalates on

titanium dioxide surface using coupling agent.
c. To investigate the redox properties of immobilized polyoxometalates as
environmentally friendly rechargeable battery component.
2. Fabrication of polyoxometalates immobilized on high surface area titanate nanotubes
for polyoxometalates immobilization.
a. To optimize the surface modification for effective functionalization.
b. To evaluate the performance of the prepared material as a visible light
activated photocatalyst.
3. Heterogenization of polyoxometalates via surfactant encapsulation strategy.
a. To understand the influence of solvent and surfactant ratio in the formation
of surfactant encapsulated polyoxometalates nano-architecture.
b. Evaluation of surfactant encapsulated polyoxometalates as a catalyst for wet
air oxidation of bisphenol A (BPA) under ambient condition.
C. To investigate the mechanism of BPA removal using surfactant encapsulated

polyoxometalates.
1.4. Dissertation Overview
The dissertation addresses the design and synthesis of polyoxometalates nano-
architectures which is fundamental to effectively evaluate their potential environmental

applications.

Chapter 1 provides a background of polyoxometalates as catalyst and the motivation for

the research, followed by the presentation of the outlines and scope of the dissertation.

Chapter 2 reviews the literature concerning the structural, physical and chemical



Introduction Chapter 1

properties of polyoxometalates. The understanding of these properties is necessary for
researchers practicing within the field. The strategies for heterogenization of
polyoxometalates and their environmental applications are covered with specific

emphasis.

Chapter 3 describes the synthesis of H3+nPViMo012.1040 (n= 1, 2, 3) polyoxometalates and
their use in the preparation of the nano-architectural design. Based on the surface
immobilization of polyoxometalates on TiO> nanoplates, the redox properties of the
design were elucidated through its application as a rechargeable lithium ion battery

catalyst.

Chapter 4 further develops from the previous chapter by immobilizing the
polyoxometalate on high surface area titanate nanotubes. The surface modification was
optimized and the material was evaluated for photocatalytic degradation of methylene

blue.

Chapter 5 employs a surfactant encapsulation strategy to prepare polyoxometalates
heterogeneous catalyst with multi-lamellar-nano-structure. The catalyst was evaluated for

the catalytic wet air oxidation of bisphenol A.

Chapter 6 presents a summary of all the major findings in this dissertation with some

recommendations for future work.
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Chapter 2

Literature Review

Polyoxometalates are unique molecular metal oxides containing early
transition elements in their highest oxidation state. They have highly
tuneable structure which allows their design from an atomic level, thus
their potential in various applications in a wide field of research is made
viable. The structural and physical properties are important
understanding required in the toolbox of researchers for the design of
polyoxometalates based materials. Due to their highly soluble nature, the
heterogenization of polyoxometalates will be favourable from the
perspective of sustainable development. The facile separation of catalyst
will improve the feasibility of polyoxometalates for environmentally
sustainable applications. Particular focus on heterogenization strategies
by immobilization on titanium oxide and solidification by organic cations

is discussed along with some areas of application.



Literature Review Chapter 2

2.1. Introduction

The development, design and engineering of new generation functional materials
applying a bottom up approach®*>° in synthesis is of great value and interest to
researchers, as such strategies have fundamental importance in the progression of
science and technology. The preparation of materials via such methodology allows the
consideration of factors like active sites, uniform composition and distribution, thus
providing more robust and reliable synthesis protocols. The successful design of such
material is however impossible without the fundamental knowledge of active species
and shedding light on their structure and nature of their reactivity. The formulation
requirements for the composition and structure is therefore highly important to
establish structural-reactivity relationships for the preparation of new generation of

advanced functional materials.

The foundation of which this thesis is formed upon is the motivation to develop
advanced functional material based on nano-architectural design of relevant precursors
in the preparation of heterogeneous catalysts. The primary target of design for
incorporation of an active precursor in the preparation of functional material is
polyoxometalates. Polyoxometalates can be simply defined as early-transition metal-
oxygen-anion clusters and has seen rapid growth in application as a catalyst in recent

yearszo’48’57’58

Polyoxometalates as a metal oxide with discrete molecular structure are usually
composed of early transition metals in their d° or d' electronic configuration. The most
common early transition metals seen in polyoxometalates are tungsten (W(VI)),
molybdenum (Mo(V), (VI)) and vanadium (V(V)). These metals are bridged by
oxygen atoms and based on isolobal analogy, substitutions can be made which can
enrich polyoxometalates physiochemical properties™. Therefore, polyoxometalates has
also found applications in analytical chemistry?’, material science’®, magnetism?’,

 and photochemistry®’. Since catalysis improves the

medicine®®, memory devices?
efficiency of reaction processes, it is therefore the economic driving force of
polyoxometalates research. Many transition metals oxides are known to exhibit wide
range of reactivity in organic synthesis®, playing the role of good heterogeneous

catalysts. Use of polyoxometalates for reaction like methanol oxidation®" and olefin

10
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Isopolyanions
(a)

Lindqvist, MO,
Heteropolyanions

-3‘3»

Ul

Molybdenum-blue
(d) (e)

Mo,

Figure 2.1 Structure of isopolyanion (a) Lindqvist, MsOio; heteropolyanions (b) Keggin,
XMi2040 and (c) Dawson, Xo2Mi3Oe4; Molybdenum-blue (d) Moiss4 and (e) Moses.
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epoxidation®>?

are well documented and they are recognised as a soluble oxide
analogues. This makes polyoxometalates good representation of surface models for
mechanism studies in catalytic reactions'®. The versatility of polyoxometalates as
catalyst and their compatibility with environmental friendly oxidants like O, and H>O>

directs the needed attention and focus on their applications.

2.2. The structures of polyoxometalates

Polyoxometalates can be largely classified into three categories: isopolyanions,
heteropolyanions and molybdenum-blue and molybdenum-brown reduced
polyoxometalates centres®. The categories above also represent the versatility in size
of polyoxometalates. For example, isopolyanions such as. Lindqvist MosO19> (Figure
2.1(a)) are less than 1 nm in diameter®. Heteropolyanion of Keggin XM;204¢ (Figure
2.1(b)) or Wells-Dawson XoMi38Oe2 (Figure 2.1(c)) structure are approximately 1 nm
in diameter. Reduced molybdenum-blue like Moiss4 (Figure 2.1(d)) with car-tire-
shaped ring structure® or “hedgehog-like”®’ cluster of Moses (Figure 2.1(e)) with
diameter of 3.5 and 6 nm respectively. The above examples and a vast number of other
polyoxometalates can be generally prepared in aqueous medium by acidification and
with control of various reaction conditions, i.e. type and concentration of metal oxide
anions, pH and type of acid, concentration and type of electrolyte, concentration of
heteroatom, introduction of additional ligands, addition of reducing agents and

adjustments of temperature and solvent.

H - - Known addenda elements He
Li | Be ' - Known heteroatoms B l C I N [O| F | Ne
Na | Mg Al si| p|sfalar
K | Ca | Sc Ge| As| Se|Br| Kr
Rb| Sr | Y Ru Pd | Ag sb | Te| 1 Xe
Cs | Ba | La | Hf Os | Ir Pt} Au | Hg Bi l Po | At | Rn
Fr | Ra |Ac |Rf |Db| Sg | Bh | Hs | Mt |[Ds | Rg | Cn | Nh | Fl | Mc |Lv | Ts | Og

La Ce' Pr | Nb | Pm |Sm | Eu] Gd | Tb | Dy | Ho | Er |Tm | Yb | Lu
Ac | Th Pa U|Np|Pu Am [Cm |Bk | Cf | Es | Fm | Md | No | Lr

Figure 2.2 Periodic table showing polyoxometalates forming elements.
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To obtain a further understanding of polyoxometalates, it is necessary to learn of the
terminology used in the field. The simplest polyoxometalates, isopolyanion of
Lindqvist structure has a general formula of MsO19>, where early transition M are
generally known as the addenda atoms. The shift towards heteropolyanion involves the
presence of a heteroatom. This is exemplified by the Keggin structure XM 12040 where
X as the heteroatom acts as a template for the condensation of the transition metal
oxide anions by introduction of POs* and SiOs* forming the centre XO. in Keggin
structure. Figure 2.2. shows the most common early transition elements found as

addenda atoms in polyoxometalates®®.

While the best candidates for addenda atoms of polyoxometalates are vanadium (V),
chromium (Cr), niobium (Nb), molybdenum (Mo), tantalum (Ta) and tungsten (W),
largest amount of known polyoxometalates are formed by V, Mo and W.
Polychromate, polyniobates and polytantalate are less observed due to limitation in
oxygen coordination numbers of these elements in aqueous solution. Since the
formation of polyoxometalates structure is likely through the addition of tetrahedral
monomeric units, while Cr is preferentially 4 coordinate and Ta and Nb are
preferentially 6 coordinate, this increases the difficulty of these elements forming
polyoxometalates. The most common heteroatom in the formation of heteropolyanions
can also be seen in Figure 2.2. In the Keggin structure, the structure is based on these
heteroatoms position in the centre as a XO4 tetrahedron, which is surrounded by 4
groups of M3013 trimers, formed from three groups of edge-sharing MOg octahedra as
shown in Figure 2.3. to summarise the formation of the structure, it is useful to look at

the following reactions for the polycondensation formation of polyoxometalates:

6V03™ + 10H* — [V,0,6]® + 5H,0 Eqn (2.1)
PO3™ + 12Mo002™ + 24H* — [PMo;,04,]3~ + 12 H,0 Eqn (2.2)

The polycondensation reaction with vanadium and molybdenum oxides in Eqn (2.1)
and (2.2) shows the adoption of 6 coordinate from 4 coordinate metal-oxygen bonding.
This give rise to the formation of the basic unit commonly referred to as the primary

structure in Figure 2.4. Incorporation of counter-cations along with several primary

13
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KEGGIN [XM,,0,,]"

Figure 2.4 The formation of Keggin structure [XM2040]™.

Primary structure P

PW12040%
Keggin anion, ~1 nm

unit cell of
Cs2 5H0 5PW12040

nonNporous
nanocrystaliite
(primary particle, ~10 nm)

Porous aggregate of nanocrystallites
(secondary particle, 0.1—0.5 um)

Figure 2.3 The structural hierachy of heteropolyanion showing the primary Keggin structure,

secondary structure and tertiary structure. Reproduced from ref.> with permission from The
Royal Society of Chemistry.
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a (Ty)
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Figure 2.5 The different rotational isomers of the Keggin structure.

units forms the basis of the secondary structure, giving the crystal structure and
packing of heteropolyanions. In the case when the counteraction is H*, the water of
crystallisation in the heteropolyanion will lead to the formation of a dioxonium ion,
HsO,* which links four Keggin anions together®. The water molecules present in the
acidic form of heteropolyanion greatly influence the adsorption and -catalytic
properties®’?. These water molecules can be easily lost with increase in temperature
and are completely removed when dehydrated up to ca. 350 — 500 °C. This also means
that in the acidic form, the loss of water leads to the removal of the dioxonium ions,
thus contributing to the thermal instability of heteropolyanions. However, the thermal
stability can be improved with appropriate counter-cations. With the assembly of the
secondary structure into solid particles, the tertiary structure is formed and this

contributes to properties like particle size, pore structure and surface area®'.

In addition, each of the M3O13 trimers around the Keggin-type heteropolyanions can
rotate about their axis by 60°, giving rotational isomers’'. The native form of the

Keggin structure is the a-isomer, while the rotation of the trimers forms the B, y, 6 and

15
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¢ isomers and the symmetry of the structure changes as summarised in Figure 2.5. The
most stable isomers are the a and B form as there are less edge-sharing octahedral in
the structure, giving more linear M-O-M bonds and d-orbital to p-orbital =«
interactions’2. The numbers of possible isomers increase greatly with the formation of
mixed-addenda heteropolyanion, e.g. [SiW10V2040]>. When the [SiW10V2040]® anion
has an a configuration, a total of five positional isomers are possible, this increases to
13 isomers when a [ anion structure is adopted. The synthesis of mixed-addenda
heteropolyanion can be achieved by the mixing of stoichiometric amount of the related
oxide, while other synthetic route allows the access to mix-addenda heteropolyanion

via the formation of lacunary species.

Lacunary species adds to the diversity of polyoxometalates chemistry and structure
when vacant site are made available by adjustment in solution pHs. For example, the
Keggin structure is able to have some of the MOs octahedra removed by pH
adjustment towards basic conditions to form mono-, di- or tri-vacant lacunary species.

Only the a, B and y isomers are known to form lacunary species, possibly due to these

')Iw»\ﬂ“&?

vy A
vy» )
A 4

4}
;

Y-XMy;04 0-XM ;0,44 B-XM;;04

1
2

PPN

B- B'XMBOSI- A- B'XM9034 ﬁS'xMIIOSQ ﬂl'XM11039 Bl'xM11039

Figure 2.6 Lacunary species formed from Keggin-type heteropolyanion'.
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isomers having better stability as compared to the other rotational isomers. Figure 2.6
summarises the various known lacunary species of the three isomers. With an increase
in pH, the most stable form of the Keggin structure heteropolyanion, a-XM12040, loses
adjacent MOg octahedra. The monovacant lacunary structure a-XM1039 is generated
with the loss of one octahedra’?, while the A-a-XMoQs4 is formed when three corner
sharing octahedral M3Ois is lost and B-0-XMoOs4 is formed when three edge sharing
octahedral M303 is lost™. Depending on the rotational isomer and the octahedral

removed from the isomers, various lacunary species can be obtained.

The formation of lacunary species represents the opportunity to introduce various
metal into the heteropolyanion structure. It also allows the formation of
heteropolyanion based building blocks whereby the formation of the Dawson structure
(Figure 2.1 (c)) which consists of 2 lacunary units of A-a-XMoOz4. The presence of
such lacunary structure in polyoxotungstates provide surfaces with tungsten bridging
oxygen in a triangular array. This feature has a close resemblance to discrete
fragments of metal oxide surface while makes heteropolytungstates attractive as
mimics or discrete models of metal oxide supported heterogeneous catalysts'S. In the
attempts to prepare such experimental models, interesting dimerization reaction has

been observed giving rise to “sandwich” structure as shown in Figure 2.7.

o
\A\/

AL
N >
Nwiawg
A=

Figure 2.7 Polyhedra representation of a "sandwich-type" heteropolytungstate. The different
types of tungsten atoms are labeled a;, a,, as, b and c. The mimicked M oxide surface occupies
the four central edge linked polyhedra. Adapted with permission from Journal of the American
Chemical Society!®.
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(a) (b)

Figure 2.8 (a) Anderson-Evans structure and (b) Dexter-Silverton structure heteropolyanion.

The discussion of the Keggin and Dawson structures above are all based on the
tetrahedron centre. The tetrahedron can be considered as one of the “parent” structure
of highly symmetrical heteropolyanion. The central “parent” structures can be clearly
distinguished as the tetrahedron, octahedron and icosahedron forming central
polyhedron of XO, (n =4, 6, 12), where the symmetry of the whole heteropolyanion is
determined. The structural type containing an octahedron as the central polyhedron is
shown in Figure 2.8(a). The Anderson-Evans structure (e.g. [Te®*Moe024)) is a type
of 6-heteropolyanions with heteroatom in the octahedral pocket in the centre of a
closed ring edge sharing MOg octahedra arranged in a coplanar manner’>. The least
common type of heteropolyanion are those with an icosahedron as the central
polyhedron. The Dexter-Silverton structure’® is a 12-heteropolyanion with a general
formula of [XM204]*'2. It common contains molybdenum as the addenda with
cerium(IV), thorium(IV) or uranium(IV) as heteroatoms. The central polyhedron is an
icosahedron surrounded by 12 MOg octahedra arranged in face-sharing pairs (Figure

2.8(b).

2.3. Properties of polyoxometalates

2.3.1. Crystal structure

Polyoxometalates or heteropoly-compounds generally form ionic crystals’’ which can

accommodate large amount or water of crystallisation and counteraction within the

large interstices formed due to the size of the heteropolyanion and the requirement due
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to their ionic charge. The water of crystallisation forms the hydronium ion, HsO,*,
where the water molecules are held together by hydrogen bonding with a proton. The
removal of the water is easy and reversible by simple increment of temperature up to
150°C. As mentioned earlier, water plays an important part in the crystal structure and
packing of the heteropolyanion. Therefore, this influences the packing arrangement of
the heteropolyanion as the water is lost or gained by the structure. A good example
will be the different crystallographic space groups exhibited by 12-tungstophosphoric
acid (H3PW12040). In the most highly hydrated state H3PW12040:29H,0, the crystal
structure has a cubic Fd3m space group’®. A decrease in the water present in the
structure to H3PW12040-21H20 lead to a structure with orthorhombic Pcca space
group”®. Further loss of water to HiPW12040- 14H,0 and H3PW2040-6H20 further
transform the crystallographic structure to triclinic P/° and cubic Pn3m®' respectively.
Therefore, variation in the structure of polyoxometalates makes it difficult to obtain
highly reproducible X-ray crystallographic information especially when powdered

material is used instead of single crystal samples.

2.3.2. Solubility

The heteropolyanions has anionic charge delocalised over the large number of atoms
present in the structure, resulting in very low lattice energies in the crystals related
compound. The oxygen atoms on the exterior of heteropolyanions are strongly
polarised towards the addenda, causing these non-basic oxygen unable to form
hydrogen-bonds effectively’’. This causes the heteropolyanions to be weakly solvated
in solution and the solubility of heteropoly-compounds is largely dependent on the
solvation energy of the counteraction. Heteropolyacid are highly soluble in polar
solvents containing oxygen i.e. ethanol, diethyl ether etc. When countercations with
small ionic radius i.e. Li* or Na* are used, the solubility is similar to the acidic form.
This changes when larger countercations i.e. NH4", K™ or Cs* are used, making the
resulting salt to be insoluble. The use of organic cations like alkylammonium or
pyridinium®? are effective for the isolation of heteropolyanions from aqueous solutions

and for their application as catalyst in organic media.
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2.3.3. Solution stability

Figure 2.9 The distribution of 12:1 molar ratio of [MoO4]* and [HPO4]*at different pH
values. Adapted with permission from ref.!°. Copyright 1986 American Chemical Society.

Heteropolyanions in solution are constantly in an equilibrium state as a function of
solution pH. Figure 2.9 shows the distribution of an aqueous solution of
phosphomolybdic acid (H3PMo12040) which contains 1:12 molar ratio of HPO4* and
MoO.*. The pH of the solution during the isolation of the crystalline material is
important since the abundance of the desired species will be affected at different pH
ranges. However, even without deliberate pH control, studies have shown that typical
Keggin heteropolyanion are able to retain their structure when concentration is

relatively high*. On the contrary, when the concentration is too low (<102 mol L),
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Figure 2.10 Ball and stick structure of mixed-addenda [PV,Mo0124,040] (a) n =0, (b) n=1 and
(c) n = 2 Adapted with permission from ref 7. Copyright 2011 American Chemical Society.
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Figure 2.11 Cyclic Voltammogram of Keggin [PMo01204]* in 50% ethanol/water mixture
containing 0.1 M HCI. Copyright 1991 Wiley. Used with permission from reference'?.

degradation of the heteropolyanion may occur. In order to circumvent the degradation
of heteropolyanion in aqueous media, the use of organic medium should be considered
as the stability of polyoxometalates/heteropolyanion increases in organic medium*®.
This allow for effective use of low concentration for synthesis or catalysis in organic
media which will otherwise be difficult in aqueous media. Other strategies to improve
the stability of heteropolyanion in solution includes the use of mixed-addenda
heteropolyanion. Due to the improved solution stability of mixed-addenda
heteropolyanion, the use of [PVaMo012.1O40] is chosen as the main focus in this
dissertation. The structure of mixed addenda [PVyMo12.1O40] is shown in Figure 2.10.
With the substitution of vanadium for molybdenum, the stability of the
heteropolyanion is improved to a certain extent and improves the feasibility for

practical application.

