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ENGLISH SUMMARY

Nanocomposites of titanium dioxide (TiO,) and graphene oxide (GO) are interesting
materials for applications in water purification, since they have excellent
photocatalytic activity, chemical stability, and high surface area for the adsorption of
water pollutants. Many of the previous studies have focused on the optimization of
Ti0,-GO nanocomposites to improve their photocatalytic activity under UV light for
the degradation of organic dyes as model pollutants. However, the proposed
synthesis procedures are often complicated and costly. Moreover, common water
pollutants have electronic structure and adsorption properties much different than
those of organic dyes. Therefore, this study addressed the development of
environment friendly preparation procedures for TiO,-GO materials. The new
materials were tested for their ability to eliminate phenol from water under
simulated solar light. This study aims to give a deeper understanding of the chemical
nature of TiO,-GO nanocomposites, since the rational designing of TiO,-GO relies
on our ability to tailor the final chemical properties of these materials.

Enhanced TiO,-GO composites were synthesized via the sol-gel method at pH 6 in a
stirred mixture solution in a glass beaker at 60-100°C or in a static vessel at 100-
200°C, where TiO, nanocrystals formed and anchored over GO sheets, due to the in-
situ nucleation and growth of TiO, on GO plans. In addition, TiO, nanoparticles
agglomeration and crystal size distribution were controlled by the GO loading. X-
ray photoelectron spectroscopy (XPS) of our nanocomposites showed the presence
of Ti-O-C bonding at the interface. Such type of interaction induces the stabilization
of TiO, and GO during thermal treatment, i.e., it retards both TiO, phase transitions
and GO reduction. Moreover, Ti-C bonding was observed for samples synthetized at
> 175°C. Both types of interface bonding are believed to influence the physical and
chemical properties of TiO,-GO composite materials and hence their photocatalytic
performances.

The photocatalytic activity of the new materials was tested for the degradation of 10
ppm phenol under simulated solar light for 3 hours. The TiO,-GO composite
synthetized at 200°C with a GO loading of 0.05 wt% (0.05GTS-200) showed the
highest photocatalytic activity: 4.6£0.1 10~ min". The enhanced activity of this
sample can be explained by considering its structural features. This nanocomposite
combines Ti-O-C and Ti-C interface bonding, TiO, particles are enclosed by GO
single layers or thin ribbons, and the particles contain high anatase fraction (92%)
and less residual oxygen functional groups on GO (Ac.o/Ac.c and ao.c-o/Ac.c are
0.24 and 0.13, respectively). The structure of TiO,-GO composites is also strongly
influenced by the synthesis temperature and it was possible to obtain GO atomic
monolayers decorated with TiO, nanoparticles or TiO,—GO core-shell structures.
But the latter ones are not desirable for photocatalytic applications, because they
hinder the excitation of TiO, photocatalytic centers via visible light.
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GO membranes were prepared with various thicknesses from 0.2 to 1.4 pm simply
by vacuum filtering GO dispersions with defined concentration. Continuous films
were obtained for nanocomposites with TiO, (P25) loading up to 80%. Intercalation
of TiO, nanoparticles within GO reduces the thickness of GO nanoribbons in the
membranes, but does not change the distance between GO monolayers. Therefore
we expect that the membrane selectivity is preserved. These findings could stimulate
further development of TiO,-GO photocatalytic membranes.

\



DANSK RESUME

Nanokompositter bestdende af titaniumdioxid (TiO,) og grafenoxid (GO) er
interessante materialer at anvende til oprensning af vand, pga. af deres hgje
katalytiske aktivitet, kemiske stabilitet, og en stor overflade hvorpd forurenede
partikler kan adsorbere. Mange af de tidligere studier har fokuseret pa optimering af
TiO,-GO nanokompositter for at forbedre deres UV fotokatalytiske aktivitet for at
nedbryde organiske farvestoffer som model for forureningskomponenter. Synteserne
til TiO,-GO materialer er dog ofte komplicerede og omkostningstunge. Desuden har
almindelige vandlige forureningsstoffer en meget anderledes elektronisk struktur og
adsorption egenskaber end organiske farvestoffer. Fokus for dette studie er at
udvikle miljovenlige syntesemetoder af TiO,-GO. De nye materialers evne til at
nedbryde phenol i vand er testet med simuleret sollys. Dette studie giver desuden en
dybere forstéelse for TiO,-GO nanokompositters kemiske natur, da en
videreudvikling af TiO,-GO beror pd vores evne til at designe deres kemiske
egenskaber.

Forbedret TiO,-GO kompositter var fremstillet via sol-gel metoden ved pH 6 under
omrering (60-100°C) eller en i beholder uden omrering (100-200°C) for at opna
TiO, nanokrystaller, som var bunder til GO lag, pga. in-situ nukleation og vakst af
TiO, pa GO lagene. Desuden kunne agglomerering og krystalsterrelsesfordeling af
TiO, nanopartikler styres ved hjelp af GO mengden. Rentgen
fotoelektronspektroskopi (XPS) af nanokompositterne viste tilstedevarelsen af Ti-
O-C bindinger i overgangene mellem lagene. Disse typer af interaktioner er med til
at stabilisere TiO, og GO nér de opvarmes, idet det forhindrer TiO, faseovergange
og en reduktion af GO. Ti-C bindinger var observeret for prever som blev fremstillet
ved temperature over 175°C. Begge typer af bindinger har stor indflydelse pé TiO,-
GO fysiske-kemiske egenskaber og dermed ogsé deres fotokatalytiske ydeevne.

Den fotokatalytiske aktivitet p& de nye TiO,-GO materialer var brugt til at nedbryde
10 ppm phenol i simuleret sollys i 3 timer. Den TiO,-GO komposit (0.05GTS-200)
med den hejeste fotokatalytiske aktivitet (4.620.1 10~ min") var fremstillet ved
200°C med GO mangde pd 0.05 vaegt%. De gode egenskaber ved denne preve kan
forklares med at betragte dens struktur. Denne nanokomposit bestar bade af Ti-O-C
og Ti-C bindinger i overgangen, TiO, partiklerne er lukket inde af et enkelt lag eller
band af GO, den har en hej anatase fraktion (92%) og der er ferre funktionelle
oxygen grupper pa GO (Ac.o/Ac.c 0g ao-c-o/Ac.c er hhv. 0.24 og 0.13). Strukturen af
TiO,-GO kompositter er ogsa sterkt afhengig af syntesetemperatur og det var
muligt at fremstille GO monolag dekoreret med TiO, nanopartikler og TiO,-GO
kerne-skal struktur. For fotokatalytiske anvendelse er den sidst navnte struktur
mindre attraktiv, da strukturen forhindrer synligt lys i at eksitere TiO,’s
fotokatalytiske center.

Vil
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GO membraner var fremstillet med tykkelser fra 0.2 til 1.4 pm ved at vakuumfiltrere
bestemte koncentrationer af GO opslemninger. Kontinuerte film var fremstillet ud
af nanokompositterne med op til 80% TiO,. Interkalering af TiO, nanopartikler
indeni GO falder med tykkelsen af GO nanobénd i membranerne, men a@ndrer ikke
afstanden mellem GO monolag. Membranens selektivitet antages derfor at vare
bevaret. Disse opdagelser vil stimulere til videreudvikling af TiO,-GO
fotokatalytiske membraner.

VIl
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CHAPTER 1. INTRODUCTION

1.1. BACKGROUND AND CHALLENGES

Over the recent years, the scarcity of drinking water has been arising as a pressing
issue for the humanity. Moreover, researchers have been reporting an increasing
number of water systems to be contaminated by chemical compounds arising from
human activities [1-4]. These contaminants are often present at low concentrations
(ng/L or ng/L) and therefore are named micropollutants. Despite their low
concentrations, micropollutants cause concern for their impact on the environment
and on human health, thus making water inappropriate for human consumption [5].
Most of these chemicals reach the environment through wastewater streams. In fact,
over 80% of wastewater around the world is discharged without suitable treatments,
as reported by UN World Water Development Report, 2017 [6]. Furthermore,
traditional wastewater treatment plants are not designed for the abatement of
micropollutants and their low concentration makes their abatement even more
challenging [2,3]. In addition, the advanced technique in the tertiary process is still
costly, chemicals adding requirement and energy consuming [3,7].