2.3.4. Redox Properties

The diverse redox chemistry of polyoxometalates/heteropolyanions is the subject of

83,84 and

study, granting accessibility to their vast potential in chemical analysis
catalysis®*®7. The redox ability of polyoxometalates can be classified into two types
according to Pope!'%. Type I is the mono-oxo type polyoxometalates, while type two is
the cis-dioxo type. Mono-oxo types are best represented by the Keggin and Dawson

structure and their derivatives where the addenda atoms have only 1 terminal oxygen
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atom (M=0). In the cis-dioxo type, each addenda atom has two terminal oxygen
arranged in cis-position, this type of polyoxometalates is best represented by the

Dexter-Silverton structure.

In the mono-oxo type polyoxometalates, the MOg octahedra has a lowest unoccupied
molecular orbital (LUMO) that is non-bonding metal centred orbital®®, this allows the
mono-oxo type polyoxometalates to be easily reduced and oxidised reversibly forming
mixed valence species. The reduced species are able to retain the anion structure and
forms heteropoly-blues. In the cis-dioxo type polyoxometalates, the LUMO is anti-
bonding with respect to the terminal metal oxygen bond (M=0), this leads to resistant
towards reduction with low reversibility of the formed complexes'?. Therefore, Keggin
type polyoxometalates which are of the mono-oxo type are more useful for oxidation

catalysis.

Since polyoxometalates contain transition metals which are fully oxidised (d%), this
makes them resistant to oxidation, granting redox stability. By virtue of the highly
oxidised state of polyoxometalates, type I polyoxometalates are able to accept many
electrons. The increase in the negative charge of the anion is stabilised by protonation
provided from the solvent while the anion structure is preserved throughout. This has
been shown by electrochemical studies in Figure 2.11, where Keggin-type heteropoly-
molybdate of [PMo12040]*>" shows a series of reversible one/two electron redox
reaction'?. The reduction of the heteropolyanion can be clearly observed by the intense
blue colour with increasing number of electrons gained, thereby the name heteropoly-
blue. The electronic spectra of heteropoly-blues show strong d-d bands in the visible
region. The oxidising potential of polyoxometalates is strongly dependent on their
addenda atom. Therefore, by making use of mixed-addenda heteropolyanion, it is

possible to influence the redox potential to cater to required applications.

The Keggin type polyoxometalates [PVaMo12.1040]**™ used for studies in this
dissertation has been studied in much detail for its redox properties’®. It has
application in catalytic oxidation application®®? due to their fairly high oxidation

146

potential*® and ease of re-oxidation by oxygen®®. The reaction representative of the

reduction and oxidation processes are as follow:
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[PM012040]* [PM045,0401%"
‘ /. 24-electrons redox @ »

discharging

 G—

charging

P OMo @O

Figure 2.12 Keggin polyoxometalate, PM01204* undergoing 24 electrons redox process,
acting as an "electron-sponge". Reprinted with permission from reference'*. Copyright 2012
American Chemical Society.

[PV,M0;5_1040]3*™~ 4+ x H" + Red — H,[PV,M0;,_,040] + Ox Eqn (2.3)
Hy[PVaMoy5-n040] #7502 = [PVaMO1,_n040] "™~ + ZH,0 Eqn (2.4)

Where Red is the reducing agent, Ox is its oxidised form. The oxidation by oxygen in
solution does not proceed in the case of single addenda PMo12040>, therefore mixed

addenda polyoxometalates are preferred in use as oxidation catalysts.

To add on to the redox capabilities of Keggin type polyoxometalates, their ability to be
reduced without impairment of the anion structure allows a single addenda Keggin
polyoxometalates to accept up to 24 electrons® forming a super-reduced state. This
allows them to be used as “electron sponge”!*, where the molecular structure of the
anion reduces in size in order to form Mo*" metal-metal bonded triangles (Figure 2.12)
in order to accommodate the super-reduced state. The incorporation of PMo12040 into
lithium ion batteries (LIBs), forming what Wang et. al.'* termed as the molecular-
cluster batteries is expected to provide high capacity, rapid discharging/charging
multi-electron redox reaction by polyoxometalates and expedite lithium ion diffusion.
Alternatively, their use as secondary charge storage sites in anode material is also
feasible!!. Therefore, a minor part of this dissertation will explore synthetic strategy of

polyoxometalates immobilization and their redox properties in LIBs.
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2.4. Catalysis by polyoxometalates

Heterogeneous catalysis by polyoxometalates can be divided into three types, namely

surface, bulk type I and bulk type II7°

as shown in Figure 2.13. Surface type catalysis
refers to typical heterogeneous catalysis which takes place on the surface of the
catalyst. The kinetics of such catalysis is largely affected by the surface area of the
catalyst. In bulk type I catalysis, the heteropolyanion acts as a pseudoliquid phase,
adsorbing the reactants for the reaction to take place. Lastly, bulk type II catalysis
principally occur on the surface of the catalyst, however the rapid migration of redox

carriers facilitates the bulk solid to take part in the redox catalysis.

The advantages of heteropolyanions as catalyst is summarized by Okuhara et. al. as
shown in Table 12. Since the use of polyoxometalates provide the opportunity for
catalyst design at atomic and molecular level, it is possible to find many practical
applications for them. However, when considering the viability for environmental
application in aqueous system, the heterogenization of polyoxometalates is the
fundamental objective required to be achieved. This can proceed by the primary
strategy of molecular design from the incorporation of ligands for functionalisation®® ,

architectural design by immobilization on solid supports*® or use of ligands or counter-
cations to form interesting nano-architectures*. Various strategies for preparation of
polyoxometalates as heterogeneous catalyst are shown in Figure 2.14. Immobilizing
catalytically active polyoxometalates onto solid supports is an efficient and facile

strategy to heterogenise polyoxometalates for catalytic applications.

Reactant Product

Reactant Product Reactant Product

heteropolyanion

Primary particle
surface

Solid ) Pseudoliquid Solid
(Surface catalysis) (Bulk tvpe I catalvsis) (Bulk type II catalysis)

Figure 2.13 Three types of heterogeneous catalysis by heteropolyanions.
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Table 2.1 Advantages of heteropolyanion catalysts. Reprinted from reference®. Copyright
1996, with permission from Elsevier (Academic Press, Inc.)

1. Catalyst design at atomic/molecular levels based on the following:

¢ Acidic and redox properties
These two important properties for catalysis can be controlled by choosing
appropriate constituent elements, i.e.
e type of polyanion
¢ addenda atom
e heteroatom

® counteranion, etc

+ Multifunctionality

Acid-redox, acid-base, multi-electron transfer, photosensitivity, etc.

¢ Tertiary structure, bulk-type behaviour

2. Molecularity-metal oxide cluster

¢ Molecular design of catalysts

¢ Cluster models of mixed oxide catalyst and of relationships between solid and

solution catalysts

¢ Description of catalytic processes at atomic/molecular levels
Spectroscopic studies and stoichiometry are realistic

Model compounds of reaction intermediates

3. Unique reaction field

¢ Bulk-type catalysis

“Pseudoliquid” and bulk type II behaviour provide unique three dimensional

reaction environment for catalysis.

¢ Pseudoliquid behaviour

Spectroscopic and stoichiometric studies are feasible and realistic

¢ Phase-transfer catalysis

¢ Shape selectivity

4. Unique basicity of polyanion

» Selective coordination and stabilization of reaction intermediates in solution and

in pseudoliquid phase

¢ Ligands and supports for metals and organometallics
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2.4.1. Immobilized polyoxometalates and their applications

The immobilization of polyoxometalates on solid supports can be effectively
categorised into two groups: (1) polyoxometalate is supported on catalytically inactive
materials and (2) polyoxometalate is supported on catalytically active material. The
support material chosen are typically porous materials and preferably be nano-sized
particles. The fulfilment of the two criteria would provide a platform for uniform
distribution of active sites thereby decreasing the mass transfer resistance. It is
therefore imperative to select suitable supports in order to design effective and
efficient polyoxometalates base heterogeneous catalysts. Table 2 summaries typical
supports used for polyoxometalates heterogenization and their applications. From the
selected examples of polyoxometalates immobilized materials shown in table 2, the
use of polyoxometalates in oxidative catalysis, adsorption, pollutant degradation is
relatively well established. The preparation multifunctional polyoxometalates by
design with suitable solid support and diverse chemical properties of polyoxometalates
therefore enable their application as solution for various environmental problems.
Controlling of the polyoxometalates composition from the atomic and molecular level
also bestow researchers the ability to design environmentally benign materials and

ensure sustainability.

[ Immobilization POM-based [T Solidification
— heterogeneous catalytic
) materials +

[NH4*, Cs*, Na*, K*, Cu*, o O
Ag*, Sn2*, Zn?*, La%]-POMs e

% lonic liquids . T
: POM anion-based ionic liquids
(low melting point, POM-ILs)
IL-based POM ionic solids
(high melting point, IL-POMs)

VIviY

Organic amines modified POMs
Organic surfactant-POMs

BT VW

PCiM;bésed porous frameworks

Figure 2.14 The key strategies for preparation of heterogeneous polyoxometalates-based
catalyst. Reproduced from reference’ with permission of The Royal Society of Chemistry.
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Table 2.2 Polyoxometalates immobilized materials and their applications.

Supports Polyoxometalates used Methodology for immobilization Application Ref.
Mesoporous silica
SiO; | [Comim]3PW 12040 One pot hydrothermal impregnation Oxidative desulfurization 95
SBA-15 | HsPV2Mo10040 Electrostatic interaction Selective propene oxidation 96
Core-shell structured SiO, | H3PMo2040 Electrostatic interaction Safranine T dye degradation 97
Amorphous silica | ((n-C4Ho)4sN)4[PW1FeO30] Hydrogel impregnation Alcohol oxidation with H,O» 98
SiO; encapsulated y-FexO3 | [PW12040]>, [SiW12040]* and [PMo12040]* Impregnation method Oxidative esterification 99
Nano silica ball | Ha+mPVaMoi2-0O040 Impregnation method Methylene blue degradation with H,O» 100
SiO, | H3PW 12040 / HsSiW 12040 One-pot synthesis Photocatalytic degradation of 101
organochlorine pesticides
Anionic exchange resin
D301R | NasPW,,039Mn(H20) Ion-exchange Rhodamine B dye degradation 102
D201 | NasPW 2049, NasSiW 2049 Ion-exchange Photocatalytic degradation of dyes 103
MOFs
HKUST-1 | H3PW 2049 One-pot synthesis Selective heavy metal adsorption 104
HKUST-1 | HsPMo0,2040, HiIPVMo,,049, HsPV2Mo010040, One pot synthesis Selective oxidation of alcohol 105
HePV3Mo0yOs4
MIL-101 | KsdPW1VO4, H3PW 12040, KsSiW 12040 One-pot solvothermal synthesis Selective adsorption of cationic dyes 106
107

MIL-101 (Cr)

Najo[Co4(H20)2(PW9034)2]

Ton-exchange method, via electrostatic

interaction
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Table 2.3 Polyoxometalates immobilized materials and their applications. (cont’d)

Supports Polyoxometalates used Methodology for immobilization Application Ref.
MOF
Phosphorescent MOF built from
Visible-light hydrogen evolution
[Ir(ppy)2(bpy)I*and [Ru(bpy)s]**- | [Nis(H20)2(PWsO34)2]"" One-pot in-situ assembly _ 108
reaction
derived dicarboxylate ligands
MOF-5 | HsP2W 15062 One-pot solvothermal synthesis Selective adsorption of cationic dye 109
MIL-101(Fe) | Hs3PW 12040 One-pot solvothermal synthesis Cationic dye removal 110

Polymers

D380 macroporous benzylamine

Azo-Tr/TeEG@CD

PVDF membrane

Metal Oxides

TiO:

3-aminopropyl functionalized
TiO,
Tris-LDH-CO3

((NBuy)s[ 02-P2W17061(SiCsH4CH2N3),0])

PW1VOy0.*

((C18H37)2(CH3)2N)s(PV2Mo010040)

H3PW 12040, HsSiW 12040

[Ru"V4(OH)2(H20)4(y-PW10036)2]*

NazPW 12040, KsP2W130s2, NagLaw=10036

Covalent immobilization

Electrostatic interaction with
polyoxometalates as connection
nodes between monomers
Direct incorporation via phase

inversion technique

Sol-gel method

Electrostatic interaction

Anion-exchange method

28

Tetrahydrothiophene oxidation

Filtration of small organic molecules

Reactive black 5 dye removal

Photocatalytic degradation of

malachite green

Light-induced water oxidation

Dye degradation

111

112

113

114

115
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2.4.2. Titanium dioxide-supported polyoxometalates

The immobilization of polyoxometalates on titanium dioxide is of particular interest as
this represents a combination of two materials, both with semiconductor-like properties®>.
Titanium dioxide has been extensively studied as a photocatalyst as it has relatively high
chemical stability, is non-toxic, low-cost and easily available. The combination of
titanium dioxide with polyoxometalates is therefore able to provide a material design
which is environmentally friendly. Yang et. al.'® prepared a nanoporous anatase and
H3PW12040 composite.by a sol-gel hydrothermal method, which directly embed the
polyoxometalates within the anatase lattice forming particles less than 10 nm in size
(Figure 2.15(a)). The formation of the nanocomposite resulted in a red-shift from the
anatase support as shown in Figure 2.15(b). It was found that the nanocomposite was able
to degrade a variety of dye under visible light irradiation. However, the presence of
H3PW12040 within the anatase structure was not obvious other than the influence on light

adsorption of the material. The presence of the polyoxometalates was not detectable from

powder X-ray diffraction analysis perhaps due to the embedding of the polyoxometalates
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Figure 2.15 (a) TEM image and SAED pattern of H3PW,04/TiO;nanocomposite, (b) UV-vis
diffuse reflectance spectra of TiO», HiPWi20s4 and H3PWi204/TiO> composite. Visible
photocatalytic degradation of various dyes using the nanocomposite. Reprinted from reference!'®.
Copyright 2005. With permission from Elsevier.
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within the anatase which does not allow the formation of polyoxometalates crystalline

phase for detection.

Xie® prepared a H3PW 204 titania nanotubular array composite for photocatalysis and
photoelectrocatalysis of an endocrine disruptor bisphenol A. The nanotubular array was
prepare by a low voltage anodization process (Figure 2.16(a) and (b)), H3PW 12040 was
embedded into the nanotubular array (Figure 2.16 (c) and (d)). The composite was able to
completely degrade BPA under UV-light illumination. Comparing this with the studies
performed by Yang et. al.'® above, the immobilization of HsPW 1,049 does not seem to
achieve similar synergistic effect by the formation of composite. In addition, the
embedding of H3iPWi20O4 may not provide good interaction between the titania
nanotubular array and the polyoxometalates. The solution is constantly purged by oxygen

airflow and the resultant solution shows considerable leaching of H3PW12040 in the UV-

Figure 2.16 FESEM images of (a) TiO, nanotubular array, and cross-sectional SEM images of
(b) TiO; tubules, (c) PW12040-TiO, tubules, and (d) enlarged view of PW,040-TiO- tubules.
Reproduced from reference®.
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vis spectra. The need for supply of an external electrical potential in addition to the use of

UV as a light source also reduces the viability of such process for practical usage.

A three-dimensionally ordered macroporous (3DOM) titanium dioxide based catalyst was
amine-functionalized for the immobilization of Ks[PW;;Co(H20)Os¢] by Lu et. al.'”. The
strategy employed provided a novel and efficient pathway to preparation of a three
dimensional architecture for the immobilization of the polyoxometalates. Polystyrene
spheres were synthesized and used as a template for the formation of three-dimensional
titanium dioxide structure (Figure 2.17 (a-c)). The material was annealed to remove the
template and amine-functionalized with  (3-aminopropyltriethoxysilane. The
immobilization of Ks[PW11Co(H20)O39] was achieve by dative bonding of the amine

function group with the cobalt on the polyoxometalates (Figure 2.17 (d-f)). The authors of

Figure 2.17 SEM images of (a-¢c) 3DOM-TiO, (d-f) 3DOM PW;Co-APS-TiO, and (g-i)
PW,Co-APS-TiO. Reprinted from reference'’. Copyright 2014. With permission from
Elsevier.
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this work also prepared the same material without the use of polystyrene template, which

resulted in material with no distinct morphology as shown in Figure 2.17 (g-1)).

The catalyst prepared could effectively degrade organic dye under a combination of UV
light and microwave irradiation. The three-dimensional structure is one of the main
strengths of the catalyst which allowed efficient mass transport of pollutant to catalyst
surface. While the material presents a structural edge for catalytic application, the
preparation might not be facile or robust due to problem with incomplete filling of the
template. On the other hand, use of UV irradiation and microwave are relatively energy
consuming process. It is thus important to weigh the advantage of energy consumption
against the effectiveness of the catalytic efficiency of the material. The role of
Ks[PW11Co(H20)O39] in the prepared material was a mediator to retard the electron-hole
pair recombination and does not effectively utilize the catalytic capability of the

polyoxometalates.

From the review of the few studies of titanium dioxide material immobilized with
polyoxometalates as heterogeneous catalyst, the role of polyoxometalates in catalysis is
obscured by the catalytic activity of titanium dioxide. It is therefore of research interest to
look into the catalytic and redox activity of polyoxometalates for environmental
application for better understanding of their role in catalysis. The effective design of
polyoxometalates immobilized catalyst could incorporate the formation of “bulk”
heteropolyacid phases which should enhance the bulk type II catalytic capability of
polyoxometalates on solid support. Even though one pot type synthesis is desirable from
the synthetic point of view, it would be unlikely to achieve the formation of crystalline
acid phase of heteropolyacids under such conditions. While direct embedding of
polyoxometalates could lead to loss of catalytic sites during application. Optimal
conditions for the preparation of such supported catalyst should then involve the use of
coupling agent which can stabilize and improve the growth and formation of

polyoxometalates on the support surface.
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2.4.3. Polyoxometalates supported on other materials

While Table 2 and section 2.4.2. summarizes the various supports used for the
immobilization of polyoxometalates and the design parameters to be taken into
consideration when preparing polyoxometalates immobilized on titanium dioxide, other
carbon based materials have also been used for immobilization. This section will thus
provide a brief look into these materials, which includes carbon nanotubes (CNTs)!!7-118,
graphene oxide (GO)® and carbon nitride''”. The strategies for immobilization of
polyoxometalates on these supports are analogous as these materials all contains
honeycomb 6-membered aromatic networks. This is as depicted in Figure 2.18 with
graphene as an example. Their high surface area, presence of functional groups for
modification and electronic properties makes them highly attractive substrates for solid

support.

Immobilization of polyoxometalates on carbon based material like CNTs or GO are
generally targeted at energy applications. Polyoxometalates can be used as components

12021 " which can be safe and non-toxic

for environmentally friendly rechargeable LIBs
with careful selection of polyoxometalates used. However, even with the immobilization
of polyoxometalates on conducting polymers, polymer support degradation led to

detrimental

Figure 2.18 Polyoxometalates immobilized on functionalized graphene sheet. Reprinted with
permission from reference®. Copyright 2013 American Chemical Society.
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Figure 2.20 Schematic representation of CNT modified with Py-Anderson clusters via
noncovalent functionalization. Reprinted from reference'!. Copyright 2015 With permission from
John Wiley and Sons.