In this context, photocatalysis can provide an economic method for the abatement of
micropollutants [8]. Titanium dioxide (TiO,) is the benchmark photocatalytic
material for environment applications, since it is nontoxic, chemically stable,
inexpensive and presents high photocatalytic degradation rates [§—10]. However, the
limitations of TiO, are that: (i) it is active only under the UV light (therefore it
contains only 5% of the sunlight) and (ii) its efficiency in the degradation of
organics is limited by the high rate of electron-hole pair recombination [9]. The
combination of TiO, nanoparticles with other materials has been extensively
investigated to come across these limitations [10,11]. Recently, the emerging of
graphene oxide has allowed to design and fabricate novel hybrid TiO,-graphene
oxide photocatalysts with enhanced performances in water depollution. This new
generation of photocatalysts has been proven to be effective in the abatement of
micropollutants, such as dyes, pharmaceuticals and pesticides under both UV and
visible light. [8,12—14] Indeed, combining TiO, with graphene oxide or reduced
graphene oxide presents several advantages. It can lower the band gap energy of
TiO, from 3.2eV (UV light) to the visible range [8,15]. In addition, reduced
graphene oxide sheets can act as an electron acceptor, thus retarding the
recombination of electron-hole pair via interfacial bonding [16]. Furthermore,
graphene oxide has the ability to adsorb pollutants, and hold them close to the TiO,
photocatalytic centers [17]. Last but not least, graphene oxide can be synthetized
using natural graphite by easy and cheap methods [8].

Once proven, the high photocatalytic activity of novel TiO,-graphene oxide
nanocomposite materials has had many studies dedicated to their optimization.
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Generally, in-situ sol-gel synthesis of TiO, is emphasized to obtain good chemical
bonding between the oxide nanoparticles and graphene oxide planes. In addition,
hydrothermal curing and annealing processes, can result in the partial reduction of
the graphene oxide, in increasing the TiO, crystallinity, and in strengthening the
interface bonding between the two materials [18,19]. On the other hand,
solvothermal and chemical reduction of graphene oxide was reported to induce the
reduction of the graphene oxide sheets, which can anchor to the TiO, nanoparticles
with no adhesion. by using the specific chemical such as hydrazine and
hydroquinone [12]. All of these methods consume more energy and are chemically
hazardous, thus being of concern to the environmental effects. However, the most
important route is the sol-gel nucleation and growth, since it needs mild conditions
and simple set-up [20]. This method enables flexible functionalization with other
metal ions and molecules and the homogeny of dispersion, and also particle size
distribution of TiO, via controlling the rate of reaction [20]. In addition, the method
ensures the interface bonding by growing TiO, nanoparticles on graphene oxide
planes via the oxygen functional nucleation sites [21-23]. Moreover, controlling pH
brings about the the strong electrostatic interaction between the positive and
negative charges on the surface of graphene oxide and TiO, [20,24]. In addition, the
hydrolysis and hydrothermal methods are suitable for realizing TiO,-graphene oxide
synthesis, since they enable the interface bonding between graphene oxide and TiO,
and easy to control the reduction degree of the graphene oxide. Moreover, both
methods cause less contamination since the reaction occurs in water [19,25]. In
addition, the excessive loading of graphene oxide to TiO, could hinder the
photocatalytic reaction because graphene oxide absorbs more light and shields TiO,
nanoparticles from light excitation [16,26,27]. Furthermore, the photocatalytic
activity of TiO,-graphene oxide nanocomposites is a complicated phenomenon, as it
is influenced by many factors such as the morphology of both materials, the
interface bonding, the reduction of graphene oxide, the preparation method and the
conditions of the photocatalytic testing.

Hence, this thesis focuses on the impact of the incorporation of graphene oxide into
TiO, on chemical and physical behaviors of novel TiO,-graphene oxide based
photocatalytic materials in term of organic pollutant elimination from wastewater
treatment. TiO,-graphene oxide was synthesised via the simple sol-gel synthesis
with the environmental friendly chemicals and conditions. The hydrolysis and
hydrothermal reactions were conducted to produce the TiO,-graphene oxide nano-
composites. Stronger interaction can be created between the two materials by
performing the thermal treatments and the progressive reduction on graphene
oxides. The amount of graphene oxide loading (50 wt%) was used to study the
mutual effect of interface bonding on the morphology and the thermal behaviour of
the composites. In addition, the influence of graphene oxide loading and high
temperature treatment on the photocatalytic activity was studied by varying the
amount of graphene oxide loading from 0-1 wt%. Phenol was used as a pollutant
molecule to study removal of the pollutants under sun simulator. Most of the



photocatalytic characterizations were conducted with several dye solutions under
UV or UV-VIS light [28-30]. However, precaution has to be taken regarding
phenol, since it is a source of contamination in water, and it is harmful for human
and other organisms as mentioned before. The TiO, photocatalysts are effective for
reducing the fouling problem on graphene oxide membrane, and make the organic
substances degraded [31]. Therefore, the graphene oxide membrane bearing the
TiO, powder was systematically tested in this project. In addition, the separation of
the photocatalytic nanopowder from the wastewater treatment plant for recovery is
not easy [32], however, the TiO,-GO membranes could be potentially used to realize
such separation.

1.2. OBJECTIVES

This Ph.D. project aims to develop novel TiO,-graphene oxide nanocomposite
materials with outstanding photocatalytic activity for abatement of organic
compounds under solar light.

The specific objectives of this project are summarized as follows.

(1) To study the effect of chemical bonding in TiO,-graphene oxide
materials on morphology and thermal behavior.

2) To study how synthesis parameters can affect the morphology and
photocatalytic ~ activity of the final TiO,-graphene oxide
nanocomposites. High emphasis will be given to the study of TiO,-
graphene oxide interphase, since this interphase can highly affect the
photocatalytic activities of the nanocomposites

3) To investigate the possibility to apply the new materials in the
fabrication of photocatalytic membranes with self-cleaning ability.

1.3. THESIS CONTENT

Part of this research work is compiled into three papers. The thesis is thus a
combination of these manuscripts, and six chapters that describe additional findings
and give a more detailed picture of this PhD project.

The articles, which are listed here, can be found at the end of the thesis as Paper I, I
and III:

1. U. Naknikham, V. Boffa, G. Magnacca, A. Qiao, L. R. Jensen, Y.
Yue, 2017, “Mutual-stabilization in chemically bonded graphene
oxide-TiO, heterostructures synthesized by a sol-gel approach”, RSC
Advances, 7,41217-41227 (2016).
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U. Naknikham, G. Magnacca, A. Qiao, P.K. Kristensen, V. Boffa, Y.
Yue, “Phenol abatement by titanium dioxide photocatalysts: effect of
the graphene oxide loading” (under review).

U. Naknikham, G. Magnacca, A. Qiao, P.K. Kristensen, V. Boffa, Y.
Yue, “Phenol Abatement by GO-TiO, and rGO-TiO, Photocatalsts (to
be submitted).



CHAPTER 2.
THEORETICAL BACKGROUND

In the following chapter, graphene oxide structure, transport in graphene oxide
membranes, sol-gel synthesis of TiO, nanoparticles, functioning of TiO,-based and
Ti0,-graphene oxide photocatalysts, and synergistic effects in TiO,-graphene oxide
photocatalytic membranes are basically explained including the preparation methods
and the characterizations.

2.1. GRAPHENE OXIDE STRUCTURE AND PROPERTIES

Graphene is the youngest carbon material, since it was discovered in 2004.
Graphene is a two dimension (2D) single-layer of hexagonal carbon framework with
one atomic thickness [33—-36]. A single layer graphene can be shaped into various
forms: e.g. by wrapping into 0D buckyball (fullerenes), rolling into 1D nanotubes,
and stacked into 3D graphite as shown in Figure 2-1 [35]. Although, these materials
originate from carbon atoms arranged into a honeycomb network, their properties
are different.

Graphene

Buckyballs Nanotubes Graphite

Figure 2-1 Carbon family materials; graphene oxide, fullerenes, nanotubes and graphite. The
figure is reproduced with permission from Springer Nature [35].

The rise of graphene has unlocked new exciting directions in a broad area of
research, because when compared with traditional materials, it exhibits superior



MULTIFUNCTIONAL TITANIUM DIOXIDE-GRAPHENE OXIDE MATERIALS FOR WATER PURIFICATION

physical and chemical properties. For example, graphene has a high specific surface
area (theoretically 2,630 m*/g for single-layer graphene), zero band gap energy, high
electron mobility, high electrical and thermal conductivity, and chemical stability
[34,36,37]. However, large-scale production and processing remain a challenge for
graphene. On the contrary, graphene oxide can be easily derived from natural
graphite by chemical oxidation and exfoliation in water or in organic solvents.
During this process, the stacking structure of graphite turns into a dispersion of
graphene oxide monolayers, as shown in Figure 2-2. Graphene oxide structure
consists of a carbon sheet decorated with various types of functional groups,
including phenol, hydroxyl and epoxide on the basal plane and carboxyl group at the
edges. The presence of oxygen functional groups on graphene oxide sheets results in
strong hydrophilic properties, which make this material easy to disperse in water and
to be functionalized [34]. In addition, graphene oxide can be partially reduced to
graphene-like structures (reduced graphene oxide) by thermal or chemical treatments
[38-40] .

a) OH €00
OH coo
-0oc “

s pogr P no 9 o
ooc OH oo coo

OH
Graphite Graphite Graphene
Powder Oxide Oxide

b)

Graphene Graphene oxide Reduced Graphene oxide

Figure 2-2 a) Schematic of graphene oxide preparation and b) lattice structure of graphene,
graphene oxide and reduced graphene oxide based on reference [41] and [42], respectively.

For these reasons, graphene oxide and graphene oxide-based materials are applied in
many fields [36,37];

e Environmental applications [18]: water and air filtration, membrane,
desalination, adsorbent, capacitive deionization, antimicrobial, electrodes
for environmental sensing.



e Energy applications: energy conversion and storage, solar cell,
optoelectronic and sensing applications, fuel cells, photovoltaic devices.

e Medical applications [41,43]; injectable cellular labeling agents, drug
delivery systems, and scaffold reinforcements.

e  Other fields: anti-friction and lubricity, coatings and flame retarder, filler
[44].

In this study, graphene oxide powder was synthesized via a modified Hummers
method [45] and natural graphite powder was used as starting material. A detailed
description of the synthesis procedure for the preparation of the graphene oxide
dispersions used in this work is reported in Paper 1. After synthesis, graphene oxide
was freeze-dried, obtaining a powder that was readily dispersible in water. In this
thesis, this product hereafter will be called GO.

2.1.1. MICROSTRUCTURE OF GRAPHENE OXIDE

The microstructure of GO was investigated by scanning electron microscope, SEM
(Zeiss, 1540 XB). Figure 2-3 shows the typical open sponge-like structure of freeze-
dried GO [37,46].

Figure 2-3 SEM images of the sponge like structure of freeze-dried GO at two different
magnifications (a and b). The micrograph b) is reproduced from Paper I with permission
from the Royal Society of Chemistry.

X-rays diffraction (XRD) (PANanalytical Empyrean Diffractometer) was used to
confirm that all the starting graphite was converted to GO during synthesis (Figures
2-4). The position of starting GO peak is observed at 26 = 10.46° corresponding to a
distance of 8.45 A between GO monolayers, while the characteristic peak of
graphite is centered at 26 =26.46°, corresponding to a d-space of 3.72 A. GO has a
wider interlayer distance, because it consists of highly oxidized carbon sheets,
whose stacking is not as efficient as for the graphene sheets in graphite. In addition,
the highly ordered structure of the graphite compared to GO results in a different
thickness of stacked domains, which was estimated to be 45 nm and 33 nm, for
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graphite and GO, respectively. This distance was calculated with the Scherrer
equation [47] (equation 2-1):
BA

d= 2—-1
wcosl

where A is the X-ray wavelength, 1.5406 A (CuKa), @ is the full width at half
maximum intensity (FWHM) of the peak, 8 is the diffraction angle, and the shape
factor (f) in the case of graphite-like structure is 1.84 [48].
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Figure 2-4 XRD patterns of GO and graphite. The Figure reproduced from Paper [ with
permission from the Royal Society of Chemistry.

2.1.2. CHEMICAL PROPERTIES OF GRAPHENE OXIDE

As mentioned earlier, graphene oxide is synthesized by the oxidation of natural
graphite. As a results of this oxidation, the graphene oxide sheets are decorated with
different types of oxygen functional groups: carboxyl (-COOH), hydroxyl (-OH),
carbonyl (C=0) and epoxy (-C-O-C-) [9,18]. Therefore, spectroscopy techniques
such as Flourier Transform Infrared spectroscopy (FT-IR), Raman spectroscopy and
X-ray photoelectron spectroscopy (XPS) were used for studying the chemical
structure of graphene oxide.

Figure 2-5a shows the FT-IR spectrum of our GO powder. The signal of the
aromatic skeleton is centered at 856 cm™ [49,50]. Nevertheless, in this spectrum we
can see also several peaks, which are typical of the oxygen functions in GO. Those
peaks include the stretching of carbonyl (C=0) at 1731 c¢m™', the -OH bending of
GO hydroxyl and water at 1618 cm™, the carboxyl (C-O-H) at 1384 cm™, the signal
of the epoxy groups at 1224 cm™, and the -OH stretching of phenol groups at 1170
cm’. Moreover, the material is highly hydrophilic and we can observe the broad
peak of water —OH stretching at around 3200-3400 cm™.
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Figure 2-5 a) FT-IR spectrum of GO and b) RAMAN spectra of graphite (top), GO (middle)
and reduced GO (rGO, bottom) [39].

Raman is a spectroscopic technique largely used for studying the structures of
carbon materials. The typical Raman spectra of graphite, graphene oxide and
reduced graphene oxide are shown in Figure 2-5b. The Raman shift of graphite
shows only G peak at 158lcm™ which indicated well-ordered graphite. While,
graphene oxide shows 2 main peaks at 1363 and 1594 cm™, which correspond to the
D and G bands, respectively. The G band relates to sp® carbon band [39] while D
band indicates sp’ carbon band. The G and D bands are also present in the spectrum
of the reduced graphene oxide. However, the reduction of graphene oxide can be
revealed by an increase of the intensity ratio between G and D band (Ip/Ig) [S1].

XPS was used to study the chemical composition and chemical bonding of pure GO
and of the nanocomposite materials. The Cls and Ols XPS spectra of GO are shown
in Figure 2-6.
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Figure 2-6 XPS spectra of GO a) Cls and b) Ols. The dotted black line presents the
measured spectra and grey peaks present the component peaks of the fitted spectra (red).

In both cases, the deconvolution technique is used for analyzing the peak
components. The Cls spectrum in Figure 2-6a is deconvoluted into 3 peaks with
characteristic binding energies, which correspond to the aromatic carbon (sp’) at
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2843 eV ,C-O at 286.5 eV and C=0O (or O-C=0) at 287.7 eV [52]. The
deconvolution of Ols spectrum in Figure 2-6b shows peaks at binding energy of
530.9, 532.5 and 533.9 eV that represent C=0, C-O and O-H, respectively [53].

2.1.3. THERMAL PROPERTIES OF GRAPHENE OXIDE

After synthesis, graphene oxide is a metastable material that can slowly be reduced
to graphene like-structure even at room temperature [54]. Therefore, its thermal
stability must be considered. The thermal stability of graphene oxide is here studied
by the means of differential scanning calorimetry and thermogravimetry, in the
temperature range between 50 and 800°C under argon atmosphere. The plot of the
heat flow (DSC) and weight loss (TG) as a function of the temperature for GO is
shown in Figure 2-7a. The mass loss curve of GO presents in 3 main steps. The first
one, ranging from room temperature to 150°C, is due to the evaporation of
physisorbed water. The second step is the degradation of functional groups between
150-350°C. During this step, water is released from dehydration reactions, and CO
or CO, from decarbonation reactions [55]. The last decomposition that takes place
above 350°C is due to the degradation of the carbon skeleton [55,56] and of the
residual oxygen functional groups [57]. These processes are confirmed by the DSC
curve, where we can observe the endothermic evaporation of water below 150°C
and an exothermic peak with maximum at 187°C, which corresponds to the GO
thermal reduction [58].