RN \

Figure 2.19 TEM micrograph of (a) pristine CNTs, (b-d) Py-Anderson-CNTs nano composite.
Reprinted from reference''. Copyright 2015 With permission from John Wiley and Sons.
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122-124

effects on charge-discharge cycling This cycling process also lead to the

solubilisation of polyoxometalates'?® which led to charge loss in the fabricated devices.

Figure 2.19 shows the schematic representation of a polyoxometalates immobilized CNT
by Huang et. al.!'. Instead of using electrostatic or covalent immobilization, the
immobilization was achieved by first functionalizing the Anderson-type polyoxometalates
with pyrene, forming Py-Anderson poyloxometalates. This enables the formation of n- ©
interaction between the pyrene group and the surface of the CNTs which has a debundling
effect on the CNTs. The unmodified CNTs in Figure 2.20(a) has regular and even features
while the modified surface with Py-Anderson polyoxometalates are highly uneven,
showing the effectiveness of the methodology in the modification of CNT surface. The
combination of the two materials provided electrochemical enhancement of the

nanocomposite acting as an anode material for LIBs.

He et. al. prepared H3PW 204 and H3PMo12040 supported on g-C3Ns as a hybrid

photocatalyst for degradation of methylene blue and phenol. The immobilization was

Figure 2.21 SEM micrograph of C3N4 modified with (a,b) PMo01204 and (c,d) PW2040.
Adapted from reference®. Copyright 2015. With permission from Elsevier.
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achieved by a one pot hydrothermal synthesis of g-C3N4 and polyoxometalates at different
loading. The studies indicate that at 6% loading, the material has highest surface area and
pore volume which contributed the better photocatalytic performance. The SEM images
of the polyoxometalates modified g-C3N4 (Figure 2.21) shows that the material prepared
has no defined morphology probably due to the poor dispersion of g-C3Ns which is
difficult to control during the hydrothermal synthesis. However, X-ray diffraction analysis
shows the presence of the crystalline planes in the prepared material which may account

for the effectiveness of the material for photocatalytic applications.

2.4.4. Polyoxometalates prepared by solidification with counter-cations

The selective use of counter-cations is another strategy for obtaining polyoxometalates-
based heterogeneous catalyst. As mentioned in section 2.3.2., the use of cations with large
ionic radius, i.e. K¥, Cs* or NH4" etc. leads to the formation of insoluble polyoxometalates
for use as heterogeneous catalyst. The use of Cs* and NH4* as counter-cations are the
most extensively studied as these polyoxometalates exhibit tunable micro/mesoporous
structures with exceptional BET specific surface area'?’. The use of inorganic cations can
be rather limited as compared to the use of organic cations. Organic cations have the

versatility of adjustment of the organic functional groups which allow further
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Figure 2.22 Micellar self-assembly of polyoxometalates with dimethyldiocatadecylammonium
bromide. Adapted with permission from reference*. Copyright 2010 American Chemical Society.
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functionalization during the modification with poyloxmetalates anions. Typical organic
compounds used in this area are the organic amines, organic surfactants and ionic liquid
cations’. Of particular interest to us was an organic-inorganic hybrid which was formed
by combination of surfactant and POMs, which was used in the preparation of
amphiphilic building blocks (Figure 2.22). Studies have been conducted to obtain novel
architecture of such organic-inorganic hybrid systems with the aim of functionalizing
polyoxometalates for catalytic applications in various media*. The development in this
aspect is lacking and poorly defined. Some of recent developments of these nano-
architectures will be reviewed below.

Pioneering work in this area was done by Mingotaud et. al.!?¢

, where the Keggin anion
was reacted with an alkylammonium surfactant, dimethyldioctadecylammonium bromide,
in a ligand exchange reaction, prepared as a Langmuir-Blodgett film (LB-film). Many
other works that followed adopted a similar concept; an example was report by Wu. et.
al.'"”’, where self-assembled monolayers of surfactant encapsulated polyoxometalates

(SEP) formed nano-patterns driven by the self-optimization of surface energy by the
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Figure 2.23 SEP assemblies. (a) Fullerene, (b) tubes, (c) rose flows, (d) snow flowers, (e) semi-
tubes and (f) cones.
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Figure 2.24 (a) Assembly of nanocones from (DODA);PW 204 with incorporation magnetite
nanocrystal. (b) Oxidation of sulfides using the nanocones as a nanoreactor. Reprinted from
reference'®. Copyright 2011 With permission from John Wiley and Sons.

monolayers. In the domain of formation of SEP nanoparticles, the formations of some
unique shape are certainly intriguing. The formation of such lamellar structure giving rise

to onion-like appearance in the nanometre domain (Figure 2.23(a))!?®

was followed by
several other uniquely-shaped hybrid materials prepared by the variation of solution
composition. The images of other types of architecture are shown in Figure 2.23,

depicting SEPs forming tubular rose flowers, snow-flowers, semi-tubes and cones'*’

Nisar et. al. reported the formation of such a hybrid, with controlled reversibility between
nanocones and nanotubes structure achieved by the variation in solvent composition of
chloroform and n-butanol'*°. Further development was also achieved by the incorporation
of magnetite nanocrystals into these nano-assemblies. They were then used catalytically in
the oxidation of dibenzothiophene, diphenyl sulphide and dimethyl sulphide's. Such
assemblies allow the effective implementation of heterogeneous catalysis and an

improved recoverability of the catalyst by the simple use of a magnet (Figure 2.24).
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2.5. Brief introduction to advanced oxidation processes

The increasing footprint of recalcitrant organic pollutants in the environment, has made it
more difficult to remove them using conventional methods'*! This has led an increasing
focus on the development of advanced oxidation processes as an effort to degrade these
toxic chemicals. Advanced oxidation processes generate highly reactive radicals in
sufficient quantities, where they are capable of oxidizing majority of complex chemical

132,133

matrix present in effluent water . Example of such processes includes Fenton

chemistry!3+13

, which utilizes the activation of hydrogen peroxide with the aid of iron
salts; cavitation, which is generated by irradiation of ultrasonic energy or by means of
mechanical constrictions'*®; photocatalytic oxidation, which makes use of semiconductor
catalysts working under UV or visible light'*7"!3° and catalytic wet air oxidation using

high temperature and pressure with air as the oxidant!3!4,

The abovementioned methods typically make use of the formation of hydroxyl radicals
which has an oxidizing potential of 2.33 V. The reaction kinetics exhibited by hydroxyl
radicals are faster than typical chemical oxidant and is unselective over both organic and
inorganic pollutants. The added advantage is that some of these methods also reduce the
application of additional chemicals, which allows for lower waste generation and greater
sustainability in the long run. Herein, a short review of the 2 methods: photocatalytic

oxidation and catalytic wet air oxidation will be highlighted in general.

It is known that POMs have been used extensively in the areas of catalysis. The most
well-known Keggin POMs like silicotungstic acid, phosphotungstic acid and
phosphomolybdic acid are commercialized products which can be easily obtained from
chemical suppliers. This is substantial evidence that polyoxometalates has great potential
for development as catalyst with improved functionality as exemplified with the nanocone
reactors in the previous section. Therefore, the application of polyoxometalates in
catalysis for environmental remediation should be given more emphasis as it is an

environmentally benign catalyst®>4!,
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2.5.1. Introduction to photocatalytic oxidation

Photocatalysis is a process which makes use of light to achieve a catalytic reaction. For

applications in environmental remediation, photocatalytic oxidation** would be the area of
key interest. In order to achieve green and sustainable chemistry with practical application,
the use of light as a component in reactions is especially attractive since it is virtually
chemical free process which is atom economic. The greater enthrallment of photocatalysis
would be the employment of light energy in the spectrum of visible light, which makes up
most of the Sun’s radiation reaching the Earth’s surface. This would give the process a

great edge over others due to improved self-sustainability.

The most typical type of photocatalyst used is none other than TiO2, which has a band gap
of 3.2 eV. Shown in Figure 2.25 above is the schematic for photocatalytic oxidation. UV
photons with A < 380 nm excites the electron from the valence band of TiO., creating a
hole (h+) which oxidizes volatile organic compounds (VOCs) and water, while the excited
electron, e- is able to combine with oxygen to form the superoxide radical. The oxidation
forms hydroxyl radicals and also leads to the eventual oxidation of VOCs into CO; and
H>0. All the processes involving e- and h+ must effectively compete with the electron
hole recombination process occurring in the bulk or surface of the photocatalyst!'*® for

high efficiency in the degradation of the organic compounds.

Conduction band

Wame

= "> €0, H,0,etc
. Eg=32eV VOCs™
HO'

A< j’S(Inn:I e I
alence band

VOCs or H,0O

Figure 2.25 Schematic of photocatalytic oxidation using TiO, as catalyst for mineralization of
volatile organic compounds (VOCs). Reprinted from reference'®. Copyright 2009. With
permission from Elsevier.
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Much of the work involving homogeneous photocatalysis using polyoxometalates for
water purification has been reported by Papaconstantinou et. al.’®. It has been
demonstrated that the use of Keggin type polyoxometalates has the capability to degrade a
variety of organic derivatives. Chlorophenols and chloroacetic acid has been oxidized
with the efficiency of polyoxometalates measuring up to that of TiO>*>. The removal of
phenol, p-cresol®®, atrazine, metal ions (photoreduction)®, azo-dyes (i.e. Acid orange 7)**
etc. has been reported in the literature with reasonable effectiveness.

In more recent years, some developments have proceeded in the direction of POM
composites with TiOz and other material as an enhancement or support for the effective

application as a photocatalyst'#!.

2.5.2. Catalytic wet air oxidation (CWAQ)

Another powerful method used in the purification of wastewater seen in numerous studies

over recent years is the catalytic wet air oxidation'*>1%,

In comparison to the
conventional methodology of wet air oxidation, the addition of oxidation catalysts in the
process enable improved oxidation rates at milder conditions. Similar to other advance
oxidation processes, CWAO is able to oxidize organics to innocuous inorganic products
like HoO and CO». The effectiveness of removal in organics depends on the type and

amount present, which will eventually reduce the concentration or completely remove

them from the water'®.

CWAO has been developed as a commercial process in the United States from mid-
fifties'*. The process was developed for both homogeneous and heterogeneous

application'*

. From the environmental sustainability point of view, heterogeneous
catalysis with materials of long lifetime and stability is desired. Common heterogeneous
catalysts that have been synthesized are based on metal oxides or precious metal on stable
catalyst supports. The list of catalyst includes mixtures of metal oxide of Mn, Co, Cu, Zn

and Bi'®.
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Heterogeneous catalysis by polyoxometalates under CWAO has been achieved with the
use of alkylammonium cationic surfactant as a ligand exchange modifier. Zhao et. al.'*’
reported the application of a micellar molybdovanadophosphoric POM with
hexadecyltrimethylammonium bromide as the modifier for the catalytic wet air oxidation
of phenol. Ambient conditions were used with the addition of air flow to aid in the re-
oxidation of the catalyst. Furthermore, a few other reports of such micellar POMs system
have been reported'®®13° for the degradation of dibenzothiophene, azo-dyes and
thiocynate. Even though these works showed encouraging results of such systems, the

structure of the materials are ill-defined and does not necessary reflect the true picture of

the reactor system.

2.6. Conclusion

Polyoxometalates represents an extremely wide and diverse area of research. From the
introduction of the various categorization and parent structure shown in this chapter, the
size and structural diversity is the key to discovering new frontiers for the application of
polyoxometalates. The formation of lacunary species also presents a platform for
researchers to access the catalytic mechanism of heterogeneous catalyst from a
homogenous perspective due to the highly soluble nature of polyoxometalates. Catalysis
by polyoxometalates under the homogeneous regime has been well explored. However, in
view of the need for sustainable technologies in catalysis, the highly soluble nature of
polyoxometalates hinders their application as heterogeneous catalyst. Research has been
done extensively on the heterogenization of polyoxometalates via immobilization on solid
supports and solidification by choice of appropriate counter-cations. The use of
heterogenised polyoxometalates in catalysis and redox-based reactions has also been
studied. Design of such materials can be viewed from the perspective of nano-
architectural design, where a bottom-up approach by combination of various component
to construct advanced functional materials prove to be of significant value. Therefore,
well-defined methods for heterogenization are required so as to understand the structural
design essential to make the prepared materials effective catalysts. This will allow us to

better understand the catalytic function of modified polyoxometalates catalysts which is a
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target within this dissertation. The use of dye as model molecules for degradation is often
reported and will be covered hereafter. Furthermore, the use of more challenging
alternative molecules is also considered to attain better understanding of heterogeneous

catalytic process by polyoxometalates.
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Chapter 3

The synthesis of polyoxometalates nano-architectures,

engineering, design and redox activity studies

Polyoxometalates (POMs) of the series Hz.n)[PV,Mo0(12.n)040] (PVMA) were
prepared and investigated to assist in the design of POMs based materials.
Basic characterizations of PVMA were performed to understand the
structural and physiochemical characteristics. Two simple design
approaches: (1) surfactant encapsulation of POMs and (2) surface
modification of metal oxide for immobilization of POMs were adopted with
the aim of obtaining a heterogenizing PVMA. In order to further investigate
the redox characteristic of PVMA, PVMA-2 was chosen for incorporation
with TiO; for application as anodes of lithium-ion battery. The preparation of
TiO, via hydrothermal synthesis with the presence of PVMA-2 provided
morphological control of TiO, growth with the use of unique interface
created by two immiscible solvents. The TiO; nanoplates immobilized with
PVMA-2 via (3-aminopropyl)triethoxysilane as a coupling agent was studied
for its redox properties. The results show enhanced performance of the TiO;-
PVM hybrid in comparison with the individual components demonstrating
the synergistic effect TiO»-PVM hybrid and the potential of such material for
application in lithium ion battery. This also provides insights for design of

POMs immobilized materials for environmental applications.
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3.1. Introduction

Polyoxometalates plays an important in catalysis, therefore, it is essential to have
fundamental understanding of the synthesis of polyoxometalates. Research accounting for
the synthesis of polyoxometalates are well-documented'®324%151-155 The studies done in
this area usually involves the use of synthetic strategies involving the preparation of

156-158

polyoxometalates in aqueous and non-aqueous mediums , Incorporation of organic

9

and organometallic functionalities to polyoxometalates structure!>®, replacement of

oxygen with sulphur as ligand'®®

and the use of a synthon based approach for syntheses of
large polyoxometalates clusters'®!62, The basic preparation and understanding of the
physiochemical properties of polyoxometalates is essential in understanding the approach
for effective use of polyoxometalates and practicing within the research field. Therefore,
this chapter primarily focuses on the synthesis, design and engineering of the materials

providing a foundation for the work presented in this dissertation.

The most commonly studied polyoxometalates is the heteropolyacid (HPA) best
represented by the Keggin structure!%>. HPA typically have low surface area and high
solubility, which makes it challenging to use them as catalytic materials in aqueous
media®. In this chapter, the synthesis of a mixed addenda Keggin type heteropolyanion of
the series Hzan)[PVaMo(12:0)Os0] (PVMA) will be described and characterized. Much
research has been performed by researchers on this series due to their high redox
reversibility, where re-oxidation can be achieved with molecular oxygen as a benign

oxidant®3

. With the motivation to design and engineer PVMA towards a heterogeneous
catalyst in aqueous media, this chapter will firstly cover the preparation of
polyoxometalates-based organic-inorganic surfactant encapsulated heteropolyanion which
will be studied in detail in Chapter 5. Secondly, a surface modification approach will then
be studied by immobilizing polyoxometalates onto a metal oxide surface. The synthesis
firstly targets the direct incorporation of PVMA into TiO» while controlling the formation
of (001) facets via a hydrofluoric acid (HF) free synthesis. By making use of solvent

interface between two immiscible mediums, direct incorporation PVMA-2 into the TiO>

crystal structure via a one-pot synthesis was attempted in this chapter. This was done to
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restrict the growth and allow the formation of TiO2 nano-plates with large quantity of a
single facet. Exposed (001) facets of TiO: are highly reactive and have been used in
advance oxidation processes as a photocatalyst*'®* dye-sensitized solar cell'®> and
photocatalytic water splitting!®!®7. Such nanostructure has also found application as
lithium-ion battery anodes'®® as the structure facilitates more efficient lithium-ion
transport'®. We believe that the incorporation of PVMA-2 here which is a highly redox-
active molecular metal oxide will provide synergistic effect as a lithium ion battery
catalyst. This will be exemplified at the end of this chapter to investigate the redox
capabilities of PVMA-2 establishing parameters for the use of such material design for

application in environmental remediation.

3.2. Experimental

3.2.1. Materials

All chemicals used are of reagent grade and used without further purification. Disodium
hydrogen phosphate (Na2HPOs), sodium vanadate (NaVO3), sodium molybdate dihydrate
(NaxMoO4-2H,0), titanium(IV) tetraisopropoxide (Ti(OCH(CHa)2), (3-
aminopropyDtriethoxysilane (H2N(C3Hg)Si(OC2Hs)3) was purchased from Sigma-Aldrich.
Hexane (C¢Hi2, Aik Moh) hydrochloric acid (HCI, 37%, Merck), ethanol (C2HsOH, 99%,
Merck) , concentrated sulfuric acid (H2SO4, 99%, Honeywell)

3.2.2. Synthesis of HJ/PVMo011040]

NaVOs (6.1 g, 0.050 mol) was dissolved by boiling in water (100 mL) and mixed with
Na;HPO4 (7.1 g, 0.050 mol) dissolved in water (100 mL). The mixture was cooled and
acidification of the mixture was performed using concentrated sulfuric acid (5 mL), giving
rise to a red colour solution. A solution of NaxMoO4 2H>O (133 g, 0.55 mol) dissolved in
water (200 mL) was added to the mixture. Concentrated sulfuric acid (85 mL) was added
drop-wise with vigorous stirring of the solution. Solution colour transited from dark red to

lighter red upon addition of the acid. The aqueous mixture was allowed to cool before
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being extracted with diethyl ether (400 mL). The heteropoly etherate was present in the
middle layer. After separation was achieved, a stream of air was passed through the
heteropoly etherate layer to free it of diethyl ether. The remaining orange solid was
dissolved in appropriate amount of water to obtain a saturated solution. The solution was
further concentrated in a vacuum desiccator over concentrated sulfuric acid to allow for
crystallization of the product. The orange crystals were filtered, collected and left to air

dry.

3.2.3. Synthesis of Hs[PV2M010O40]

Na;HPOq4 (7.1 g, 0.050 mol) was dissolved in water (100 mL) and added to NaVO3 (24.4 g,
0.2 mol) dissolved by boiling water. The above solution was cooled and added with
concentrated sulfuric acid (5 mL), and solution developed to a red colour.
Na,MoO4-2H>0 (121 g, 0.50 mol) dissolved in water (200 mL) was added to the red
solution, followed by slow addition of concentrated sulfuric acid (85 mL) with vigorous
stirring. The resulting hot solution was cooled to room temperature. Extraction of the acid
was performed using diethyl ether (500 mL). Diethyl ether was removed by passing a
stream of air through the extracted medium. The solid that remained was dissolved in
water to obtain a saturated solution and concentrated over concentrated sulfuric acid to

obtain large red crystals of Hs[PV2Mo0100O40].

3.2.4. Synthesis of Hs[PV3M09040]

A solution of Na2HPO4 (7.1 g, 0.050 mol) was prepared by dissolved in water (50 mL)
and added to a solution of NaVOs (36.6 g, 0.30 mol) dissolved in hot water (200 mL). An
addition of concentrated sulfuric acid (5 mL) was made to obtain a cherry red colour
solution. NaxMoOs-2H>0 (54.4 g, 0.225 mol) was dissolved in water and mixed with the
acidified mixture. The solution was stirred vigorously with addition of concentrated
sulfuric acid (85 mL) simultaneously. The solution was allowed to cool to slow
temperature and then extracted with diethyl ether (400 mL). The heteropoly etherate

present as the middle layer was collected and freed of diethyl ether by passing of a stream

48



The synthesis of polyoxometalate nana-architectures Chapter 3

of air through the solution. A red solid remained and was dissolved in water to obtain a
saturated solution. The solution was further concentrated over concentrated sulfuric acid
in a vacuum desiccator to formation of red crystals. The red crystals were then filtered and

collected.

3.2.5. Synthesis of surfactant encapsulated heteropolyanion (SEH)

The synthesis of the surfactant encapsulated heteropolyanions (SEHs) uses a single phase
approach.!” In the particular synthesis of SEH-1 ((CisH37)2(CH3)2N)a[PMo11VOuo], the
surfactant, dimethyldioctadecylammonium bromide (DMDOA-Br) (2.83g, 4.48 mmol)
was firstly dissolved into a solvent mixture of n-butanol and chloroform in 1:3 volume
ratio. The solid MVPA-1 (2.0 g, 1.12 mmol) is added in small portions with ultra-
sonication to ensure that each portion is fully dissolved and a clear solution is obtained
after each addition. This is performed such that the ratio of MVPA to surfactant was
slowly adjusted to 1:4. After the complete addition of MVPA-1, the solvent was allowed
to evaporate to dryness and the solid material was collected, herein denoted as surfactant
encapsulated heteropolyanion—1 (SEH-1). The same procedure was followed using
MVPA-2 and MVPA-3 with adjustment in the stoichiometric ratio of surfactant added,

where SEH-2 and SEH-3 were collected upon evaporation of solvent.

3.2.6. Synthesis of Hs[PV2M010040] modified TiO: NP (TiO2-PVM)

The synthesis of TiO2 was carried out as follow. 0.2 g of [Hs[PMo010V2040]-32 H20] was
dissolved in 1 mL ultrapure water. 9 mL of concentrated HCI (37%, 12M) was added and
charged to a 45 mL Teflon sleeve. 0.6 mL of TTIP was mixed with 19.4 mL of hexane,
this mixture was then carefully added into the Teflon without mixing with the aqueous
layer. The Teflon was then sealed in a stainless-steel autoclave and heated at 170 °C for
24 h. The resulting TiO> was collected after cooling and washed 3 times with a mixture of
10 mL of water and ethanol (50% v/v) and dried in a vacuum oven at 40 °C for 24 h. The
as-prepared TiO> was dispersed into an absolute ethanol solution containing APTES (1.5 %

v/v) and magnetically stirred for 24 h for surface aminization. It is then centrifuged and
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washed with 10 mL ethanol 3 times before being dried in a freeze dryer for 24h. The
surface aminated TiO; was dispersed into 15 mL absolute ethanol containing 0.2 g of
[HsPMo10V2040-32 H20] and stirred for 24 h. The resulting POM-TiO; was washed until
the yellowish colouration [HsPMo1oV2040-32 H>O] was no longer observable and then

freeze dried for 24 h before used for further application.

3.2.7. Material Characterization

The as prepared samples were grinded with KBr and pressed into pellet form for analysis
by Fourier transform infra-red spectroscopy (Perkin Elmer FTIR- Frontier). The
morphology and elemental analysis of the as-synthesized TiO> and PVMA-2 modified
material was analysed by a field emission scanning electron microscope (FESEM JEOL-
7600F). Powder XRD patterns were obtained by Bruker D8 Advance Diffractometer with
monochromated CuKo (A = 1.5418 A) with step size of 0.02° s™!. Brunauer-Emmett-Teller
(BET) specific surface area was determined using N> adsorption-desorption isotherm
analysis at 77K (Quantachrome Quadrasorb SI). Samples were degassed at 423 K for 16 h
under vacuum before analysis. Thermogravimetric analysis (TGA) was performed using
TA instrument TGA Q500. Temperature was ramped up from room temperature to 100 °C
at a rate of 5 °C min’', held isothermally at 100 °C for 15 mins, ramped up to 200 °C at a
rate of 10 °C min™. It is then finally and ramped up to 500 °C at 10 °C min™.). Samples
were dispersed in ethanol and dripped onto a copper grid with holey carbon support to
study the local structure using a transmission electron microscope (TEM JEOL-2100F) at

an accelerating voltage of 200 kV with a point to point resolution of 1.9 A.

3.2.8. Electrochemical studies of redox activity of TiO-PVM

All electrodes were prepared by mixing the active materials with Super P and 8% wt of
polyvinylidene fluoride (PVDF) binder in a weight ratio of 7:2:1 in N-
methylpyrrolidinone (NMP). The slurry was then drop-casted on the copper foil and dried
in the vacuum oven overnight. These electrodes were assembled in a coin-type cell using

Li foil as reference electrode, a Celgard 2400 membrane as separator, and electrolyte
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solution containing 1 M LiPFs in a mixture of ethylene carbonate (EC) and dimethyl
carbonate (DME) with 50:50 w/w ratio. The galvanostatic discharge and charge cycles
were carried out in the potential range of 0.01-3.0 V using a NEWARE battery tester. The
cyclic voltammetry (CV) was conducted using a Solartron analytical equipment (model
1470E), scanning at a rate of 0.2 mV s at 0.01-3 V potential window. Electrochemical
impedance spectroscopy (EIS) measurements were performed using a Metrohm autolab
electrochemical workstation with an amplitude of 10 mV in the frequency range from 100

kHz to 0.01 Hz.
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3.3.1. Characterization of H3+n)[PVaMo2-n)O40]-x H20

The synthesis of Keggin type phosphovanadomolybdic acid (PVMA) lays the foundation
for the preparation and modification of materials found in this dissertation. It is therefore
of utmost importance to understand the structure properties and physical characteristics of
the synthesis crystals. Using FTIR spectroscopy, the characteristic bonding in the PVMA
were identified and presented in Figure 3.1. The characteristic peaks of the Keggin
structure can be found in the range of 1100 — 700 cm™. And the characteristic
wavenumbers are summarized in Table 1 The main features are from P-O, bonding of the
centre tetrahedral, M—Oy—M corner sharing bridging oxygen, M—O.—M edge sharing
bridging oxygen and M=0y terminal oxygen (where M = Mo or V). The characteristic
bands of P-O,, M=0O4 and M-O,—M in PVMA undergoes red shift with increase in
vanadium substitution, which likely originate from the weaker metal oxygen bond due to

vanadium (O.S. = 5+) being in a lower oxidation state that molybdenum (O.S. = 6+).

The powder XRD patterns of PVMA are shown in Figure 3.2. The diffraction peaks show
that the PVMA prepared consist of mainly a single crystalline phase. Most of the peaks
can be indexed and are consistent with PDF#00-045-0611, PDF#04-015-6856 and
PDF#01-084-0235 of H4[PVMo1104], Hs[PV2Mo010040] and He[PV3Mo9Ou4o] of space
group P4/mnc with tetragonal crystal structure. The lattice parameters of the crystals are
close in values with H4[PVMo11040] having a=12.862A and ¢=18.292 A, with the
incorporation of increasing number of vanadium atoms in place of molybdenum, the
influence on the XRD peak position and intensity is minute. The small reflection peaks
appearing in the diffraction patterns of each PVMA are common, especially in powdered
samples due to loss of water molecules which easily influence the crystal structure of
PVMA:s.
Table 3.4 Characteristic wavenumbers of as-synthesized Hizm[PVaMo(12-0Os0] (n =1, 2, 3)

Characteristic Wavenumber (cm™!)

Sample (P-0.) (M=0y) (M-0Op-M) (M-0O-~-M)
H4[PMo11VOyo] 1060.4 960.2 866.3 776.3
Hs[PMo10V2040] 1060.3 960.1 864.2 776.1
He[PMo0oV3040] 1059.4 959.3 863.3 776.3
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Figure 3.1 FTIR spectra of (a) Hy(PVMo1104], (b) Hs[PV2Mo010040] and (c) Hs[PV3Mo09O4].
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Figure 3.26 XRD diffractogram of (a) Hi[PVMo0.104], (b) Hs5[PV:Mo010Os] and (c)

He[PV3Mo0yO4o] with the characteristic reflection peaks of the Keggin structure labelled.
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Figure 3.3 Thermogravimetric analysis weight loss profile of (a) Hi{/PVMo11040], (b) H5[PV2Mo010040]
and (C) H(,[PV3M09040].

Figure 3.3 above shows the thermogravimetric weight loss profile of PVMAs. The
crystals effloresce slowly even at room temperature and the large amount of water of
crystallization which are loosely attached are easily lost as temperature increases. It can
be seen that all 3 samples experience major weight loss as the temperature increases up to
100 °C. The temperature setting for the analysis was made to hold at 100 °C and 200 °C
so as to remove the water of crystallization completely. The 2" derivative weight loss
peak appearing around 300 °C is associated with the removal of the structural water
molecules holding the secondary structure of the PVMAs. The calculation from the
overall weight loss reveals that associated water of crystallization and chemical formula
of the PVMs prepared to be Hs[PMo011VOa40]-32 H20, Hs5[PMo10V2040]-29 H>O and
Hs[PMo09V3040]-35 H>O respectively.

3.3.2. Synthesis and characterization of TiO2-PVM

With the aim of heterogenizing PVMA via immobilization, a one-pot solvothermal
synthesis was designed to incorporated Hs[PV:Mo10O40] (henceforth referred to as
PVMA-2) into the crystal lattice of TiOz. The desired outcome was to attain
morphological control along with PVMA-2 incorporation in the TiO2 crystals for the final
product. However, the immobilization of PVMA-2 within the TiO; was not effective via a
one-pot synthesis and thus a stepwise modification was adopted as shown in Figure 3.4 (a),
the micrograph of the synthesized product is shown in Figure 3.4 (b). Even though the
TiO, prepared has nano-plate morphology, the EDX spectra in Figure 3.4(c) only show

trace amount of molybdenum and vanadium. This indicates that incorporation of
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Figure 3.27 (a) Schematic of PVMA-2 modified TiO2 NP synthesis. As synthesized TiO2 (b) SEM
micrograph and (c) EDX spectra. PVMA-2 modified TiO2 (d) SEM micrograph and () EDX
spectra. Solvothermal synthesis (f) without PVMA-2 in aqueous layer and (g) with APTES in
organic layer.
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Figure 3.5 XRD diffractogram of (a) Hs[PV.Mo01004]-29H,0, TiO, synthesized (b) without
PVMA-2 in aqueous layer, (c) with PVMA-2 in aqueous layer and (d) PVMA-2 modified TiO»
NPs (TiO2-PVM).

55



The synthesis of polyoxometalate nana-architectures Chapter 3

PVMA-2 in the TiOz crystal or attachment via electrostatic interaction with the surface -
OH:" groups is ineffective. The attached PVMA-2 is generally washed off during the
washing process as observed by the colour of wash off during the washing cycle. In order
to improve the coupling of PVMA-2 with the TiO> surface, (3-
aminopropyl)triethoxysilane (APTES) was employed as a coupling agent. It can be seen
from Figure 3.4(d) that the immobilization of PVMA-2 with the assistance of APTES
does not influence the morphology of the final product. Moreover, the EDX spectrum in
Figure 3.4(e) shows a substantial increase in elemental composition of molybdenum and

vanadium.

In view that the use of PVMA-2 during the solvothermal synthesis process does not
contribute to its successful attachment on the TiO» surface, synthesis was performed
without the use of PVMA-2 in the aqueous phase. Thus, a rod-like morphology with a
mixed crystal phase of rutile and anatase was obtained as a result as shown in Figure
3.5(b). The addition of PVMA-2 during the synthesis was able to adjust the hydrolyzation
reaction rate, provide morphological control and phase formation of TiO2!”!.This can be
seen from the XRD diffractogram of the TiO; product obtained in Figure 3.5(c). No
crystalline phase of PVMA-2 (Figure 3.5(a)) was observed in the diffractogram, which
agrees well with the EDX results that PVMA-2 was not effectively immobilized during
the synthesis process. The immobilization of PVMA-2 on TiO: using a coupling agent
increases the relevant elements of PVMA-2 detected, but does not lead to formation of
detectable PVMA-2 crystalline phase. The main influence post-modification was a
decrease in the reflection intensity, which can be attributed to the reduction in reflected X-
ray due to the surface modification. Further attempts to reduce the number of steps
required in synthesis by introducing APTES in the organic phase during synthesis for

surface modification proved to be futile and resulted in poor morphological control.
The above unveil the function of PVMA-2 in the morphological control in preparation of

the TiO: nano-plate. Polyoxometalates are known to be capable of stabilizing and

protecting metal nanoparticles during their formation'’?, therefore it is likely that CI” and
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, 011 o011 (b)

Figure 3.6 TEM micrograph of TiO, NP (a) at low magnification (inset shows the
corresponding SAED pattern taken close to [100] zone axis) (b) at high magnification. TEM
micrograph of TiO»-POM (c) at low magnification and (d) at high magnification (inset shows
corresponding SAED pattern).
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Figure 3.7 (a) FTIR spectra of (i) PVMA-2, (ii) TiO, NP, (iii) APTES modified TiO, NP and (iv)
TiO»-PVM. (b) N> adsorption/desorption isotherm of (i) PVMA-2, (ii) TiO, NP and (iii) TiO,-
PVM.
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PVM? ions in the aqueous phase plays the role of assisting in the crystallization and
stabilization process, while the aqueous and organic interface acts as a template for the
formation of the plate-like morphology. Figure 3.6(a) shows the TEM images of TiO> NP
and an inset of the SAED taken close to [100] zone axis showing the indexing of the
diffraction pattern. In Figure 3.6(b), the nano-plate is highly crystalline with the lattice of
the nano-plate clearly observable and labelled as the d2p plane. Figure 3.6 (c) shows
TiO2-PVM, with the surface of the TiO> NP now decorated with PVMA-2. At higher
magnification in Figure 3.6(d), the modification can be seen in greater detail and the
SAED pattern (inset) shows different crystalline phases present in the area analysed

indicative of the presence of small regions of PVMA-2 crystalline phase.

Figure 3.7(a) shows the FTIR spectra of the as prepared samples. In Figure 3.7 (a)(ii), the
usual broad peak typical of TiO2 in the region of 700 — 400 cm™ was not observed!”>. A
strong band was observed at 799 cm™!, which can be assigned to the presence of M-O-M
bond stretching due to PVMA-2 adhered to the surface during the synthesis process. In
Figure 3.7(a)(iii), characteristic bands at 1121 and 1061 cm™ can be assigned to the Si-O-
Si and Ti-O-Si bonds formed during surface modification with APTES. With the addition
of PVMA-2 as a final modification, a band at 951 cm™! characteristic of terminal Mo=0
bond in PVMA-2 can be observed, providing evidence for the successful stepwise
modification of the TiO, NP surface. Figure 3.7(b) shows the N> adsorption/desorption
isotherm of the as prepared materials. The surface area of PVMA-2, TiO2 NP and TiO»-
PVM are 4.2, 62.77, 33.9 m? gl The reduction in surface area of the TiO, NP indicates a
successful modification of the NP surface with PVMA-2. A reduction in the pore volume
of the TiO> NP from 0.086 cc g to 0.043 cc ¢! in the PVMA-2 modified sample also

indicates successful attachment of PVMA-2 within the pores.

3.3.3. Redox activity of TiO;-PVM in lithium-ion battery

The electrochemical mechanistic studies of the as-prepared samples were evaluated using
cyclic voltammetry (CV) to understand the electrochemical behaviours for the three

different electrodes (i.e. TiO2 NP, PVMA-2 and TiO2-PVM) between 0.01 to 3.0 V at a
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Figure 3.8 Cyclic voltammograms of (a) TiO», (b) PVM and (¢) POM-TiO: electrodes at 0.01-
3 V potential window and a scan rate of 0.2 mV s™! for the first three cycles. Galvanostatic
discharge-charge voltage profiles at 0.1 A g for the 1%, 2", 5" and 10™ cycle of (d) TiO,, (e)
POM and (f) POM-TiO; electrode.

scan rate of 0.2 mV s (Figure 3.8(a-b)). It was found that the CV curves of the bare TiO;
and TiO>-PVM hybrids were almost identical (compare Figure3. 8(a) and (c)). This might
be due to the low amount of PVM attached on the TiO», resulting in the latter active
material dominates the CV curves. During the first scan for the three samples, a notable
cathodic peak at ~0.5 V is attributed to the formation of solid electrolyte interface (SEI) as
a consequence of organic electrolyte decomposition.!”*!”> During the subsequent cycles,
the cathodic and anodic peaks were shifted form the 1* cycle due to the formation of SEI
layer induced overpotential polarization.!’® In particular, the cathodic peaks at the range
of 1.38-1.90 V and the anodic peaks at 2.01-2.11 V, corresponding to the intercalation and

extraction of Li* ions in TiO: crystal structure:

xLi* + xe™ + TiO, © Li, TiO, where 0 < x < 1.0 Eqn(3.1)

To investigate the redox reactions of PVM, a CV measurement was performed on the
PVM electrode. Four distinct cathodic peaks at 2.77, 1.77, 1.33 and 0.77 V are ascribed to

the reduction of Mo®" ions to Mo** ions and V>* ions to V** ions.!”®!7® On the other hand,
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a broad anodic peak at a range of 0.82-2.33 V is ascribed to oxidation of the reduced
species. These results indicate that Li* ions insertion/extraction in the POM cluster takes
place via multistep processes. In the subsequent cycles, the peaks are less pronounced,
and the CV curves resemble that of supercapacitor rather than a typical intercalation
process. This capacitive behaviour is in accordance with some of the literatures, implying
that the Li* ions do not undergo intercalation process but rather surface-induced capacitive
process.!8"18! The surface-induced capacitive mechanism includes the adsorption of Li*
ions on the surface of the material and over the PVM cluster.!3>!83 The discharging-

charging mechanism of PVM is proposed and described as:

xLit + xe™ + [PV TMoS§ 040]°~ © Liy [PV Motd 0,0]C)~ Eqn (3.2)
When x = 22 and range of x: 0 <x <22.0.

The reduction of V>* to V** would accommodate 2 Li* ions per unit of HsPV2Mo10Ouo,
while reduction of Mo® to Mo** would accommodate 20 Li* ions per unit of
HsPV2Mo10040. Therefore, the predicted theoretical amount of Li* ions that the as-
prepared POM could hold is up to 22.