2 110 b
a) )
1 100 GR
o —_
E o 90 5
s 8 G0-200
E 4 80 = >
Q =
g 8 2 /\
2 -2 exo 70 2 § GO-175|
5 3] } leo = =
I GO-100
-4 50
51— . . , , , , 40 GO
100 200 300 400 500 600 700 800 10 20 30 40 50 60
Temperature (°C) 20

Figure 2-7 a) Thermal analysis of pure GO and b) XRD patterns of graphite (GR), GO and
GO treated from 100-200°C for 4 hours (the sample names are GO followed by the treatment
temperature e.g.GO-100 is GO is treated at 100°C). Figure b) is taken from Paper II1.

According to the results from thermal analysis, GO was treated at different
temperatures from 100-200°C for studying the reduction stages by XRD analysis.
The patterns of graphite, graphene oxide and thermal treated GO are shown in
Figure 2-7b. The graphite peak is at 20 = 26.44 corresponding to d-spacing at 3.72
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A. Meanwhile, the main peak of GO appears at 20 = 10.46 referring to d-spacing =
8.27A, as discussed above [59]. After hydrothermal treatment, the peak of GO
moves towards higher angles: from 26 = 10.7° to 20 = 23.9° (for materials treated at
100 and 200°C, respectively). In addition, this peak becomes broaden after
increasing the treatment temperature up to 175°C. This is a consequence of the fact
that the partial chemical reduction of GO causes a re-stacking of the carbon sheets in
thin ribbons, which can form irregular or cyclic structures, as discussed in paper III.
Above 175°C, the XRD peak becomes narrow again, meaning that the reduced GO
is converted to a more ordered (graphite-like) state.

2.2. TRANSPORT IN GRAPHENE OXIDE MEMBRANES

Recently, a large number of nanomaterials such as titanium dioxide, surfactant-
templated silica, zeolite, graphene, MOFs (metal organic framework), LDHs
(layered double hydroxide), layered silicates, etc. have been applied for the
fabrication of artificial membranes for water purification [60]. Among these
materials, graphene and its derivatives have very distinct properties, such as
flexibility, mechanical strength [61], low cost, and they are amenable to scale up
[60,62].

There are two kinds of graphene-based membrane; I) nanoporous graphene
membranes and II) stacked graphene oxide membranes. Although, nanoporous
graphene membranes show outstanding water permeability and high rejection
towards a large variety of organic molecules and metallic ions, their fabrication on a
large scale remains a problem. On the other hand, the permeability of stacked
graphene oxide membrane is similar to that of the porous graphene membranes but
their fabrication is much easier, and can be attained with simple processes, such as
vacuum filtration or blade coating [18]. Indeed, graphene oxide can form highly
stable dispersions in water without agglomeration due to the mutual repulsion of the
negative charge functional groups [60]. For instance, controlling the volume or the
concentration of graphene oxide suspensions; Lui, H. et al. [63] were able to
fabricate free standing graphene oxide membranes with controlled thickness
between 20 and 200 nm by the filtration method. Nair, R. R. ef al. [64] fabricated
free standing graphene oxide films with thickness of 1 um (Figure 2-8a and 2-8b),
and demonstrated that only water vapor passes through these films, while hexane,
ethanol and even helium are blocked (Figure 2-8c and 2-8d). On the other hand,
water vapor cannot permeate through reduced graphene oxide.

Transport thought graphene oxide membranes is rather complex (Figure 2-8e). It
includes the contribution of wrinkles and nanopores, but it is mainly due to the
interspacing between graphene oxide sheets. In a consolidate membranes, graphene
oxide sheets piles in a parallel manner, forming 3-5 A empty interspacing
(nanocapillaries) between non-oxidized regions (graphene domains). It has been
proposed that these nanocapollaries can host a monolayer of water molecules, which
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can permeate through the membranes at an exceptional rate [64]. However, Wei, N.
et al [65] argue that this fast water transport through pristine graphene channels is in
fact prohibited by interaction of water molecules with the lateral oxide regions.
Moreover, water molecules can form H-bond with the oxide functions. As a
consequence, the interlayer space (d) can increase from 7 to above 10 A [18], thus
changing both the permeability and the selectivity of the graphene oxide membrane
[60,66—69].
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Figure 2-8 a) The photo of free standing graphene oxide with Ium thickness, b) the SEM
photo of thin film cross section, c) the weight loss from the container covered with/without
graphene oxide film and reduced graphene oxide of the target molecule in the period of time,
d) the permeably of various gases, water and alcohols vapors, and e) the schematic of water
transportation pass the inter layer of graphene oxide. The figures are reproduced with the
permission from the Advancement of Science [64].

2.3. SOL-GEL SYNTHESIS OF TITANIUM DIOXIDE
NANOPARTICLES

Since TiO, was discovered in 1795 and brought to commercial production in the
1920s, it has been used for broad range of applications, such as a pigment and
opaque agent in paints, as additive for plastics, paper, textiles, inks, cosmetic, and in
corrosion-resistant coatings [70], due to its low cost, non-toxicity and high chemical
stability [71] .

TiO; is a polymorphic material, having three main crystal structures (Figure 2-9a)
that are tetragonal for anatase and rutile, and orthorhombic for brookite. In general,
anatase and rutile are found in nature. On the contrary, brookite is obtained by
chemical synthesis. The XRD diffractograms in Figure 2-9b show the fingerprints of
tree crystal structures of TiO,.
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Figure 2-9 a) crystal structures of TiO, polymorphs [72] and b) XRD patterns of (a) anatase,
(b) rutile and (c) brookite [70,73].

The synthesis of TiO,, especially in the form of micro- and nano-particles, can be
performed via various chemical routes such as hydrolysis, sol-gel, micro-emulsion,
solvo/hydrothermal, chemical wvapor deposition, electrodeposition techniques
[74,75]. Among those methods, sol-gel synthesis is the most worth and widely used
technique for the synthesis of TiO, nanoparticles, because it is simple and can be
done at ambient temperature and pressure, and does not require a complex set-up. In
addition, the synthesis reaction can be controlled easily by limiting the water in the
reaction mixture (i.e. by controlling the hydrolysis reaction rate), and by controlling
the TiO, precursor concentration, pH and temperature. Therefore, this method
provides high reproducibility, and makes possible to obtain narrow particle size
distribution, and to control the crystal phase, allowing the synthesis of both single
and mixed phases. Moreover the sol-gel method permits to obtain highly pure
materials, to avoid contamination, and is flexible for doping with other ions [76].

In general, sol-gel synthesis of TiO, can be performed via two routes, as the TiO,
precursor can be an alkoxide (e.g. titanium (IV) isopropoxide) in alcohol or an
inorganic compound (e.g. TiCl,) added to water. After hydrolysis and condensation
reactions of the titanium precursor, a colloidal suspension (sol) is formed. Then,
drying and heat treatment are conducted to obtain TiO, materials with designed
properties [77,78]. The titanium alkoxide precursors are still costly for being used in
the commercial production of TiO, [70]. Moreover, the synthesis process needs the
special set-up, due to their sensitivity to moisture and the organic solvents [79,80].
Meanwhile, the aqueous route of TiCly is widely used for TiO, commercial
production [70], since it is easier and less expensive than the alkoxide route [81],
and allows to obtain target phases [82]. For instance, pure rutile can be synthesized
by adjusting the molar ratio of TiCl,, ethanol and water at 50°C [82]. Zheng, W. et
al. [83] prepared mixed anatase-rutile nanoparticle by hydrolysis of TiCly in
hydrochloric acid in the presence of 1-ethyl-3-methyl-imidazolium bromide. When
the hydrolysis of TiCly is performed in basic environment (pH 8), the anatase phase
can be obtained [79].

13



MULTIFUNCTIONAL TITANIUM DIOXIDE-GRAPHENE OXIDE MATERIALS FOR WATER PURIFICATION

In this study, TiO, nanoparticles were obtained by the sol-gel synthesis, using TiCly
as ceramic precursor. During synthesis, the pH of suspension was maintained at 6 by
adding NH,OH to facilitate the interaction with GO sheets during the synthesis of
composites. The details of the syntheses are written in Paper I and Paper III. The
syntheses were conducted by stirring the suspension in a flask (TD materials) at
60°C and 100°C, or under hydrothermal conditions (TS materials) from 100°C to
200°C. The morphology of some of the TiO, nanoparticles synthesized in this PhD
project is shown in Figure 2-10, where the samples are named according to their
synthesis method and temperature.