In the 1% discharge cycle at 0.1 A g!, the specific capacities of 340, 531 and 800 mAh g
corresponding to TiOz2, PVM and TiO2-PVM electrodes were obtained, respectively
(Figure 3.8(d-f)). These high values could be attributed to the formation of SEI layer due
to decomposition of electrolyte as explained in the CV voltammogram above. In the
following cycles, the discharging specific capacities of TiO2, PVM and TiO2-PVM
electrodes stabilize on the 10™ cycle and they are about 143, 276 and 516 mAh g'. The
specific capacities of TiO2 (143 mAh g') and PVM (276 mAh g) corresponding to 0.4
Li per TiO; and 17.9 Li per HsPVoMoi0O40. The theoretical specific capacity that
TiO2/HsPV2Moi9O4o/ hybrid is the sum of TiO» (335 mAh g! for Lij¢TiO2) and
HsPV2Moi0Os0 (339 mAh g for LixoHsPV2Moi19O40), which is equal to 674 mAh g,
The as-prepared TiO2-PVM electrode has a specific capacity lower than the theoretical

value of hybrid, but it is much higher than the theoretical value of individual components.
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Figure 3.9 (a) Rate capability of the TiO,, PVMA-2 and TiO,-PVM electrodes at various
current densities. (b) Cycling performance of the as-prepared samples at 10.0 A g'. All of the
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The matching of the conduction band energy HsPV2Mo10040 and TiO2 materials allows an
effective transference of charge from TiO> to HsPV2Mo10Ouo as a charge reservoir®>. The
synergistic effect therefore leads to high specific capacity being obtained in the TiO»-
PVM electrode.

The rate performances of TiO, PVM and TiO2-PVM electrodes were evaluated at
different current densities of 0.1, 0.2, 0.5, 1.0, 2.0 and 10.0 A g'l (Figure 3.9(a)). By
increasing the current densities from 0.1 to 10.0 A g’!, the specific capacities of TiOx,
POM and POM-TiO, electrodes decrease to 62, 123 and 361 mAh g'l, which are
corresponding to capacitive loss of 56%, 55% and 38%, respectively. This result implies
that the TiO2-PVM hybrid has a superior rate capability and can deliver high specific
capacity of 361 mAh g™! even cycled at high current density of 10.0 A g!'. To examine the
cycling performance of the electrodes, the TiO2, PVM and TiO>-PVM electrodes were
cycled at 10.0 A g! for 100 cycles (Figure 3.9(b)). The capacity retentions for TiO2, PVM

Figure 3.11 Characterizations of POM-TiO2 electrode after 100 cycles: (a-b) Low-
magnification TEM images; (c) high-magnification TEM image with inset SAED pattern; (d)
HAADF image and its corresponding elemental mapping images of (e) P, (f) V, (g) Mo, (h) O
and (1) Ti elements.
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and TiO2-PVM electrodes after 100 cycles are estimated to be 35%, 56% and 95% of the
10" cycle discharge capacity at 10 A g, respectively. Among them, TiO,-PVM

electrodes exhibit outstanding cycling performance.

Figure 3.10(a) reveals the equivalent circuit for data fitting. The semicircle at high
frequency can be ascribed to the electrolyte resistance and the surface of the film
impedance (denoted as Re/Rs/CPEss), the semicircle at lower frequency can be ascribed to
the lithium-insertion process (denoted as Rct/CPEqi), and the linear curve represents the
diffusion of Li* ion in the electrode material (denoted as Zy) as shown in Figure 3.10(b).
The TiO2-PVM electrode has a smaller semicircle at 55.8 € compared to those other
samples (PVM at 109 Q and TiO2 at 180 ), indicating that TiO>-PVM has a lower
interface contact impedance and a lower charge transfer resistance for facile electron
transportation within the material and easy insertion of Li* ions into the cavities,
respectively. In addition, the Warburg line for PVM containing electrodes shows much
steeper slope compared to that of TiO», implying that PVM facilitates rapid Li* ions
diffusion from the bulk electrolyte to the surface of the electrode. This might be due to the

redox characteristic of PVM which promotes fast Li* ions transportation.

To investigate the morphological, crystal structure and chemical stabilities of the TiO»-
PVM electrode, TEM, SAED, HAADF and STEM-EDX mapping analyses were
conducted on the sample after 100 cycles (Figure 3.11). It was found that the original
morphology was retained (Figure 3.11(a-b)). Therefore, we believed that the POM on the
surface of the TiO> has adsorbed majority of the Li* ions, and thus restrict the drastic
volume changes/structural deformation of TiO2 upon lithiation/delithation processes. The
amorphous layers found on the TiO2 NP edges are believe to be the SEI layers (Figure
3.11(c)). In addition, the ring pattern diffraction spots in the SAED pattern, indicates that
the material is polycrystalline, which might be due to crystal structural deformation of
TiO, after long-term cycling. The HAADF image and its corresponding STEM-EDX
mapping images show a uniform elemental distribution of P, V, Mo, O and Ti, suggesting
that the POM clusters are still present on the TiO2 NP after prolonged cycling (Figure
3.11(d-1)).
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3.4. Conclusion

The syntheses of polyoxometalates and the formation of the Keggin ion structure play an
important part in its various specific applications. More importantly, the Keggin structure
enables materials to undergo extensive redox chemistry reaction, which is important in the
aspect as a catalyst in lithium ion battery. In this chapter, the basic synthesis of
polyoxometalates via acid condensation reaction followed by etherate extraction was
described in detail. The use of the polyoxometalates of the H34n)[PVaMoO(12-1yO40] in the
synthesis of surfactant encapsulated heteropolyanion was also described and will be
further characterized in chapter 5. Its application as a wet air oxidation catalyst will also
be exemplified. The immobilization of PVMA-2 on TiO2 NP described in this chapter
establishes foundation knowledge and understanding of such surface modification process.
The synergistic effect derived from the combination of TiO> with PVMA-2 provided an
attractive redox active material for lithium-ion battery with good cycling stability and
electrochemical properties is highly encouraging in the research of such hybrid material.
However, the low amounts of PVMA-2 immobilized on the surface of the TiO2 NP likely
due to insufficient surface amine groups and relatively low surface area of the TiO, NP
could be reasons preventing the material from performing at optimum potential. While the
objective was to use the TiO»-NP prepared in chapter 3 as a photocatalyst, the deficiency
of the material to act as a photocatalyst prevented the effective evaluation of the material
in this aspect. Therefore, the redox activity of the material was investigated to evaluate the
redox properties of HsPV:Mo1004 when prepared as a composite via surface
immobilization on TiO;. This also allows better consideration of the parameters in the
preparation of the nano-architecture in chapter 4 which can act as a photocatalyst with the
effective immobilization and high surface area, where investigation will be done to
optimize the surface modification using high surface area titanium oxide as solid support

for effective immobilization of PVMA-2.
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Chapter 4

Amine-functionalized titanate nanotubes for immobilization of

heteropolyanion as visible-light responsive photocatalyst

An amine-functionalized titanate nanotube modified with di-vanadium-
substituted molybdophosphoric acid (PVM) was prepared as a catalyst. The
synthesis utilizes the high surface area of titanate nanotubes for
immobilization of PVM, obtaining heterogeneity and high surface area in the
as-prepared material for application as a photocatalyst. Amine-
functionalization was attained by use of a coupling agent3-
aminopropyltriethoxysilane (APTES) and variation in percentage used
during synthesis produced PVM-X%S-TNT (X = 2, 5, 10). Structural
characteristics and physical properties of the as-prepared material was
characterized by FTIR, XRD, TEM, SEM and XPS. PVM-5%S-TNT was
found to be optimized for the photocatalytic degradation of MB with H,O;
added as an oxidant. The photocatalytic efficiency of the material was also
tested against rhodamine B, methyl orange and acid orange 7. The results
provided useful insights on the mechanism for photocatalytic degradation of

organic dye by POMs.
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4.1. Introduction

In this chapter, the objectives of study are as follows: (1) heterogenization of
phosphodivanadodecamolybdate (PVM), (2) attainment of high surface area for improved
photocatalytic activity and (3) study of parameters influencing photocatalytic degradation
of methylene blue and its mechanism. Firstly, the heterogeneous catalyst design will be
achieved through the surface modification of a support material with polyoxometalates.
The modification of oxide support generally involves synthesis with high
temperature'$*18°  direct incorporation of heteropolyanion with support material can also
result in low loading®®. The use of sol-gel hydrothermal synthesis to directly incorporated
heteropolyanion into TiO:; lattice might not be facile for different kinds of
heteropolyanion, as reaction conditions might affect the redox state and structure of
heteropolyanion thus affecting the effective application of such POMs based material'®,
Similar to the example in chapter 3, 3-aminopropyltriethoxysilane (APTES) was selected
as a coupling agent, which is known to improve loading!® and stability!'> of POMs. The
coupling agent silanizes the surface, providing cationic amine surface for immobilization
of heteropolyanion. The link for immobilization here is electrostatic in nature, and the
high anionic charge of heteropolyanions (PVM has an anionic charge of 5-) makes the
immobilization process more robust. In Chapter 3, the loading of PVM was likely too low
for it to be effectively used as a photocatalyst which also limited its effectiveness as a
catalyst in lithium ion battery. The increase in surface bound PVM via surface
immobilization here aims to improve the functionality and investigation of its potential
application as a photocatalyst.

87 are known to be

Titanate nanostructure prepared from TiO, under alkaline conditions'
superior adsorbent for organic dyes and heavy metal ions'®1°°, The large specific surface
area (399.7 m? g!) of protonated titanate nanotubes provides sites for immobilization of
PVM, allowing an augmentation of typically low surface area of bulk POMs (> 10 m? g'1).
The increase in surface area of PVM will enhance its photocatalytic capabilities and the
anionic nature of PVM should foster adsorption or pre-association for degradation of

cationic dyes like methylene blue (MB). With the rational design of PVM immobilized on
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P-TNT for attainment of heterogenization and high surface area, the effective application
of the as-prepared material as a photocatalyst and parameters influencing the efficiency
will be studied. The surface chemistry and mechanism for degradation will then be
investigated. Methylene blue (MB) was selected as the model pollutant considering that
dyes are extensively used in various industries and are one of the main contributors to

water pollution'®,

4.2. Materials and methods

All chemicals used in this study were of reagent grade and were used without further
purification. The chemicals used were titanium dioxide (TiO2, Degussa), sodium
hydroxide (NaOH, Schedelco), nitric acid (HNOs;, Honeywell), (3-aminopropyl)
triethoxysilane (HoN(CH2)3Si(OC2Hs)s, Sigma-Aldrich), anhydrous toluene (C7Hs,
Sigma-Aldrich) and hydrogen peroxide (H>O2, VRW). All dyes used (i.e. reactive black 5,
methylene blue, rhodamine B, methyl orange and acid orange 7) were of reagent grade
and used without further purification. 0.1 M HCI was used to adjust the pH of solutions.

All solutions were prepared using MiliQ water (18.2 MQ cm™).

4.2.1. Synthesis of P-TNT

2 g of Degussa P25 TiOz was slowly added to NaOH (10 M, 75 mL) with stirring. The
mixture was charged into a 125 mL Teflon and sealed into a stainless-steel autoclave
assembly. The mixture was placed in an oven at 130°C for 48 hours and allowed to cool
to room temperature. The gel like mixture was washed with deionized water until it
reaches pH 8. Proton-exchange reaction was then carried out using 0.1 M nitric acid three

times to obtain protonated titanate nanotubes.

4.2.2. Synthesis of Hs[PV:M010040]:32H20

The synthesis of Hs[PV2Mo10Oa10]-32H,0 was prepared according to literature method!?
and as described in chapter 3.2.3.
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4.2.3. Surface modification of P-TNT with (3-aminopropyl)triethoxysilane (S-TNT)

0.6 g of P-TNT was dispersed in 30 mL containing varying amounts of (3-aminopropyl)
triethoxysilane (2%, 5% and 10% v/v%) was sonicated for 1 hour and then stirred for 24 h.
The mixture was centrifuged and washed with 30 mL ethanol for 3 times. It is finally
dried in a vacuum oven at 60°C for 24h before further modifications were made. The

products are henceforth known as X%S-TNT (where X =2, 5 and 10).

4.2.4. Modification of X%S-TNT with Hs[PV:Mo010040]

The as prepared X%S-TNT was added to 250 mL of deionized water and dispersed by
sonication for 1 h. 0.3 g of Hs[PV2Mo010040] was dissolved into deionized water and added
to the X%S-TNT dispersion and sonicated for another 1 h. The mixture was then allowed
to rest for 24 h, centrifuged and washed with copious amount of water to removed excess
Hs[PV2Mo10040] before being dried in a vacuum oven at 60°C for 24 h before it is used
for further characterization and application studies. The PVMA-2 modified products are

henceforth known as PVM-X%S-TNT (where X = 2, 5, 10).

4.2.5. Material Characterization

All the structures of the materials prepared in this study were characterized using an X-ray
diffractometer, the morphology of the PVM-X%S-TNT was investigated using a field
emission scanning electron microscope and the local structure of the material was
investigated using a transmission electron microscope with specifications as mentioned in
chapter 3.2.7. Fourier transform infrared spectroscopy (Perkin Elmer FTIR- Frontier) was
used to characterize and verify the presence of [PV2Mo10040] on the surface of the titanate
nanotubes. Nitrogen adsorption/desorption isotherms were measured at 77 K with
Quantachrome Quadrasorb SI. X-ray photoelectron spectroscopy (XPS) studies were
conducted using a Kratos Axis Supra spectrophotometer with dual anode monochromatic
Ka source to determine the composition of the samples. All binding energy for elements

of interest were corrected against an adventitious carbon C 1s core level at 284.8 eV. All
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XPS peaks were fitted using Shirley background together with Gaussian-Lorentzian
function using CASA XPS software. The diffuse-reflectance spectra of the as prepared
material were measured using a UV-Vis spectrophotometer (Shidmadzu UV-2800) from

250 — 800 nm against a BaSO4 standard.

4.2.6. Photocatalytic studies of PVM-x%s-TNT

In a typical study, a 50 mL solution of 5 g L' methylene blue (MB) with pH adjusted to
pH 2 was placed in a beaker acting as the reactor. The solution was then added with H>O>
and a desired amount of catalyst. Thereafter, the visible light photo-Fenton oxidation
experiment was performed using visible light (420 — 630 nm) using a solar simulator
(Newport, 150 W Xenon arc lamp, 1 sun, polycarbonate filter for UV cut-off). 1.5 mL
aliquots were drawn at regular interval and filtered using PTFE syringe filter (0.45 um)
before being analysed using a UV-Vis spectrophotometer (Shimadzu UV-1800). The
concentration of the dye was determined using Beer-Lambert’s Law.
A= ¢€lc

Where A is the absorbance, € is the molar absorptivity coefficient, / is the path length of
the light and c is the concentration. The supernatant was collected after reaction and
analysed by inductively coupled plasma-optical emission spectroscopy (ICP-OES, Perkin
Elmer Optima 2000DV) for dissolved metals.
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4.3. Results and Discussion

4.3.1. Material Characterization
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Figure 4.1 (a) Schematic of P-TNT preparation and surface modification with POMs, SEM
micrograph of (b) P-TNT, (c) PYM-2%S-TNT, (d) PVM-5%S-TNT and (e) PVYM-10%S-TNT.

Figure 4.1 (a) above shows the schematic for the preparation, surface modification and
attachment of PVM on the as-prepared P-TNT. Synthesis of the P-TNT lays the
foundation for this study as it is being employed as the base support for the
polyoxometalates to be immobilised. The preparation of P-TNT with a high level of
dispersion is therefore highly crucial for the steps to follow in order to obtain effective
surface modification. The surface silanization to incorporate amine functional groups on
the P-TNT was chosen as the modification approach since amines are able to form
stronger ionic interaction and the organic nature of the linker will provide better resistance
against loss of PVM by introducing a small degree of hydrophobicity. During the process
of modification with PVM, it was observed that the intense colour of the PVM diminishes
over time. Therefore, the influence of degree of surface amination towards the
immobilization of PVM on the P-TNT surface was studied in greater detail within this
chapter. After the immersion of the aminated P-TNT in PVM solution, the modified
material was washed with copious amounts of water to remove excess polyoxometalates

which are loosely attached.
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Figure. 4.1(b), (c), (d) and (e) show the SEM micrograph of P-TNT, PVM-2%S-TNT,
PVM-5%S-TNT and PVM-10%S-TNT. The unmodified P-TNT resembles thin threads
loosely placed together, while the post modified material appears to be agglomerated.
This is likely due to cross-linking between silanol groups during the APTES surface
silanization process, which has been reportedly observed in silanized nanoparticles'**!%,

FTIR spectroscopy is thus used as a primary characterization technique to elucidate the

successful modification of the P-TNT and the occurrence of the cross-linking process.

Figure. 4.2(a) shows the spectra of Hs[PV2Mo010040], where the bands are 1060, 960, 863
and 776 cm’! are characteristics of P—-O stretching, terminal M=O stretching, M—O.—M
stretching of corner-sharing and edge-sharing M-O.—M MOs octahedra respectively
(where M = Mo or V). The spectra of P-TNT (Figure. 4.2(b)) does not show any
distinctive feature in the region of 1200 — 700 cm!, therefore the FTIR spectra of the
modified PVM-X%S-TNT in figure 4.2 (c-e) are indicative of the effective surface
modification performed. For all the PVM-X%S-TNT prepared, a weak band observed at
1051 cm™! indicates the successful formation of Ti-O-Si bond; while the band at ca. 1126
cm’! likely arises due to the formation of cross-linking between silanol groups (i.e.
formation of Si-O-Si bonds) during the silanization process. The Si-C bond stretching at
ca 1226 cm™ and N-H bending at ca. 1506 cm™ provides further evidence of the surface
modification by APTES. For both M—O.—M and M—O.-M in the PVM modified materials,
the characteristic bands undergo a blue shift to 906 and 797 cm™' which indicates the

attachment of [PV2Mo10040]> with the amine groups on the surface of the X%S-TNT.

The STEM dark field images of P-TNT and PVM-X%S-TNT are presented in figure 4.3.
The images show that the as prepared P-TNT has a diameter of ~10 nm. It can be seen in
figure 4.3(a) that the P-TNT prepared has a cylindrical shape with hollow cavity running
through its length. This is an important feature which provides a large surface area for the
surface silanization and functionalization with amine groups, assisting in the
immobilization of the PVM thereafter. While the PVMs are not observable due its size,

there are observable changes in the secondary structure of the material as seen in figure

71



Amine-functionalized titanate nanotubes Chapter 4

PVM characteristic bands

4 &
(e)
8 [(a)
c
(1]
b=}
£
[7}]
c
[1+]
| .
=
5®
1) 1 1
2000 1500 1000 500

Wavenumber (cm™)

Figure 4.2 FTIR spectra of (a) Hs[PV,Mo10Ou0], (b) P-TNT, (c) PVM-2%S-TNT, (d) PVM-5%S-
TNT and (e) PVM-10%S-TNT.

Figure 4.3 FESEM Dark Field micrograph of (a) P-TNT, (b) PVM-2%S-TNT, (c) PVM-5%S-
TNT and (d) PVM-10%S-TNT.
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4.3 (b) — (d). The primary reason for the formation of agglomerated secondary structure is
most likely due to the cross-linking of surface silanol groups on the nanotubes. Since
PVM has an anionic charge of 5-, it is also capable of formation of ionic interaction with
(1) the amine groups on a single nanotube and (2) the amine groups between multiple
nanotubes. Dark field images were taken to identify the presence of PVM phases growing
on the surface of the P-TNT. The interaction of PVM is electrostatic due to transfer of

proton to the amine sites on the surface modified P-TNT.