High resolution TEM images of pure TiO, synthesized at 100°C in the stirred flask
using the static hydrolysis method (TD-100 and TS-100, respectively) show highly
agglomerated polyhedral crystals with size of 5-10 nm (Figures 2-10a and 2-10b).
Moreover, the crystals in both figures present lattice spacing of 0.35 nm, which can
be related to the (101) plane of the anatase phase [84]. Unfortunately, it is not
possible to exclude brookite, since it has similar lattice distance (0.346 nm) for the
plane (111) [41]. Therefore, the finger prints of anatase (A) and brookite (B) were
checked in the XRD diffractograms of these powders, which are presented in Figure
2-10c, together with those of samples synthetized at other temperatures. When we
exclude the sample prepared at 60°C, namely TD-60, which is largely amorphous,
all the other samples consist mainly of anatase crystals (A), which are mixed with
brookite (B). The main peak of TiO, (260= 25.2°) is used to determine the size of the
anatase crystallites by the Sherrer equation in equation 2-1 (the shape factor (f) is
0.84), while the weight fraction of the anatase phase is calculated as explained in
Paper I. Hence, crystallite size and anatase fraction are plotted vs synthesis
temperature in Figure 2-10d. TiO, samples prepared at 100°C have an average
crystallite size of about 8 nm and anatase fraction of nearly 80%, regardless of the
preparation method. In addition, anatase crystal size and weight fraction increase
with temperature. Moreover, brookite is still maintained in all of temperature. The
formation of mixed phase anatase — brookite has been already reported [75,85]. For
instance, Mutuma, B. K. et al. [75] found that the anatase-brookite ratio is controlled
by the pH of the synthesis mixture, and the amount of anatase and eventually rutile
increase with the calcination temperature. In addition, the brookite phase is still
present after the calcination temperature up to 200°C. Hu, Y ef al. [86] reported
similar results: the fraction of brookite increases when synthesis pH decreases.
Moreover, urea and citric acid can be used to control the anatase weight ratio
[84,85].
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Figure 2-10 HR-TEM pictures of a) TD-100 and b) TS-100. ¢) The XRD patterns of pure TiO,
powders prepared at different temperatures (A and B represent to anatase (PDF 01-121-
1272) and brookite (01-029-1360) characteristic peaks, respectively). d) The crystal size and
weight fraction of anatase were calculated by Scherrer’s equation.

2.4. FUNCTIONING OF TIO,-BASED AND TIO,-GRAPHENE
OXIDE PHOTOCATALYSTS

The widespread interest in photocatalysis started when Fujishima and Honda found
that TiO, can split water under sunlight in 1972 [70]. Since then, TiO, has been the
most commonly used photocatalytic materials in many applications, such as water
treatment, self-cleaning material and air purification technologies. In addition, the
semiconductor properties of TiO, for its application in advanced technologies, such
as rechargeable batteries, super capacitors and sensor devices [70], dye-sensitized
solar cells and biomedical applications [74]. However, most of the recent
publications on TiO, still concern the abatement of organic pollutants like dyes [70],
pesticide [11], phenols and other aromatic compounds [87].

Ti0O, is a semiconductor material with a band gap of around 3.0-3.2 eV, depending
on the crystalline phase [11,70]. Therefore, it can be activated as photocatalyst by
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UV light. For instance, anatase has band gap energy (BG) of 3.2 eV and therefore a
light with wavelength smaller than 387 nm (UV light) is required for exciting an
electron from conduction band (CB) to valence band (VB) [11], as shown in Figure
2-11. After the electron-hole pairs migrates to TiO, surface, various redox reactions
can occur, for instance i) the oxidation of H,O by an hole (h") to form hydroxyl
radicals (OH") and ii) the reduction of O, to obtain superoxide radical anions (O,").
Both OH" and O," are powerful radical species, which can oxidize organic
compounds, eventually yielding CO, and H,O [11,71].

Organic compounds

0,+e- —0,"

H,0+h* — OH* + H*

€O, +H,0

Figure 2-11 Schematic of TiO, photocatalytic reaction under UV light based on reference
[11,71].

Compared to rutile phase, anatase suits for photocatalytic applications because it has
higher surface area and photodegradation activity and stability [10]. It was explained
that rutile exhibits higher rate of electron-hole pairs recombination. In addition,
rutile is the thermally stable phase, thus it pronounces to bigger size and lower
surface area that is the important role in photocatalytic reaction [84,88,89].
Moreover, anatase also has advantages over brookite, e.g., it is easy to be
synthesized [10]. However, anatase has excellent photoreaction ability only under
UV range due to the wide energy band gap and shows fast recombination rate of
electron-hole pairs. Both factors limit its spectrum of applications. Above all,
anatase TiO, has a scarce activity under sunlight, which consists of about 45% of
visible radiation, and only 2-5% of UV light [10]. Therefore, various modifications
have been proposed for TiO, materials to enhance their photocatalytic activity under
the visible light and for retarding the recombination rate of electron-hole pairs [§].

TiO, materials have been modified for narrowing the band gap by doping with
others metals (Cu, Ag, Fe, V), non-metal atoms (N, C, O), by combining with others
semiconductors (ZnO, CdS, Bi,0;) [10,11] and by developing TiO, mixed phases
(anatase-rutile, anatase-brookite system) [75,84]. Such modification includes the use
of carbon materials: fullerenes, carbon nanotube and graphene [8]. However,
graphene-TiO, semiconductors have high potential to be the photocatalytic materials
for the future, since graphene possesses high electron mobility, large surface area
and flexibility for functionalization [8,12]. Hence, graphene derivatives can enhance
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the photodegradation performances of TiO, photocatalyst systems in several ways:
(i) by adsorbing the pollutants and holding them close to the TiO, photocatalyst
surface [17]; (ii) by retarding the electron-hole recombination as the separated
charge is transferred from the TiO, surface to the graphene plane via interface
bonding; (iii) by extending the absorption range to visible light, due to narrowing of
band gap energy, as a result of the formation of Ti-O-C or Ti-C at the interface
[8,12,90,91]. Figure 2-12 shows the photocatalytic reaction of TiO,-graphene
composite materials under visible light.

Organic —> €0, +H,0
compounds

Figure 2-12 Schematic of TiO,-graphene photocatalytic reaction based on reference
[8,12,92].

2.5. SYNERGISTIC EFFECTS IN TIO,-GRAPHENE OXIDE
PHOTOCATALYTIC MEMBRANES

As mention in paragraph 2.2, graphene oxide multilayer membranes are attracting
attention to fabricate devices for water filtration and purification. However, fouling
(i.e. the membrane get dirty during filtration) is still a problem for graphene oxide-
based membranes and for membrane technology in general, because it limits the
efficiency of the filtration process and it makes necessary frequent cleaning cycles
[93,94]. Moreover, organic pollutants can accumulate on the membrane surface
(concentration polarization) at the detriment of both membrane selectivity and
permeability [95]. Hence, functionalization of graphene oxide membranes with
photocatalytic materials could solve those problems [93]. We can imagine that
integration of TiO, nanoparticles in graphene oxide membrane can produce the same
synergistic effects that are described above for the photocatalytic particles. As the
photocatalytic material, TiO, gives the self-cleaning effect avoiding the fouling
problem, meanwhile the organic molecules are degraded on top of the membrane,
when its surface is exposed to UV or visible light [32]. In addition, water
permeability increases since intercalation of TiO, particle between graphene oxide
planes can create a more open structure than in pristine graphene oxide membrane
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[38,94]. The model of a TiO,-graphene oxide photocatalytic membrane can be seen
in Figure 2-13.
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Figure 2-13 Schematic of a) graphene oxide membrane and b) TiOjr-graphene oxide
membrane based on reference [16 and 71].

Zhu, C. et al. [93] insert 50 nm TiO, particles into graphene oxide membranes and
found that the average space between graphene oxide plans was increased. Their
experiments showed that under UV-light the graphene oxide/TiO, membrane can
obtain 92% methylene blue degradation and after fouling the water flux
recoverability was 96%. Moreover, a commercial polymeric membrane has been
modified with graphene oxide-TiO, thin film obtaining 22.4 L m~h" water flux at
0.4 MPa and 98.8% NaSO, rejection. Also, graphene oxide-TiO, multilayers films
supported on polymer membranes improved the antifouling property of dye
solutions such reactive red 48, reactive back 5 [96]. The coating of a ~ 65 pum
graphene oxide-TiO, layer over commercial ultrafiltration membranes allowed to
achieve higher water flux than traditional nanofiltration and reverse osmosis
membranes, and to remove diphenhydramine (pharmaceutical compounds) and
methyl orange under near-UV/Vis light [97].
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CHAPTER 3.

SYNTHESIS AND STRUCTUREAL
CHARACTERIZATION OF ENHANCED
TIO,-GO STRUCTURES

The influence of the synthesis methods and conditions on the morphology and
chemical properties of TiO,-GO photocatalyst is discussed. In this chapter, the GO
loading and the heat treatment are compared and discussed in term of morphology,
chemical and thermal properties.

3.1. SYNTHESIS OF TiO,-GO

Over the past years, the synthesis of TiO,-graphene oxide composites by both
physical mixing and chemical reaction routes has been investigated with the aim to
obtain excellent photocatalytic property. Comparing with the mixing process, the
chemical reaction gives stronger interaction between TiO, and graphene oxide. Via
the chemical reaction route, the moiety functional groups on graphene oxide act as
nucleation sites for the growth of TiO, nanocrystals [21-23]. Methods involving the
in-situ nucleation and growth allow obtaining interface bonding between the two
materials. In addition, by controlling pH of the reaction medium, it is possible to
realize strong electrostatic interaction between the positive charge surface of TiO,
particles and the negative charge surface on graphene oxide sheets [20,24]. In
general, appropriate pH is around 4-7 [23,24]. In addition, post-synthesis thermal
treatments promote formation Ti-O-C and/or Ti-C interface bonding, increase TiO,
crystallinity, and cause the partial reduction of graphene oxide [18,19]. The benefit
of these structural feature characteristics is an improved electrons transfer via
interface bonding from TiO, to graphene and therefore an enhanced photocatalytic
activity [2,16]. Moreover, the synergistic interaction of TiO, and graphene oxide can
narrow the ban gap of the photocatalyts, resulting in a better exploitation of the solar
light [8,15]. Furthermore, the ratio of graphene oxide and TiO, can strongly
influence the photocatalytic activity, since high amount of graphene oxide can shield
TiO, photocatalytic particle from light excitation, thus decreasing their
photocatalytic activity [16,26,27].

As mentioned in Chapter 2 above, in this thesis the sol-gel method was used for
Ti0,-GO synthesis. In addition, the pH is controlled at pH 6 due the electrostatic
interaction. A TiCly solution was added to a GO suspension in an ice bath (~2+1°C)
and stirred to obtain a cold homogenous dispersion. After removing the ice bath,
NH4OH was added to the suspension to reach pH 6, thus promoting electrostatic
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interaction between the two materials. The suspension was then heated for 4 hours
up to 100 °C in a stirred flask (dynamic method, TD and GTD samples) or
hydrothermally treated between 100 and 200°C in static tank (static method, TS and
GTS samples). The TiO,-GO (GT) syntheses are discussed in Paper I and Paper III.
The synthesis strategy adopted in this thesis is showed in Figure 3-1.
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Figure 3-1 Schematic of TiO»-GO nanocomposites synthesis.

To study the effect of the incorporation of GO on the morphology and photocatalytic
properties of the TiO, nanoparticles, GO was loaded up to 50% (50GTD) in the
composites. The effect of the reaction time on the morphologies of GT composites
was observed by comparing samples prepared at 4 and 24 hours for 1wt% GO
loading. In addition, at this concentration of GO the effect of stirring during
synthesis (dynamic and static method) was also investigated. Herein, the GO-TiO,
nanocomposites are named GTD and GTS for the dynamic and hydrothermal (static)
synthesis methods, respectively. The number in front of those letter represent the
weight of GO (%), and the numbers after is the temperature of the synthesis.

3.2. TiO,-GO NANOMATERIALS

To understanding the effects of TiO,-GO interlinkage bond and GO structure
evolution during heat treatment, GO and TiO, were synthesized at the ratio 1:1
(50GTD) and hydrolysis from 60-100°C. The morphology and the thermal behavior
are presented in this part.

3.2.1. MORPHOLOGIES OF TIO,-GO NANOMATERIALS

The three micrographs in Figure 3-2 illustrate the microstructures of S0GTD-100.
The SEM image in Figure 3-2a exhibits packed TiO, nanoparticles with a few
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nanometer sizes, but unfortunately GO sheets cannot be observed from this picture.
On the contrary, the HR-TEM image (Figure 3-2b) reveals that GO sheets are partly
covered with agglomerated TiO, nanoparticles and can from thin GO nanoribbons
(red arrows). Figure 3-2¢ shows the characteristic structures of GO (red arrows) and
TiO, crystals (black arrows). The restacking of GO layer is a typical structure
because of the van der Waals interactions and hydrogen bonding [98]. In addition,
the TiO, anchoring over GO ribbons is clearly seen in the red circle.

Figure 3-2 The microstructure photos of 50GTD-100 are taken by a) SEM, b) and c) HRTEM
with low and high magnification, respectively. The red arrows point at GO, the black arrows
point at TiO, nanoparticles and the red circle is anchoring TiO; nanocrystal over GO. The
Figures reproduced from Paper I with the permission from the Royal Society of Chemistry.

Figure 3-3a shows the characteristic XRD peaks of both GO and TiO, in 50GT
composites synthetized at different temperatures and of a pure TiO, reference. It is
found that the GO peak in all of composites occurs at 26 = 11-12°, which is a higher
angle than for the starting GO (20 = 10.46). The typical peak of GO allows to
calculate the interlayer distance and domain (ribbon) thickness of GO through the
Bragg law and the Scherrer equation, respectively. The results of these calculations
are shown in Figure 3-3b. The staring GO has d-space of 8.45 A and average
thickness of the GO ribbons is 24 nm. During synthesis, GO is exposed to heat and
its functional groups can interact with the forming TiO, clusters. Under this
conditions, even if the temperature of the reaction mixture does not exceed 100°C,
GO can undergo partial reduction. As a consequence , we can observe a small
decrease of the d-space distance, which is ~ 8.1 A for all the samples except the one
synthetized at 100°C, for which is 7.36 A. The presence of the TiO, nanoparticles
and the partial reduction of GO caused also a less efficient stacking of the GO
layers, as it can be observed from the GO ribbon thickness measured by the Scherrer
equation [99].

The characteristic peaks of TiO, (Figure 3-3a) can be observed both in the
composites and pure TiO, reference. Higher is the synthesis temperature, higher the
crystallinity of TiO, in GTD composites (the anatase main peaks can be observed
only for powders synthetized > 70°C, and brookite arise in simple synthetized >
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80°C). The plot between crystal size and the weight fraction of anatase, and the
synthesis temperatures is in Figure 3-3c. The crystal size of anatase in the
composites increases with temperature reaching 6.4 nm for S0GTD-100, while the
pure TiO, reference, TD-100, has size of about 7.5 nm. This result shows that GO
limits the growth of TiO, crystal. In addition, the anatase fraction of TD-100 and
50GTD-100 is slightly above 70%.

5
b3

AB GO nanoribbons TiOz nanoparticles
b) 250 c) e
90 4 e .
(e

v

200
ﬂ B A AB 4

TD-100
O oo,

R
50

50GTD-80

80+
#- T4 reference g
@ 506T -~ u

(y) ssewyoiy uoqary
z »
s
(=) ¥M ‘uonoely ssejeuy

&
=

70

)

@
g2, 8

Anatase crystallite size (A)

a0+ o

Interlayer distance (A)

10 20 30 40 50 60 70 60 70 80 20 100 40 50 60 70 80 90 100
20 Synthesis Temperature (-C) Synthesis Temperature (-C)

Figure 3-3 a) XRD patterns of 50GTD composites and TD prepared at 60-100°C for 4 hours;
G represents the characteristic graphene oxide peak, A and B stand for anatase and brookite
peaks, respectively. b) Plot of GO interlayer distance and domain (ribbon) thickness in GT
composites as a function of the temperature. c) Crystal size and fraction of anatase as a
function of the synthesis temperatures. The Figures are reproduced from Paper I with the
permission from the Royal Society of Chemistry.