TiO>—APTES + H5[PV2Mo010040] — (TiO2—APTES*)(H4[PV2Mo010040]) “4.1)
(TiO>—APTES), + Hs[PV2Mo010040] — (TiO2—APTES*)2(H4[PV2Mo010040]%) “4.2)
(TiO2—-APTES)a + Hs[PV2M010040] — (TiO2—APTES®)n(H(5-0)[PV2M010040]™) 4.3)

From the comparison of figure 4.3(b), (c) and (d), it can be see that PVM-5%S-TNT has
the PVM most evenly distributed on the surface as can be seen with the bright contrast on
most areas of the surface. The poorer distribution of PVM in figure 4.3(b) could be due to
lower coverage of surface amine groups on the titanate nanotube surface in PVM-2%S-
TNT. In PVM-10%S-TNT, has only small regions on the surface with relatively higher
PVM immobilization which is likely a drawback caused by the excessive use of APTES

for surface amination.

To understand the composition of the material prepared, X-ray photoelectron
spectroscopy (XPS) analysis was performed on the modified samples. From the values in
Table 4.1, the composition of the material can be approximated, with calculations

indicating approximately 25.1, 20.9 and 30.2% PVM loading by mass in the 2, 5, and 10%

Table 4.1 Elemental analysis data of PVM modified material by XPS
Catalyst Elemental analysis wt%

Ti Si N o P Mo \Y%
PVM-2%S-TNT 2897 6.77 842 40.03 047 1391 143
PVM-5%S-TNT 29.57 5.36 7.66 4424 038 11.55 1.23
PVM-10%S-TNT 25.08 6.04 10.61 3926 046 1752 1.04
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Figure 4.5 XPS spectra of Mo 3d5/2, V 2p and Ti 2p of PVM modified materials.
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samples respectively. The results here shows that the increase in amount of coupling agent
used does not form a direct relation with the amount of PVM immobilized on the surface.
This suggests that fine control in the degree of surface medication is required to obtain
desired quantity of PVM immobilization. It can be seen from Figure 4.4 that the spectra of
the 3 samples are largely similar, with the peaks of the main elements present labelled and
Figure 4.5 shows the spectra of Mo 3d, V 2p and Ti 2p in the PVM modified materials.
The peak position of Mo 3ds» for the modified samples are approximately 232.2 eV,
which is a slight shift from literature value of 233.2 eV'*. The fitting of the XPS peaks
for all modified material shows the presence of mainly Mo®* oxidation state. The fitting
of peak for V 2p shows a single oxidation state V°*, indicating that the oxidation state of
vanadium is unaffected by the modification process. While peaks of TiO2 shows a doublet
signal of Ti 2p at 457.4 and 463.3 eV, which is a slight shift from literature values of
459.7 and 464.6 eV'® and can be attributed to effects of surface modification on the TNT.

Figure 4.6 (a) shows the nitrogen adsorption/desorption isotherm of the PVM, P-TNT and
PVM-X%S-TNT series. The low surface area and high solubility of the acid form of PVM
are the main obstacles in application towards heterogeneous catalysis. The surface area of
PVM is 4.2 m? ¢! and the nitrogen desorption isotherm (Figure 4.6(a)(i)) can be clearly
seen in the inset within Figure 4.6(a). The P-TNT prepared shows a specific surface area
of 399.7 m? ¢! (Figure 4.6(a)(ii)) with Type IV isotherm with a characteristic hysteresis
loop associated with the occurrence of pore condensation. The decrease in specific surface
area of the modified materials is an indicator of the successful modification performed.
From the results, PVM-5%S-TNT has the highest specific surface area after the
immobilization. This can be attributed to the fact the even though the surface was
modified with 5% APTES mixture, only 20.9% mass of the material was contributed by
PVM. The lower degree of immobilization therefore provided the material with higher

specific surface area.
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Table 4.2 Structural properties of P-TNT and PVM-X%S-TNT (X =2, 5, 10) characterized by N,
adsorption.

Material Sper (M* 1) Spore (M g1) Vipore (cc g™) Dyprr (nm)
P-TNT 399.7 292.7 0.84 13.4
PVM-2%S-TNT 133.6 994 0.31 10.7
PVM-5%S-TNT 143.4 105.0 0.34 10.7
PVM-10%S-TNT 128.6 96.5 0.28 10.7

Table 4.2 summarizes the BET specific surface area of P-TNT and PVM modified P-TNT.
The immobilization of PVM on the P-TNT therefore increases the accessibility of PVM as
active sites for catalysis by providing a tremendous increase in the surface area of the
modified material. Even with the formation of the secondary structure due to
agglomeration of the nanotubes as seen in the SEM micrographs presented above, the

modified materials still possess relatively high surface area.

In order to understand the influence of the modification along the cylindrical pores of the
nanotube, pore size distribution was calculated based on N> at 77 K on carbon (slit pores,
Non-Local Density Functional Theory equilibrium model) calculation model, as the
calculation results showed the best fit and correlation with the observation made!'¥®!’.
Figure 4.6(b) shows the pore size distribution and the calculated results of specific pore
surface area, specific pore volume and mode pore diameter are summarized in Table 2.
From the calculations, the materials modified with PVM experience a 2.7 nm decrease in
mode pore diameter and a significant decrease in specific pore surface area and specific
pore volume. This change is in agreement with the physical dimensions of PVM anions

which has a ca. 1.0 nm diameter and indicates that the pores have been successfully

modified and immobilized with PVM.

X-ray diffraction was carried out to further characterize the crystal structure of the
materials at the various stages of preparation. The reflection peaks of
Hs[PV2Mo10040]-36H20 are in good agreement with the tetragonal crystal structure
(PDF# 04-015-6856). Figure 5.7 (a) shows the most intense reflection peaks at 26 = 8.4°
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Figure 4.7 XRD diffractogram of (a) Hs[PV2Mo010040], (b) P-TNT, (c) PVM-2%S-TNT, (d) PVM-
5%S-TNT and (¢) PVM-10%S-TNT.
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and 9.6° corresponds to (101) and (002) (110) (note: doubly indexed reflection) are
characteristics  indicators of the secondary crystalline structure of the
polyoxometalates,which arises from the presence of water of crystallization in its highly
hydrated state. The peaks of medium intensity between 15 - 35° 26 are characteristics of
the Keggin anion (Figure 5.7 (a)). Broad peaks were observed for P-TNT corresponds
with (110), (310) and (020) planes of orthorhombic H2Ti20s-H>0O (PDF No. 00-047-0124)
positioned at 26 = 24.6°, 28.5° and 48.3° (Figure 4.7 (b)). The broadening of the reflection
peaks is an indicator of the highly defined nano-tubular structure of the P-TNT prepared.
To further probe the growth of PVM on the surface of P-TNT, the XRD of PVM-X%S-
TNT (X = 2, 5, 10) were taken and presented in Figure 4.7 (c), (d) and (e). While the
reflection peak of the nanotubes at 48.3° 20 remains consistent throughout, an increase in
the intensity of the peak at 28.5° 20 indicates the presence of PVM due to the convolution
of the characteristic medium intensity reflection peaks of the Keggin anion. This is
accompanied by the appearance of the broad peak centred at ~9° 26 which is a convoluted
peak of (001), (010) and (100) planes of a triclinic PVM (PDF# 01-084-4215) due to the
absence of most of the water of crystalisation. The peak intensity increases with higher
degree of surface amination, which is perceived to be due to more extensive growth sites

for the growth and support of the polyoxometalates on the P-TNT surface.

Figure 4.8 shows the TEM micrograph of P-TNT and the PVM-X%S-TNT. Figure 4.8 (a)
shows that the P-TNT prepared have a uniform tubular morphology. Figure 4.8 (b) shows
a high magnification image of the P-TNT where the (110) plane with d-spacing of 0.36
nm can be observed. In all the modified samples, we can see that the nanotubes are
agglomerated forming cluster of randomly arranged tubes (Figure. 4.8 (c), (e) and (g)),
while the high magnification images show particles ca. 1 nm in size which corresponds to

the typical size of PVM, indicating the successful modification of the P-TNT surface.
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Figure 4.8 HRTEM micrograph showing the local structure of P-TNT (a) low magnification, (b)
high magnification; PVM-2%S-TNT (c) low magnification, (d) high magnification; PVM-5%S-

TNT (e) low magnification, (f) high magnification; PVM-10%S-TNT (g) low magnification, (h)

high magnification.
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Figure 4.9 UV-Vis spectra of as prepared P-TNT and PVM-X%S-TNT (X=2, 5, 10).

With the motivation to use the PVM immobilized materials as a photocatalyst, the
photophysical properties was determined by UV-vis adsorption measurement of the
powder samples as shown in Figure 4.9. The strong adsorption of P-TNT below 400 nm is
mainly associated with the optical bandgap of titanate materials. The immobilization of
PVM onto the surface of P-TNT therefore incorporates the photocatalytic capabilities of
PVM allowing it to be used as a heterogeneous photocatalyst. It can be seen from Figure
4.9 that the adsorption capabilities of the as prepared materials have extended to the

visible light region of the spectrum.
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4.3.2. Photocatalytic degradation of organic dye by PVYM-X%S-TNT

In this study, methylene blue was chosen as the organic waste target for primary study.
The successful application of PVM-X%S-TNT is dependent on its ability synergistically
adsorb and photocatalytically mineralize organic pollutants. In all studies performed, the
pH of the solution was adjusted to ~pH 2, so as to avoid hydrolytic degradation of PVM 3,
To investigate the photocatalytic performance of the as-prepared material, MB solution
with a specified dose of PVM-X%S-TNT was illuminated under simulated visible light.
Figure. 4.10 (a) shows the photocatalytic removal of MB from the solution with PVM-
X%S-TNT. The inset in figure 4.10(a) shows adsorption properties of the as prepared
PVM-X%S-TNT (X =2, 5, 10).

In this study, a starting concentration of 5 mg L' MB was used. In all three samples
prepared, a steady state adsorption is achieved by approximately 30 min and PVM-5%S-
TNT is shown to have better adsorption as compared to the others in the series. In a
previous study by Tang et. al '8, it was shown that P-TNT based Ag-AgCI-TNT showed
superior adsorption and photocatalytic degradation of 50 mg L' MB. However, due to the
surface modification of the P-TNT which altered its highly adsorptive nature, the P- TNT
is acting as a support material for the immobilization of PVM. Based on consideration of
low initial MB concentration used in this study which does not detrimentally affect the
transmittance of light source to the catalyst in the reactor, adsorption and photocatalytic
degradation was carried out synergistically without prior achievement of adsorption

equilibration.

It can be seen in figure 4.10 (a) that all the as-prepared materials show moderate removal
of MB under visible light irradiation in the order of: PVM-10%S-TNT < PVM-2%S-TNT
< PVM-5%S-TNT. Based on the above results, it is evident that a 5% v/v% of APTES in
ethanol produces a surface which is optimal for the immobilization of PVM with the best
performance. The surface optimization leads to a higher specific surface area in the final
material which likely contributed to better performance during application. The

modification provides improved removal and ease of recovering the material at the end of
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Figure 4.10 Photocatalytic activity of PVM-X%S-TNT (X= 2, 5, 10) under simulated visible light
irradiation (Xe arc lamp 150 W, 420-630 nm, intensity 409 W m?). [MB] = 5 mg L, catalyst
dosage = 0.4 g L', pH = 2 (inset shows adsorption of MB by the materials in 60 min) (b)
Photocatalytic activity of PVM-X%S-TNT (X= 2, 5, 10) under simulated visible light irradiation.
[MB] =5 mg L, catalyst dosage = 0.4 g L', pH = 2, [H,O,] = 98 mM. (c) UV-vis spectroscopy of
MB showing a decrease in concentration over time.
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the reaction as compared with the degradation of MB with PVM under homogeneous

condition where recovery of PVM from solution is difficult.

In order to further improve the performance of the material, H>O2 was introduced as an
oxidant increase the rate of photo-oxidation'®”. The influence of H,O, addition on the
degradation of MB was studied and illustrated in figure 4.10 (b). The addition of H20»
enhances the degradation efficiency of MB in all PVM-X%S-TNT materials. PVM-5%S-
TNT exhibited the best performance with a 99 % removal of MB within the reaction time
of 240 min while PVM only degraded 76.8 % MB under homogeneous conditions. This
further insinuates that the 5% APTES modification yields excellent amine
functionalization for the attachment of PVM. The role of H>O: during the photocatalytic
degradation process is to act as an electron acceptor from the conduction band of PVM to
improve charge separation and the formation of OH". The mechanism for generation of

OH" is as follows:

H,0, + e~ - OH™ + OH’ (6.4)

Even though H>O: is considered a powerful oxidizing agent, Figure 4.10 (b) shows that
the photo-oxidation of MB with H2O: under simulated visible light is limited to
approximately 9.3 % over the reaction time studied. Therefore, MB degradation using the
as-prepared material can be accelerated and the role of H2O:2 in the photo-oxidation
process can be established. With the establishment of PVM-5%S-TNT being the material
with the best performance, further studies were performed to understand parameters
influencing its photocatalytic activity. The effect of H>O» concentration was further
studied and shown in Figure 4.11 (a). With the usage of 147 mM and 98 mM of H>O»,
99 % removal of MB was attained in 240 min. Only 97.5 % removal was achieved when
the H>O; concentration was decreased to 48 mM, due to lower OH® formation. When 147
mM of H>O; was used, the initial degradation efficiency of MB was inhibited, this could
be due to scavenging of OH’ by excess H>O». Figure 4.11 (b) shows the effect of catalyst

dosage on the degradation of MB. With the increase in amount of catalyst used, the
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Figure 4.11 Eftect of (a) different H>O, concentration. [MB] =5 mg L', catalyst dosage =0.4 g
L', pH = 2 and (b) different catalyst loading of PVM-5%S-TNT on the degradation of MB.
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amount of active sites available also increases, thus the efficiency of degradation increases.
This also allow for a better utilization of H>O;in the reaction, which reduces the effect of

H>0:> scavenging the OH" formed.

Figure 4.12 (a) shows the influence of pH on the removal of MB. The results show that
MB can be removed from the solution within 60 min of reaction time under visible light
irradiation. However, the high removal efficiency observed here cannot be ascribed to a
complete degradation of MB. In all studies performed at pH 2, the catalyst recovered at
the end of the study reverted to the original yellowish colour, while in the case of the

recovered catalyst for pH 5 and pH 7, the colour were purplish as seen in the inset in
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Figure 4.12 (a) Effect of pH on degradation of MB (inset shows colour of catalyst recovered),
(b)(1) Degradation of different dye using PVM-5%S-TNT, structure of (ii) methylene blue, (iii)
rhodamine B, (iv) methyl orange and (v) acid orange 7.
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figure 4.12 (a), which indicates an adsorption of partially degraded MB on the surface of
the catalyst and is detrimental to the reusability of the catalyst. Firstly, at higher pH, the
lower stability of H>O> leads to increase decomposition to H2O and Oz, which reduces the
OH’ formation and the degradation of MB. Secondly, the occurrence of such phenomenon
can be due to the change in the surface chemistry of the material with an increase in pH,
which increases the adsorption of MB blue, which is a cationic dye, onto the anionic
surface formed by PVM on the catalyst surface. As seen in equation 4.3, acid sites on
PVM may remain due to varying degree of attachment to the amine surface. The increases
in pH causes the deprotonation of PVM on the catalyst surface leading to formation of
negatively charged sites. The altered surface chemistry of the catalyst may encourage
strong electrostatic attachment with the dye molecules, which prevents the effective
degradation of MB. Moreover, the supernatant collected post reaction was tested using
ICP-OES, which indicates 4.4 mg L' and 3.7 mg L"! of vanadium in the solution. This is
attributed to the instability of PVM, which under higher pH is hydrolysed and leachate
into the solution?”. Under the condition of pH 2, the leaching of vanadium into the
supernatant is only 0.8 mg L. The catalyst can be recovered by filtration and recycled by
washing with deionized water and drying at 60°C for 3 hours before being reused. Results
shows that the catalyst was reusable for at least 3 cycles with consistent removal rates of

99% under pH 2 conditions.

~

H,0;

AO7
OH'C AO7,, f

MB,, + PVM

Figure 4.13 Suggested mechanism for photocatalytic activity of PVM-X%S-TNT under visible
light irradiation.

87



Amine-functionalized titanate nanotubes Chapter 4

Figure 4.12 (b) shows the photocatalytic degradation of methylene blue, rhodamine B,
methyl orange and acid orange 7 with PVM-5%S-TNT as the catalyst. From the figure,
MB and RhB can be effectively degraded by the catalyst in 240 min, while only 80.3 %
removal was achieved for methyl orange. Furthermore, AO7 only underwent incipient
degradation of 17.3 % under the same conditions. The above results primarily indicate
that the catalyst is able to degrade cationic dyes efficiently, and has meagre effect in the
degradation of an anionic dye like acid orange 7. Methyl orange while being anionic in its
sodium salt form acquires cationic charge under low pH conditions, thus facilitating its
removal under conditions used in this study. The above results led to the derivation of
certain mechanistic insights on the photocatalytic degradation process as summarized in

Figure 4.13.

The catalyst surface made up of PVM anions carries negative charge which attracts in the
cationic dye molecules via electrostatic attraction allowing the reaction to take place
through bulk type II catalysis. Crystalline phase of PVM on the surface of the TNT which
are photo-excited can directly oxidize the dye by the hole (h*). The photo-produced hole
may also react with water, to produce OH’ which can attack the organic dye. The reduced
PVM can then be oxidized by H>0O», leading to the formation of OH" which can propagate
to attack the dye molecules for further degradation reaction. PVM has a lower conduction
band and a higher valence band than TiOz, which does not allow TiOz to participate in the
electron hole pair separation process . In the case of anionic dye like AO7, the pre-
association step is not favoured due to charge repulsion with the catalyst surface. The
limited removal of AO7 observed in figure 4.12(b)(i) could be due to OH" formation
largely bound to the “surface” of the catalyst. The radical formed here is unlikely to
escape to the bulk solution due to the short lifetime of OH’, thus limiting the degradation
of AO7 through this pathway.

4.4. Conclusion

In this chapter, PVM immobilized on TNT surface was characterized and the catalytic

properties was studied. The degree of surface modification with APTES was established
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as a factor influencing the effectiveness of the material as a photocatalyst. The process
provided surface amine groups on the TNT for immobilization of PVM. This increases the
specific surface area of PVM as compared to the bulk crystal and also heterogenised PVM
for ease of recovery after catalytic application. The design and engineering of the material
allow the study of the photocatalytic properties and parameters independently, since TNT
theoretically plays the role of an inert support during photocatalysis using visible light.
Strategies to improve the visible light adsorption properties via the incorporation of
plasmonic metal nanoparticles should be considered in future work. This will provide

improve efficiency and reduce the use of H2O2 with the use of the catalyst.
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Chapter 5

Phosphovanadomolybdate-based  surfactant encapsulated
heteropolyanion with multi-lamellar nano-structure for
catalytic wet air oxidation of organic pollutant under ambient

conditions

A series of surfactant encapsulated heteropolyanion (SEH-n) based on
Hi3in)[PViMo(12.0)040] (PVMAs) was prepared. The morphological
optimisation of the SEHs was studied by the control of solvent polarity and
PVMA to surfactant ratio used. Investigation by TEM revealed the formation
of particles with multi-lamellar nano-structure in the SEHs. Characterization
of the SEHs by XRD, TGA and FTIR indicated the successful encapsulation
of the [PV,Mo0(12.,)04]°" with the surfactant. The performance of SEHs as
catalysts for the removal of bisphenol-A under ambient conditions was
evaluated. Factors influencing the performance of the SEH-n are the relative
stability of the Keggin structure and electron accepting property. The
dissolved oxygen plays a crucial role in improving the BPA removal
efficiency. The hydrophobic property of the nano—sized SEHs provides good
aqueous stability and allows excellent recoverability of the catalyst from the

aqueous solution after treatment.
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5.1. Introduction

The design and development of advanced functional materials is an area of growing
interest in the last few decades. Such research will bring the advancement to the
applications of these materials in material science and catalysis.”® One of the key steps
towards the realization of this development is the controlled self-assembly of nano-
building blocks into functional assemblies which is technically challenging.!3
Polyoxometalates (POMs) is a type of molecular transition metal oxide gaining research
interest in the preparation of advanced functional assemblies. They are oxoanionic cluster
made up of early transition metals in their highest oxidation state i.e. tungsten,
molybdenum and vanadium. POMs have attracted much research interest and have been
applied in areas such as materials, catalysis, biomedicine, energy and environmental
studies.?*8+201-203 Amongst the chemical and physical properties of POMs, the redox and
semiconductor like properties®® are some of the main driving forces for the active research
on this material. The use of POM in both aqueous and organic media under homogeneous

condition for fine organic synthesis?>>7-2%

and their potential in the mineralization of
organic compounds are well-documented.3¥2052¢ However, homogeneous catalysis using

POM is an obstacle to effective application difficulty due to difficulty in catalyst recovery.

The most commonly studied POM is the heteropolyacid (HPA) best represented by the
Keggin structure. HPA typically have low surface area and high solubility in water which
hinders the recoverability and effective use as catalytic materials in aqueous media.? In
chapter 4, a nano-architectural design by amine-functionalization of titanate nanotubes
followed by immobilization of the HPA was used as a strategy to achieve heterogeneity of
the HPAs and facilitate their recoverability from aqueous solution. Another method
employs organic cations to form organic—inorganic hybrids presents a solution to obtain
interesting functional nano-structures of POM. This chapter presents a facile method of
synthesis to improve catalyst recoverability and reusability by surfactant encapsulation.
Surfactant encapsulation is an emerging methodology to synthesize self-assembled POMs

nano-architectures. The use of quaternary ammonium  surfactants like
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dimethyldioctadecylammonium (DMDOA) with good stability and twin alkyl chains can

provide platform for morphological control.

To date, several examples of surfactant encapsulated POMs with various architectures
such as disk, cone, and flower have been reported.!?*?"7 While much work and
development has been achieved on the aspects of structural and morphological
studies, 282 works reporting the application of POMs architectures in advanced
oxidation processes are limited. The synthesis of POMs with nano—architectures remains a
daunting task due to the high crystalline energy and hydrophilic nature of POMs
clusters.?® This makes self-assembly nano-architecture of POMs a field of research worth
exploring. Among the various structural variations of POMs, the Keggin structure is one
of the most investigated as compared to the other members of the HPA family. The
H3.1[PMo012.1VinO40] series of mixed addenda Keggin type heteropolyanion has found wide
applications in the selective oxidation for organic synthesis and other areas.’®*19-212 The
preference can be mainly associated to their high redox reversibility in which re-oxidation
can be achieved with molecular oxygen as a benign oxidant,?!® making them attractive
oxidation catalysts and thus their viability to be developed as advanced functional

materials.

In this chapter, HPA of the series Hn+3[PMo0O(12-0)ViOas0] (n = 1, 2, 3), herein denoted as
PVMA-1, PVMA-2 and PVMAA-3 were prepared. The PVMAs were then modified by
a simple cationic exchange reaction with a quaternary ammonium surfactant,
dimethyldioctadecylammonium bromide (DMDOA-Br), to give a series of surfactant
encapsulated heteropolyanions (SEH-n) The as-prepared SEH-—n are self-assembled
inorganic-organic hybrid material with defined spherical morphology and multi-lamellar
nano-structure (MLNS), the tunable nature of the anions allows the optimisation of the
catalyst for catalytic wet air oxidation of organic pollutant under ambient conditions. The
research and translation of HPA into effective catalyst for application in environmental
remediation is crucial in the development as an effective molecular catalyst. Contrary to
typical catalytic wet air oxidation (CWAQ) process which requires high temperature and

pressure?!3, CWAO using these SEHs demonstrating MLLNS were capable of the removal
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of a recalcitrant organic pollutant, bisphenol A (BPA) from water under ambient
conditions. The current work is essential in the understanding of (i) the formation and
structural characteristics of the amphiphilic catalyst, and (i1) the feasibility of their
application towards environmental remediation which requires less energy and chemical

usage in water treatment processes.

5.2. Experimental

5.2.1. Chemicals

Na;HPO4, NaVOs3, Na2Mo00O4-2H20, (C1sH37)2(CH3)2NBr, bisphenol A (BPA) and CHCI3
were purchased from Sigma-Aldrich and used without further purification. Sulfuric acid
(95 — 97%) and diethyl ether were purchased from Honeywell and Fischer Scientific
respectively. All solutions were prepared using MilliQ (MQ) water (18.2 MQ cm™)
unless otherwise stated. Phosphovanadomolybdic acid (PVMA-n) of the series

H3:n(PMo012-1ViO40) (n = 1, 2, 3) were prepared as described in chapter 3.

5.2.2. Synthesis of material

The synthesis of the surfactant encapsulated heteropolyanions (SEHs) uses a single phase

h170

approac and is prepared as mentioned in chapter 3.2.5.

5.2.3. Material Characterization

The morphological transformation of the PVMA to SEH was examined using a field
emission scanning electron microscope, the local structure of the SEHs was studied using
high resolution transmission electron microscope (HRTEM). Powder samples were loaded
onto a PMMA sample holder and X-ray diffraction (XRD) patterns were obtained by
Bruker D8 Advance X-ray diffractometer. The Brunauer-Emmett-Teller (BET) surface
area was determined using N> adsorption-desorption isotherm analysis at 77 K. The

Fourier transform infrared (FTIR) spectroscopy of the samples was performed using
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Perkin Elmer GX over the range of 4000 — 400 cm™!. Thermo-gravimetric analysis of the
materials was carried out using TA Instruments Q500 under nitrogen flow of 40 mL min™!
and a heating rate of 10°C min™'. All characterization were performed using the same

specifications as mentioned in chapter 3.2.7. unless otherwise specified.

5.2.4. Catalytic Performance Studies

In the catalytic oxidation experiment using the SEHs, 1.0 g L~! loading of SEH-n was
added into an aqueous solution of bisphenol-A (BPA) (20 mg L™!, 50 mL) at the natural
pH of the solution under ambient conditions. The reaction vessel was covered during the
oxidation experiment to preclude any interaction with light and reduce the loss of water.
The reaction was deemed to have started upon the addition of the SEHs, which excludes
any time for the attainment of adsorption—desorption equilibrium. Air was bubbled
through the solution at a rate of 3.5 L min~! through the solution for provision of
dissolved oxygen as the oxidant for the catalytic wet air oxidation. Samples were drawn
from the reactor at fixed time intervals and tested for BPA concentration in the solution
using a Hypersil Gold reversed phase column (Thermo Scientific) with mobile phase
composition of 60% acetonitrile and 40% deionized water at a flow rate of 1 mL min~' on
a Perkin Elmer HPLC system equipped with a UV-vis detector operating at 220 nm. The
solutions were analysed after reaction with inductive coupled plasma—optical emission
spectrometer for dissolved metals (ICP-OES, Perkin Elmer Optima 2000DV). XPS
analysis was performed using JPS-9030 Photoelectron Spectrometer (JEOL, Japan) using
non-monochromatic Mg K, X-ray source with pass energy of 50 eV and analysis area of

~3 mme.

5.3. Results and Discussion

5.3.1. Material Characterization

Figure 5.1(a) shows the FESEM micrograph of PVMA-2. The PVMAs are generally

water-soluble crystalline solids preventing their effective recovery from aqueous system.

95



Phosphovanadomolybdate-based surfactant encapsulated herteropolyanion Chapter 5

Figure. 5.1 SEM micrograph of (a) PVMA-2, (b) casted film of SEH, (c) bulk powder of SEH,
(d) PYMA-2: DMDOA in ~1:2 ratio, (¢) PVMA-2:DMDOA in ~1:3 ratio and (f) SEH from mixed
solvent of chloroform : n-butanol in 3:1 ratio.

In this regards, the heterogeneity was introduced by replacing the exterior protons of
PVM with DMDOA. The DMDOA was introduced via a simple cation modification
method. After modification, the PVMs encapsulated in the SEHs are active sites
supported with a surfactant matrix allow them to be effectively stabilised and used as a
catalyst. The morphological transformation effect of the surfactant to PVM ratio on the
series of Keggin HPA is studied using FESEM by following the transformation of the
SEH from the HPA precursor at different surfactant to PVM ratios.

The preparation of SEHs with pure chloroform as the solvent via synthesis route 1 (Figure.
5.2) leads to the formation of a porous membrane-like structure with pores of 1 um in
diameter (Figure. 5.1(b)). Bulk SEH pulverized into fine powdered material does not
allow us to obtain small particles with any controllable morphology as can be seen in
Figure. 5.1(c). Therefore, the introduction of a co-solvent such as n-butanol is required to
adjust the solvent polarity for morphological control of the SEHs. Since all PVM have
similar diameter of ca. 1 nm, the directing force for controlled morphology will come
from (i) solvent polarity control and (ii) stoichiometry control of the surfactant used. The

formation of SEH particles with narrower size distribution is obtained by adding n-
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Increasing DMDOA : PVMA-2 ratio

Figure. 5.2 Schematic illustration for synthesis and formation of SEH-2 from PVMA-2 and
influence of DMDOA:HPA ratio.

butanol as a stabilizer during SEH synthesis'?® and solvent evaporation under ambient
conditions can be achieved. With the addition of n-butanol to chloroform at volume
ratio of 1:3 in synthesis route 2 (Figure. 5.2), we explore the effect of DMDOA to
PVMA at different ratios on the SEH synthesis. Figure. 5.1(d) shows that with a
ratio of approximately 2 DMDOA: 1 PVMA, mixed morphologies of nano-disk
and nano-cone are obtained. Figure. 5.1(e) shows that the addition of DMDOA up
to a ratio of 3:1 leads to the evolution of spherical particles with 150-200 nm in
diameter. When stoichiometric amounts of DMDOA is added to the respective
PVMA (i.e. PVMA-1: 4:1, PVMA-2: 5:1 and PVMA-3: 6:1) to replace all the
protons, spherical particles starts to evolve as evidently shown in Figure 5.1(f).
Considering that the Keggin-type POMs has a radius of 0.52 nm,?!4 the surface area
of a single PVM anion is estimated to be around 3.42 nm?. The lateral area (0.567
nm?) per DMDOA?!5 therefore fully occupy the surface of PVMA-3, restricting the
freedom of spatial arrangement with increase of DMDOA on the series of PVMA.
As such, the complete substitution of the protons by DMDOA with the control of

the solvent polarity exclusively leads to the formation of
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spherical particles. Therefore, the increment of anionic charge on the PVMAs from
—4 to —6 has no significant influence on the morphology. A mixed solvent system
consisting of CHCI3 and n-butanol (as the co-solvent) at the ratio of 1:3 was thus
employed as the optimum synthesis condition to obtain spherical SEHs. In order to
establish an equal platform for the catalytic studies, with primary focus on the activity of
PVM (i.e. based on the degree of vanadium substitution), it is preferable that all the SEHs

have a similar morphology.

We propose that formation of the primary building blocks (i.e. (DMDOA4(PMo11VOa))
by the complete replacement of the H* in the PVMAs with the DMDOA surfactant is
essential for the formation of spherical architecture. This is shown by the changes in the
morphology of the SEH with increase in surfactant added as shown in Figure. 5.2. Only
with the formation of the required primary building blocks, the self-assembly process to

form a secondary spherical architecture with MLNS can be attained.

As shown by the HRTEM micrographs in Figure. 5.3, all the SEHs have spherical
architecture with nano-dimensional MLNS. Due to the presence of molybdenum
which reduces the transmission of electrons through the specimen, the MLNS is
generally obscured in SEHs of larger sizes. Identifying a smaller particle in the
micrograph of SEH-3 (Figure. 5.3(c)) allows us to effectively observe the presence
of the MLNS with an interlayer distance of approximately 1.5 nm. This cluster self-
assembly is typical of twin alkyl chain surfactants which forms vesicles with
MLNS in solutions. While the lighter region consists of the surfactants, the darker
regions consisting of nano-sized cluster ca. 1 nm in size (Figure. 5.3(d)) which shows
the presence of Keggin anions within the SEH. The structural integrity of the Keggin
anions is deemed to be retained throughout the modification process and is

effectively stabilized within the surfactant encapsulation.
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Figure. 5.3. High-resolution TEM micrograph of (a) SEH-1, (b) SEH-2, (c) SEH-3 and (d)
SEH-2 at showing lattice fringes about 0.2 nm d-spacing inside each Keggin cluster with a

diameter of ca. 1 nm (white circles).

Figure. 5.4 shows the XRD patterns of PVMA—-1, DMDOA-Br and SEHs. The series of
PVMASs prepared has a tetragonal crystal structure with space-group P4/mnc. As the
increment in the substitution of Mo by V has little effect on the crystallographic
arrangement of the material, XRD pattern of PVMA-1 presented here is representative of
the PVMAs prepared. The EDX analysis performed on the PVMAs shows that the atomic
percentage of phosphorus, molybdenum and vanadium estimated from the analysis
matches the theoretical percentage (Table 5.1). All the reflections can be indexed to be
coming from the single phase HsPMo11VOao - 32 H,O (PDF#00-045-0611), which shows
the PVMAs are prepared successfully.
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Figure 5.4. XRD patterns of PVMA-1, DMDOA-Br, SEH-1, SEH-2 and SEH-3. The peaks of
PVMA-1 is indexed to single phase HiPVMo,104. Peaks in all SEHs between 15-25° indicates

the presence of MLNS.
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After modification with DMDOA, the typical reflection peaks of PVMA crystalline
structure is no longer observed. The replacement of the protons by DMDOA and the loss
of water of crystallization transformed the structure of the resulting SEHs. This leads to
the transition from a crystalline solid to an amorphous material with MLNS. The observed
reflections at ca. 5.7° and 8.3° are higher order reflections from the basal layer spacing in
the MLNS. The Bragg reflection at 5.7° corresponds to the spacing of 1.6 nm which is in
close agreement with the observed lamellar spacing in the HRTEM micrograph. The
observed spacing suggests that the alkyl chains of the DMDOA are almost fully
interdigitated which confines them to a tight and rigid structure. This results in the XRD
peaks in typical Keggin anions in the range of 15-30° to be convoluted after modification
with DMDOA. The new Bragg reflections arising between 15-25° are indicators of the
rigid structure formed by the alkyl chains of DMDOA in the lamellar nano-structure as it

becomes the determining factor in morphological control and the structure of the SEHs.

Table 5.5 EDX analysis providing semi-quantitative results of phosphorus, molybdenum and vanadium
in PVMAs and SEHs normalized to 100% and BET surface area of PVMAs and SEHs. Phosphorus is not
detectable by EDX in all SEH.

Atomic % P Atomic % Mo Atomic % V
Experimental Experimental Experimental BET surface area/
(theoretical) (theoretical) (theoretical) m’g!
PVMA-1 7.5(1.7) 83.0 (84.6) 9.4 (1.7) 12.1
PVMA-2 7.6 (1.7) 75.0 (76.9) 17.3 (15.4) 4.4
PVMA-3 7.3(1.7) 69.5 (69.2) 23.2(23.1) 592
SEH-1 - 90.1 (91.7) 9.9 (8.3) 4.3
SEH-2 - 85.1 (83.3) 14.9 (16.7) 1.5
SEH-3 - 74.6 (75.0) 25.4 (25.0) 6.9
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Figure. 5.5. BET sorption isotherm of (a) PVMAs and (b) SEHs. (¢) FTIR of (i) H4{[PMo1:VOao],
(i) dimethyldioctadecylammonium bromide (iii)) SEH-1, (iv) SEH-2 (v) SEH-3. (d)Thermo-
gravimetric analysis weight loss profile of (i) SEH-1 (ii) SEH-2 (iii) SEH-3.
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The EDX analysis performed on the SEHs shows that while phosphorus is undetectable
due to the encapsulating matrix, the molybdenum to vanadium ratio estimated from
analysis is in good agreement with theoretical percentage (Table 5.1). Figure 5.5(a) and (b)
shows the BET sorption isotherm of the PVMAs and SEHs with their associated values as
summarised in Table 5.1. While the surfactant modifies the SEH into a heterogeneous
catalyst, it is interesting to note that the specific surface was not enhanced as a result of
the modification. The SEH has a closely-packed MLNS, which results in low pore volume
and porosity. Therefore, the surface area is largely limited to the external surface, leading

to the SEHs having low specific surface area.

Figure. 5.5(c) shows the FTIR spectra. Characteristic peaks of the Keggin anion structure
at 1064, 961, 867 and 780 cm™! (Figure. 5.5(i)) corresponding to P—O stretching, Mo=0
stretching of terminal oxygen, Mo—O.—Mo stretching of corner-sharing MoOes octahedra
and the edge sharing MoOg octahedra of Mo—Oe-Mo respectively is observed in PVMA-1.
In the SEHs, the peaks are slightly shifted, i.e. in SEH—1, the characteristic peaks of
Keggin anions are now at ~1060 cm™, 953 cm™, 877 cm™ and 796 cm™. Additional bands
are also observed for all the SEHs at 2917-2850 cm™' and 1467 cm™ attributed to the
alkyl chain sp® C-H stretching and CH> scissoring of the quaternary amine surfactant
DMDOA (Figure 5.5(c) (iii — v)). From the results, shifts in the characteristic Keggin
peaks indicate the strong interaction between the PVM with DMDOA and the intactness
of the Keggin structure. The resulting FTIR spectrum confirms that the ionic exchange
reaction used in the formation of SEHs has no detrimental influence on the structure of the

components.

The components of the as-prepared SEHs were determined using the thermo-gravimetric
analysis. Minor weight loss below 100°C was observed due to the evaporation of water
present within the interstitial of MLNS. As indicated in Fig. 5.5(d), the weight loss of the
SEH-1, SEH-2 and SEH-3 are 58.4, 60.5 and 65.9% respectively. This indicates that the
quaternary ammonium cations of DMDOA have fully replaced the protons of the HPA
during the encapsulation process. The material is stable up to 200°C, after which the

weight loss can be ascribed to the thermal decomposition of DMDOA ions. The good
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stability of DMDOA and the electrostatic based interaction with the PVM gives the SEHs

increased stability as compared to POMs grafted with organic components.

5.3.2. Catalytic wet air oxidation performance evaluation

Fig. 5.6(a) shows the catalytic degradation of BPA with PVMA-2, SEH-1, SEH-2
and SEH-3 as the catalyst. Studies are carried out to understand the observed
difference in catalytic activity, the possible mechanism and the stability of the
SEHs. The deliberate design of the catalyst with hydrophobic properties inherited
from the use of DMDOA acts as a molecular trap for the BPA molecules; this
facilitates the redox interaction of the BPA with the catalytic PVM centre. During
the catalytic reaction, the vanadium sites are the active sites for catalytic redox
process.?1® The V3* is reduced to V#*, then re-oxidation of the V#* site to V>*is
facilitated by the dissolved molecular oxygen species.?1%217 The removal of BPA is
higher in SEH-2 and SEH-3 as compared to SEH—1 over 180 min, primarily due to
the higher degree of substitution of Mo by V.