3.2.2. FUNCTIONAL GROUPS OF TIO,-GO NANOMATERIALS

The chemical evolution of GO functional groups during synthesis and the interface
bonding between TiO, and GO are discussed in this paragraph. The FT-IR analysis
(Figure 3-4a) of pure TiO, shows a well pronounced peak below 800 cm™, which
corresponds to the Ti-O-Ti vibration, and 2 small peaks, which can be assigned to
Ti-O stretching and O-H vibration at 1385 and 1630 cm™, respectively [100]. The
starting GO presents the complex system of peaks, which is described in section
2.1.2. The spectrum of the mixed 50GTD-100 sample shows the peaks
corresponding to its component TD-100 and GO. However, the peaks in the interval
855-1731 cm™ have the lower intensity than those in the spectrum of the pure GO
sample. This can arise from the lower GO concentration and from the partial
reduction of GO during synthesis. In addition, the broaden peak at around 400-750
em™ indicates the presence of both Ti-O-Ti and Ti-O-C bonds. Indeed, it was
explained that functional groups on GO and hydroxyl group of TiO, can form the
Ti-O-C bonding by condensation [101].

Figure 3-4b shows the binding energy of the Cls electrons in GO and 50GTD-100.

As explained above (paragraph 2.1.2), the curve of GO, can be deconvoluted in three
main peaks corresponding to aromatic C, C-O and O-C=0 groups at 284.6, 286.5
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and 287.7 eV, respectively. In 50GT-100, these three peaks are centered the same
position of pure GO, but their relative areas change. Partial reduction on GO in the
composite is studied by calculating the area ratio between the oxidizing carbon and
the reduced carbon atoms: Ac.o/Ac.c and Ag.c-o/Ac.c [100]. It is found that for GO,
the Ac.o/Ac.c and Ap.c—o/Ac.c are 1.34 and 0.41 eV, respectively. On the contrary,
50GTD-100 has Ac.o/Ac.c = 0.65 and Ag.c—o/Ac.c = 0.26. Therefore, the area ratios
of the oxidized peaks decline of about 50% comparing with starting GO. This
suggests that nearly half of the functional moieties of GO is removed after in-situ
nucleation and growth of TiO, at 100°C. The deconvolution of the Ols peaks is
reported in Figure 3-4c. The pure TiO, sample, TD-100, presents two peaks at 529.8
eV (Ti-O-Ti) and 530.5 eV (Ti-OH) [102]. The GO curve can be deconvoluted into
three sub-peaks, as discussed in Paragraph 2.1.2. Meanwhile, S0GT-100 shows the
characteristic peaks of the two materials [103].
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Figure 3-4 a) FTIR transmittance spectra and XPS spectra of b) Cls and c¢) Ols of GO,
50GTD-100 and TD-100. The XPS results (dotted black line) are fitted with the component
peaks (grey area) resulting the fit spectra (red).

3.2.3. THERMAL PROPERTIES OF TIO,-GO NANOMATERIALS

DSC analysis was conducted to study the thermal transition behavior of GO, TiO,
and 50TGD composites. The DSC curves of the nanomaterials are shown in Figure
3-5a. Regarding the pure GO curve, the exothermic peak caused by the
decomposition of its functional groups has onset at 149°C (Tgo,onser) @and mimium at
187°C (TGosmin)- All of the composites have the same characteristic peak GO, but
both Tgo,onset (0Over 180°C) and Tgo,min (0ver 190°C) occur at higher temperatures.
This suggests that TiO, nanoparticles have a strong interaction with GO and can
retard the degradation of GO functional groups. Figure 3-5b shows the difference in
onset temperature (ATgo onset) between composites and the starting GO as a function
of the synthesis temperature. ATgo onset decreases when the temperature of synthesis
increases. This can be explained by considering that TiO, nanoparticles prepared at
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low temperatures are highly amorphous and have small size, thus they are more
reactive and have high specific surface area to interact with GO [97].

The phase transitions of TiO, can be observed in Figure 3-5c¢, as detected by DSC.
The TiO, prepared at 60°C is transformed from amorphous to anatase and anatase to
rutile at 470°C and 570°C, respectively [104]; whereas TiO, synthetized at 100°C
shows only the anatase-to-rutile transition (570°C). The GTD-60 is similar to TD-60
but the transformation shifted higher around 10°C. Indicating that GO has still some
interaction with the oxide material, even after been exposed at high temperature and
therefore reduced. The GTD composites synthesized from 70-100°C show a small
peak of the anatase to rutile phase transformation at 570°C.

aj—— 00 | s0-| b) L 500m )
Poase 060 3 TD-100
s ———————)
wl o \\ 50GTD-100
50GTD-100 24
Er\fm . —s— |3 50GTD-80
H : . e ] W
N pethio) g 40 T e 506TD-70
g. L 50GTD-70 '} \J\\/_A'
z 5 a ° g
] . 507D-60 g ¥ 2 o] 50GTD-60
- p = -
3 < - TD-60
z 20 £
g [<ls]
10| 2
exo
- - - - - T ; T T ; T
* 60 70 80 90 100 400 450 500 550 600 650

200 400 600 Teymiosis (°C)

0y
Temperature (°C) Temperature(°C)

Figure 3-5 a) DSC curves of GO, pure TiO, (TD-60 and TD-100 and 50 GTD composites
synthesized from 60-100°C. b) The different of the on-set reduction temperatures (4TG0, onser)
between the 50GTD composites and GO with the temperature of hydrolysis synthesized. c)
The DSC curves from 400°C to 650°C of TiO; transition temperature for TD and 50GTD
synthesized in deferent temperature. The Figures reproduced from Paper [ with the
permission from the Royal Society of Chemistry.

3.3. SYNTHESIS OF TIO,-GO WITH ENHANCED BONDING

This section presents the morphology and chemical structure of the enhanced TiO,-
GO nanomaterials, since there are many factors influencing their properties. First of
all, the effect of the GO loading and reaction time on the structural order/disorder in
TiO,-GO heteromaterials is studied. Secondly, two types of preparation methods,
dynamic and static, are compared on the base of the morphology and the
functionalities of the materials. Lastly, the high temperature of static synthesis
(hydrothermal) is conducted to study the reduction of GO and the chemical interface
between GO and TiO,.
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3.3.1. MORPHOLOGIES OF TIO,-GO WITH ENHANCED BONDING

3.3.1.1 ORDER/DISORDER STRUCTURE

The Pure TiO, (TD-100) and 1GTD-100 microstructures are shown in Figure 3-6.
The TiO, nanoparticles of the two materials have similar aggregation, particle size
and shape, consistently with the low GO loading in 1GTD-100. Figure 3-6a and 3-6¢
show that both TD-100 and 1GTD-100 consist of agglomerated TiO, nanoparticles
with diameter of about 10 nm. In addition, the fringe pattern analysis of the high
magnification image of TD-100 (Figure 3-6b) reveals an interplane distance of 0.35
nm, corresponding to the (101) plane of anatase. Moreover, IGTD-100 shows the
presence of a single GO layer, on which TiO, nanoparticles are anchored (red Figure
2-6¢ and 2-6d). Contrary to the micrograph of the S0GTS-100 sample in Figure 3-b,
1GTD-100 has no nanoribbon structures. On the contrary, GO is present as isolated
wrinkled sheet. In this case, the very low GO loading caused GO sheet to be
covered/intercalated with TiO, particles and therefore prevented their stacking in
nanoribbons.