Fig 5.6(b) shows the enhanced BPA removal under catalytic wet air oxidation. The
concentration of dissolved oxygen species is maintained via interfacial reaeration,
leading to an overall improvement in the removal of BPA. Since BPA is relatively
non-volatile compound, aeration alone will be ineffective on its removal. The
enhancement in removal of BPA by SEH-1, SEH-2 and SEH-3 after the
introduction of aeration is prominent. PVM—-2 and PVM-3 incorporated into the
SEHs are catalytic centres with capability to accept at least 2 electrons. This is due
to the presence of at least 2 V>* in the PVMASs incorporated, making re-oxidation
by oxygen more favourable. As oxygen is a poor one-electron acceptor, this results
in relatively unfavourable re-oxidation of the catalytic centres in SEH-1 (i.e.
PVM-1) by oxygen due to the catalytic centre being a one-electron reduced
species. While SEH-3 with 3 V>* per active site should have higher catalytic

performance than that of SEH-2, the inherent structural instability caused by the
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Figure 5.6 (a) Removal efficiency of BPA using SEHs and PVMA-2 without aeration. (b)
Removal efficiency of BPA using SEHs and PVMA-2 with aeration.
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Figure 5.7 (a) BPA removal without aeration by (i) DMDOA:MVPA-2 2:1, (ii)
DMDOA:MVPA-2 3:1 prepared with chloroform : n-butanol in 3:1 ratio; and (iii)
DMDOA:MVPA-2 5:1 in pure chloroform. BPA removal with aeration by (iv)
DMDOA:MVPA-2 2:1, (v) DMDOA:MVPA-2 3:1 prepared with chloroform : n-butanol in

3:1 ratio; and (vi) DMDOA:MVPA-2 5:1 in pure chloroform. (b) BPA removal using SEH-2
with aeration and in argon purged solution, showing limited adsorption effects in the absence

of oxygen.
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greater degree of substitution of molybdenum by vanadium?!® lead to SEH-2 out-

performing SEH-3.

Moreover, with the steric crowding of the surfactant around the catalytic site in
SEH-3, it can also lead to reduced mass transport of BPA and radical species to
and fro the active site and thus hinders the catalytic performance. Despite the
specific surface area of SEH-2 being the lowest (1.46 m? g') of the 3 SEHs
prepared, it is shown that stability in combination with the nano-structure are
important for the effective utilization of the material. The concentration of Mo%* in
solution is found to be approximately 0.002 % for all SEHs and severe leaching of
1.75% and 0.98% of V>* was found for SEH-1 and SEH-3. The SEH-2 shows
exceptional stability with V3 approximately 0.013% of leaching detected, which
shows that the more efficient performance of SEH-2 was not due to effects of the
active ions leaching into the solution. The influence of DMDOA to PVMA-2 ratio
and solvent polarity on the catalytic activity of the materials prepared has also been
studied (Fig. 5.7(a)) showing that increase in surfactant stabilises and enhances the
properties of PVM-2 to be a more effective catalyst. While the poorer activity of
the SEH-2 building blocks without solvent polarity control can be attributed to the
lack of regularly formed MLNS within the material. The increase in surfactant ratio
also stabilizes PVMA—2 within the surfactant matrix, with vanadium leaching at
0.8% (i.e. when DMDOA : PVMA-2 is 2:1) to 0.1% in the building blocks (i.e.
when DMDOA : PVMA-2 is 5:1).

To demonstrate that SEHs are superior to their unmodified counterpart, PVMA-2
corresponding to the mass fraction in SEH-2 (i.e. as determined from TGA) was used as a
homogeneous catalyst for the removal of BPA. It can be seen from Fig. 5.6(a) and Fig.
5.6(b) that PVMA-2 is unable to effectively remove BPA as its use as a homogeneous
catalyst requires careful control at pH 2 in order to prevent the hydrolysis of the Keggin
anion at higher pH. Comparing this result with that obtained using SEH-2 shows that the
surfactant modification has provided the desired enhancement in stability, efficiency and

heterogeneity.
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As the DMDOA surfactants make up a large percentage of SEHs composition as shown
by TGA analysis, the plausibility of the BPA adsorption by SEHs must be investigated. A
control study with SEH-2 was employed for further investigation. The BPA solution was
purged with argon for 30 min prior to catalytic testing. Fig. 5.7(b) shows the difference
when oxygen is precluded from the solution. No significant contribution by adsorption is
observed and only a slight drop in BPA concentration is detected after one hour, which is
likely caused by small fraction of oxidation by the catalyst. The oxidative catalytic
process was hindered due to lack of oxygen as a co-factor to interact with the catalytic
centre for regeneration of active sites. Therefore, the effectiveness of the wet air oxidation

process is dependent on the presence of dissolved oxygen.

Typical wet air oxidation processes operate through a free radical mechanism?'® which

can be described by the following equations:

SEH+nRH — SEHR®d + nR- +nH* Eqn (5.1)
R-+0, - RO, - Eqn (5.2)
RO, - +RH — ROOH + R- Eqn (5.3)

ROOH - RO - + - OH Eqn (5.4)

where RH is the organic species and SEH®® is the reduced SEH species; and the
degradation of BPA via direct redox reaction centred on the SEH can be delineated by the

following equations*.

SEH + Red — SEHRed + Ox Eqn (5.5)
SEHRed 4 %oz + nH* - SEH + gHzo Eqn (5.6)
where Red is the BPA and Ox is the oxidised BPA.

The PVM in SEH becomes reduced when mixed with the solution containing the organic

pollutant as shown in Eqn. (5.1). At pH 3 as shown in Fig. 5.8(a), the degradation of BPA
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Figure 5.8. BPA removal efficiency (a) at pH3, pH9 and without pH adjustment; (b) at different

SEH loading of 1.0, 0.8, 0.5, 0.2 ¢ L'! and (c) at initial BPA concentration of 20, 10, 5 mg L.
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is reduced as compared to natural pH conditions. The lower pH might reduce the
formation of R- by impeding the formation of R- in Eqn. (5.1). At pH 9, the formation of
R- is more favourable, encouraging the propagation towards the generation of ‘OH radical
via free radical chain auto-oxidation process. This leads to an increase in the removal of
BPA. However, we find that under natural pH condition (i.e. pH=6.2), the removal of
BPA is higher. The higher pH increases the formation of radical species; it may also
counteract and adversely affect the re-oxidation of SEH in Eqn. (5.6). Therefore, natural

pH condition proves to be more favourable for the removal of BPA.

Eqn (5.2) and (5.3) are key processes in the production of -OH radical. Therefore, the

regeneration of active sites on the SEH with aeration (Eqn. (5.2)) to the solution can
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Figure 5.9 XPS analysis results of SEH-2 (a) (i) before catalytic experiment and ii) after catalytic
experiment. XPS spectra of (b) Mo and (c) V (blue = before catalytic experiment, red = after

catalytic experiment).
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expedite the generation of -OH (Eqn. (5.4)) via autocatalytic decomposition and provide
enhancement in the degradation efficiency of BPA. The lipophilic portion of the SEH will
allow Red accompanied by oxygen to come into proximity with the active site of more
easily. The consequent reduction of the PVM active site within the SEH is accompanied
by the electron donor (i.e. BPA) being oxidised as outlined in Eqn. (5.5). Oxygen is then
responsible for oxidising the reduced POM site in SEH®* in Eqn. (5.6), mediating the
redox process between V>* and V** under mild conditions. This is evident from Fig. 5.6
where the removal of BPA is improved with the introduction of aeration to the system.
The aeration also improves the re-oxidation of the SEH in Eqn. 5.6, thereby giving

enhancement in performance.

Fig. 5.8(b) presents the effects of SEH-2 loading on the removal of BPA. The removal of
BPA was found to improve with the increase in SEH-2 loading. The increase in catalytic
sites improves the reaction rate in Eqn. (5.1) and (5.5) giving improvement in removal.
Fig. 5.8(c) illustrates the influence of initial BPA concentration on the removal of BPA.
The lower BPA concentration results in lower availability of BPA for the formation of R-.

There is a lower production of -OH which reduces the removal of BPA as a result.

In addition, XPS analysis was carried out on SEH-2 for evaluation of the practicality of
regeneration of the catalyst (Fig. 5.9). Results from the analysis indicates that the catalyst
structure is unaffected after use as there is no shift in the bonding energies of Mo 3d (Fig.
9(b)) and V 2p (Fig. 5.9(c)) after the reaction. The bromine found in the catalyst could be
trapped within the MLNS during catalyst preparation and could have reduced the catalytic
efficiencies of the SEHs as a radical scavenger. Fig. 5.10(a) shows the comparison of the
FTIR spectrum of SEH-2 before and after catalytic application, we can see that the main
difference is the loss of the broad OH stretching at ~3500 cm™. This is attributed to water
trapped within the fresh catalyst during synthesis; while the catalyst was dried extensively
post catalytic testing, leading to loss of the OH stretching peak. Moreover, we note that
that characteristic peaks of PVM-2 and the surfactant component remains consistent
between the two spectrum, indicating the stability of the catalyst and that BPA was not

adsorbed on the SEH.
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Figure 5.10 (a) FTIR spectrum of fresh SEH-2 and used SEH-2. Fresh catalyst exhibits
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In comparison with previous work preparing amphiphiles comprising of POMs and
surfactant which forms micellar catalyst within the solution,'*” the employment of a di-
alkyl surfactant provides controllability in the formation of SEHs with MLNS. The
encapsulation by surfactant allows the PVMs to be stabilised in a heterogeneous form

within the SEH with 0.013% leaching of active vanadium species. This also provides a
better platform for understanding of molecular ion catalysis in aqueous solutions. The
SEHs being heterogeneous in an aqueous environment is another advantage of this
material, as they could be recovered by simple filtration or centrifugation at the end of a
catalytic process. Fig. 5.10(b) shows the recycling performance of SEH-2 over 3 cycles.
SEH-2 is able to retain consistent level of BPA removal without a significant drop in
performance (< 5%). This shows that the catalyst is relatively stable and can be effectively

recycled after each catalytic reaction.

5.4. Conclusion

Nano-spherical surfactant encapsulated heteropolyanion for catalytic application were
prepared with amphiphilic surfactant of DMDOA-Br and phosphovanadomolybdic acids
as precursors for modification. The increment of anionic charge on the PVMAs has no
significant influence on the morphology of the SEHs due to lower freedom of surfactant
orientation around the PVMA. The selection of mixed solvent system of chloroform and
n-butanol stabilises the particle size of the primary building blocks to be reduced towards
the nano-sized dimension and isolated in stabilised dried state with controlled morphology.
The current study has shown the promising potential of SEHs as an advanced functional
material for catalytic wet air oxidation of organic pollutant under mild condition which is
desirable as this reduces the related energy used and treatment cost. Although the
surfactant increases the interaction probability of the target organic pollutant with the
PVM catalytic centres, the catalytic efficiency of the system might also be reduced due to
hindrance to mass transport of radical species for the propagation of degradation reaction
throughout the system. While maintaining the advantages of stability and use of mild

conditions in current system, future research will look into (i) use of ionic-liquids with
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functionalised hydrophobic structure for added functionalities and (ii) strategies to

improve the performance of the system by structural and morphological controls.
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Chapter 6

Conclusions and recommendations

In this dissertation, the studies revolving around the preparation and
application of polyoxometalates based nano-architecture were presented. The
preparation based on immobilization of PVMA on TiO, and surfactant
encapsulation are concluded and reflected. The insights from the studies
performed were summarized and opportunities for future studies are

recommended herein.
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6.1. Conclusions

The synthesis and design of polyoxometalates-based heterogeneous catalyst was studied
by immobilization and surfactant encapsulation strategies in this dissertation. The choice
of polyoxometalates used throughout the study is the Keggin type heteropolyacid,
phosphovanadomolybdic acid. The choice of polyoxometalates was made due to their
stability and high redox reversibility. In chapter 3, the polyoxometalates were prepared
and made into nano-architectures. The immobilization of PVMA-2 on TiO> NP described
in chapter 3 establishes foundation knowledge and understanding of such surface
modification process in the preparation of the nano-architecture. The synergistic effect
derived from the combination of the two materials providing highly redox active material
for lithium-ion battery with good cycling stability and electrochemical properties is highly
encouraging in the research of such hybrid material. However, the low amounts of
PVMA-2 immobilized on the surface of the TiO> NP likely due to insufficient surface
amine groups and relatively low surface area of the TiO2> NP could be reasons preventing

the material from performing at its optimum potential.

Titanate nanotubes (TNTs) with high surface area was used as a solid support for PVMA-
2 in chapter 4. With a higher surface area of the support, PVMA-2 immobilization on
amine-functionalized support forms crystalline phase as evident from the XRD
diffractogram. This increases the specific surface area of PVM as compared to the bulk
crystal and also heterogenised PVM for ease of recovery after catalytic application. The
presence of the crystalline phase enables the prepared material to be effectively used as a
bulk type II polyoxometalate heterogeneous catalyst. The design and engineering of the
material allow the study of the photocatalytic properties and parameters PVMA-2, since
TNT theoretically plays the role of an inert support during photocatalysis using visible
light.

In Chapter 5, vanadium substituted phosphomolybdic acid (HEm[PVaMo(i2-n)O40]) was
heterogenised by strategically encapsulating with a cationic surfactant of DMDOA,

forming MLNS. This provided a material with exceptional stability and opens up its
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application as a catalytic wet air oxidation catalyst under ambient conditions. Such
material circumvents the need for high energy in wastewater remediation and thus further
development may open up its potential application. In Chapter 5, even though the SEHs
have low surface area, enhanced catalytic activity is achieved due to adsorption
enhancement provided by the surfactant encapsulation. This also circumvents the
problems of high solubility of HPA, allowing the effective recovery after catalytic
reaction, increasing the environmental friendliness of its use. The increment of anionic
charge on the PVMAs was found to have no significant influence on the morphology of
the SEHs due to lower freedom of surfactant orientation around the POM. The selection
of mixed solvent system of chloroform and n-butanol stabilises the particle size of the
primary building blocks to be reduced towards the nano-sized dimension and isolated in

stabilised dried state with controlled morphology.

The studies performed in this dissertation have provided several insights for the design of

polyoxometalates based nano-architecture.

1. Immobilization of polyoxometalates within TiO> cannot be effectively achieved with
morphological control when TiO2 precursor and PVMA-2 are present in different
phases.

2. Nano-architecture design based on surface modification of TiO, with PVMA-2
allows the effective exploitation of high redox-active properties of polyoxometalates.

3. High specific surface area is likely required for solid support used for immobilization
of polyoxometalates (i.e. PVMA-2) for the material to act effectively as a
photocatalyst. This can be seen from results derived from chapter 4 where formation
of crystalline PVMA-2 phase in addition to high specific surface area contribute to
the effective use of the prepared material in the degradation of methylene blue.

4. Nano-architecture prepared by surfactant encapsulation by DMDOA-Br has
morphological restriction due to limitation in free of orientation as number of
surfactant increases. Under conditions where degree of freedom for reorientation of
surfactant is possible, morphology can be influenced by solvent polarity and

surfactant ratio.
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5. Surfactant encapsulation provides exceptional stability for PVMAs enabling their
application as wet air oxidation catalyst at circumneutral pH. Effective mass transport

to active catalytic site is likely required for further enhancement of efficiency.

In conclusion, the novel nano-architecture of POMs on TiO2 NP lead to a synergistic
combination where the highly redox active property of POMs can be effectively exploited.
This also led to the eventual successful design of POMs immobilized TNT where the
nano-architectural design gives a visible-light responsive photocatalyst. The preparation
of SEHs with MLNS as a novel material for CWAOQO provides a catalyst with high stability
operating at circumneutral pH and ambient conditions. This reduces the additional

chemicals and energy need when such materials can effectively treat wastewater.

6.2. Recommendations

1. In chapter 4, titanate nanotubes (TNTs) were surface functionalized and immobilized
with PVM. However, the TNTs was a non-photoactive support which limited the
photocatalytic activity of the prepared materials to be restricted to the PVMs.

a. More studies can be performed to understand the kinetics and the degradation
pathway of the organic dyes.

b. The intrinsic electronic properties of the prepared material can be further
investigated by Mott-Schottky measurements®®® done in combination with
impedance techniques.

c. Studies with radical scavengers to determine if degradation process is dominated
by production of radicals or by photoredox activity of polyoxometalates.

d. Studies to investigate the degradation of more diverse range of organic molecules
present as micro-pollutants in water matrix.

e. Metal nanoparticles can be added to the surface of the material to improve the
visible light harvesting for photocatalysis.

i. The anti-bacterial activity of the silver nanoparticles modified material can be

studied.
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f. The TNTs can be calcined to make them photoactive before further surface
modification with PVMs. The preparation process is considered as such due to
likelihood that PVMs typically have thermal stability up to 350°C only.

g. Modification of PVM with counter-cations which can extend its stability in more
alkaline pH should be explored to improve the practicality of usage.

h. Incorporation of other types of transition metal substituted polyoxometalates.

1. Use of iron substituted polyoxometalates for photo-Fenton degradation of
pollutants
ii. Use of cobalt substituted polyoxometalates as a peroxymonosulfate activator.
iii. The nano-architecture prepared from TNTs and PVM can be fabricated into
ceramic membranes for easier incorporation into a continuous flow system.

2. The high surface area of TNT used in chapter 4 is likely the key contributing factor to
allow effective usage of the PVM immobilized TNT as a photocatalyst. Therefore, the
use of supports with high specific surface area can be explored to improve the
functionality of the material as a photocatalyst.

a. The use of graphene or carbon nanotubes for modification with polyoxometalates
has been generally focused on energy based application*. It is an opportunity to
translate the application towards environmental remediation applications as shown
in this dissertation from chapter 3 to chapter 4. While TNTs have surface covered
with hydroxyl groups which makes it easy for functionalization, the similar
approach will require to preparation of graphene/CNTs with sufficient defect sites
to provide an effective support of polyoxometalates on its surface.

221 and

b. The immobilization of polyoxometalates can also be performed on zeolites
studies should be done to explore the influence of nano-environment on the
degradation of organic pollutant molecules.

c. Use of layered double hydroxide as a solid support for polyoxometalates>*2.

Layered double hydroxide have high surface area, however much of the studies

performed in this area are directed towards organic transformations®?*-2?%, Studies

should be extended towards the use of polyoxometalates intercalated in layered

double hydroxide for advanced oxidation processes.
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3. Studies on the use of surfactant encapsulation for heterogenization of polyoxometalates

t82 or for the purpose of

typically revolve around their use as phase transfer catalys

oxidative desulfurization'**??’. The formation of nano-architecture for the formation of

organic-inorganic hybrids represents a field that has potential for further exploration.

a. Studies can be done on a wider range of organic pollutants to better understand the
mechanism and kinetics of degradation.

b. The use of gemini surfactant represents an attractive area for the studies of
possible nano-architectural design. However, such hybrid assemblies prepared in

studies have no distinctive morphology??®.

This provides attractive research
opportunities for studies to determine factors like surfactant hydrophilic lipophilic
balance and solvent control can influence the formation of nano-architectures.
Further research can delve into their application as heterogeneous catalysts for
advanced oxidation processes.

c. lonic-liquids also provide an attractive strategy for heterogenization of
poloyoxometalates®>??°. With the potential functionality that can be incorporated

with the organic moiety, the preparation of ionic liquid based polyoxometalates

will enable the preparation of advanced multi-functional materials.
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