Figure 3-6 HR-TEM micrographs of TD-100 and 1GTD-100: low and high magnification in
the first and the second row, respectively. The red arrows point at GO and the red circle
indicate a TiO, nanocrystal anchored over GO. The Figures reproduced from Paper II.
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The XRD pattern of GO, TD-100, 1GTD-100, 1GTD-100(24), and 50GTD-100 is
plotted in Figure 3-7a). The sample 1GTD-100(24) was prepared under the same
condition of 1GTD-100, but let to react for 24 hours instead of 4 hours. 1GTD-100
and 1GTD-100(24) do not show the characteristic GO peak due to the low
concentration of GO [40,105]. TiO, in all samples consists of both anatase (A) and
brookite (B) phases. The anatase weight fraction is slightly higher than 70% in all
the samples. The FWHM of characteristic peak at 26 =25.2° is used for calculating
anatase crystallite size, resulting in 6.4, 6.6, 8.3 and 7.5 nm for 50GTD-100, 1GTD-
100, 1GTD-100(24) and TD-100, respectively. In addition, SAXS analysis (Figure
3-6b) reveals the size distribution of TiO, nanoparticles in TD-100 and TGD-100
composites. SAXS results shows slightly bigger values than those calculated from
Scherrer’s equation from XRD diffractogram. However, both of analysis techniques
shows the same trend and confirms that TiO, crystals have size smaller than 10 nm
diameter, both in pure titania and in GTD composites prepared at 100°C. Moreover,
both measurements indicate that the loading of GO in the GTD composites, results
in TiO, particle with a smaller size than those of the pure titania reference sample.
This can be explained considering that the oxygen functional groups on graphene
oxide act as nucleation sites for Ti*" and titania cluster growth during synthesis [21—
23]. Moreover, TiO, crystal size is not affected by the GO loading (1 and 50 wt%),
since the concentration of nucleation sites in S0GTD-100 is reduced from the GO
stacking nanoribbon structures. Moreover, as expected, the size of TiO, particles
increases with the synthesis time.
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Figure 3-7 a) XRD patterns of starting GO, TiO, and GTD composites with land 50 wt% GO
prepared with hydrolysis at 100°C for 4 hours (IGTD-100 and 50GTD-100, respectively),
and 1GTD-100 preparing at 24 hours (1GTD-100(24). b) Particle size distribution of TiO; in
TD and GTD composites was analyzed with SAXS technique. The dots indicate the Dv(R)
distribution functions and the lines correspond to the Log-normal distributions. The average
particle diameters, ds,ys, were calculated from the Dv(R) distribution functions. The Figure
b) is reproduced from Paper I with the permission from the Royal Society of Chemistry.
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3.3.1.2 PREPARATION METHODS AND RATIO OF GO: TIO,

The structural configuration of pure TiO, and GT composites with different
preparation methods (static and dynamic) is investigated by TEM. TS-100, Figure 3-
8a, consists of highly agglomerated of 10-12 nm large TiO, nanocrystal with
polyhedral shape. The study of the fringe patterns indicates the (101) plane of
anatase phase with 0.35 nm d-spacing. The (111) plane corresponding to brookite
patterns with the 0.346 nm d-spacing could not be excluded. In addition, TiO,
nanoparticles in both composites, namely 1GTS-100 and 1GTD-100 (Figure 3-8a —
3-8f), have morphology similar to TS-100 and TD-100. Due to the very low amount
of GO, GO monolayers are rarely observed in the TEM micrographs of the
composites, as clarified in 3.1.1. Fortunately, a GO monolayer is visible in the
micrographs of 1GTD-100, and it is indicated with red arrows in Figure 3-8e and 3-
8f.

¢) 1GTS-100

Figure 3-8 HRTEM figures of pure TiO, (TS-100) and 1GT composites prepared under static
(1GTS) and dynamic (IGTD) conditions were taken with low (first row) and high
magnification (second row), respectively. The red arrows point at a GO sheet and the red
circle indicates a TiO; nanocrystal over GO. Figures are taken from Paper II.

The phase compositions study of TiO, in TS-100 (synthesized TiO,) and GT

composites prepared in different reactors and different weight ratio (0, 0.05, 0.1, and
1 wt%) of GO are displayed in Figure 3-9a and Appendix A. GO has its
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characteristic peak at 20 = 10.46°. Such peak is not present in the GT composites
due to the low graphene oxide concentration. The XRD diffractograms of TS-100
and GT-100 reveal that they are a mixture of anatase and brookite. The weight ration
of these two phases is calculated using the peak at 20 =25.2 of anatase TiO, and
shows approximately 77% anatase in pure TS-100. This value is close to the number
obtained from TD-100, 0.05GTD-100 and 1GTD-100 synthesized in the stirred
Pyrex reactor (approximately 75% anatase). On the other hand, TGS-100 composites
appear to have a slightly higher amount of anatase; approximately 77-79%.
Unfortunately, the fraction number of anatase could not express in exact number due
to the systematic error and the bias from fitting peak procedure. In conclusion, the
difference of anatase fraction from both dynamic and static reactors (stirring in
Pyrex beaker and no stirring Teflon vessel, respectively) could be negligible.

The particle size distribution of TiO, of GO loading 0-1wt% calculated from XRD
peak obtained by the static condition and the dynamic synthesis are 8§ nm and 7.5
nm, respectively. The SAXS analysis indicates 8-9 nm average size of TiO, from
both conditions.
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Figure 3-9 a) XRD patterns of starting GO, TiO, (TS-100) and GTS composites with 0.05 and
1 wt% GO prepared with static (0.05GTS-100 and 1GTS-100, respectively) and dynamic
(0.05GTD-100) conditions at 100°C. G represents graphene oxide peak, A and B stands for
annatase and brookite peaks, respectively. b) Particle size distribution of TiO; in GT
composites by SAXS analysis. Figures are taken from Paper II.

3.3.1.3 HIGH TEMPERATURE TREATMENT

The morphology of 0.05GTS nanocomposites prepared by hydrothermal treatment
from 100-200°C is studied via TEM images in Figures 3-10. All pictures reveal that
the GTS composites consist of both graphene oxide or reduced graphene oxide (red
arrows, Gr) and TiO, nanoparticles (black arrows). In addition, the lattice analysis of
IGTD in Figure 3-10d reveals a d-spacing of 0.35 nm, corresponding to the (101)
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anatase plane, but also to the (111) bookite plane (0.346 nm). The TiO, nanocrystals
have the same morphology in all conditions of synthesis: highly aggregated, with
polyhedral shape, and with size of around 10-15 nm.

Figure 3-10 HRTEM pictures of 0.05GTS and 1GTS synthesis with hydrothermal method
from 100-200°C were taken at high magnification. The red arrows point at GO, the black
arrows point at TiO, nanoparticles and the white dotted line is stacking GO. Figures are
taken from Paper II1I.

Graphene oxide undergoes thermal reduction in the range of temperatures between
100 and 200°C. During reduction, it can interact with TiO, nanoparticels, thus
changing it morphology depending on the synthesis temperature. At low temperature
(100°C), TiO, nanocrystals lay on GO or fully cover GO planes (Figure 3-10a and
3-10d, red arrow). In Figure 3-10a, we can observe also structures arising from the
restacking of a few layers GO nanoribbon. Increasing the synthesis temperature to
175°C, GO is partially reduced and prefers to form stacked structures (due to the van
der Waals interactions [106]). Moreover, these reduced GO ribbons together with
amorphous carbon layers (rG, red arrow), which have thickness of about 3.8 — 5 nm,
can wrap TiO, nanoparticles, as we can observe for 0.05GTS-175 in Figure 3-10b.
However, 1GTD-175 (Figure 3-10e), which contains more GO than 0.05GTS-175,
shows both reduced GO plates intercalating TiO, nanoparticles and onion-like
structures of multilayer reduced graphene oxide (picture inset). The formation of
these shell-structures was ascribed to the reconstruction and recombination of
dandling bond on carbon atoms forming n-bond during reduction [107]. Such rGO
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shell can be unfolded due to fast releasing of gas products from the functional
groups on GO [108]. Hence, it is possible to find winkled graphene sheets or
graphene nanoribbons in GTS-200 (Figures 3-10c and 3-10f). In addition, we can
also observe TiO, nanocrystals enclosed with < 1 nm thin amorphous carbon layers.

Because of the very low amount of GO loading, graphene materials in GTS
composites are not detected by XRD analysis in Figure 3-11. Actually, peaks of
graphene oxide (G) and reduced graphene oxide (rG) should arise around 26 = 10.46
and 26 = 23.9, respectively. In addition, the TiO, phase composition in the GTS
composites is still the same such the anatase mixed with brookite but in different
weight fraction. The amount of anatase increases with synthesis temperature from 80
to 85 and to 92% in samples synthesized at 100, 175 and 200°C, respectively, for
both TS and GTS nanocomposites. In addition, TiO, crystal has sizes of §, 11 and 13
nm for TS and GTS samples synthetized at 100, 175 and 200°C, respectively.
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Figure 3-11 a) XRD patterns of starting GO, GO-200, TiO, (TS-100) and GTS composites
with 0.05 and 1 wt% GO prepared with static (0.05GTS-100 and 1GTS-100, respectively) and
dynamic (0.05GTD-100) conditions at 100°C. G represents graphene oxide peak, rG is
reduced GO, A and B stand for anatase and brookite peaks, respectively.

3.3.2. FUNCTIONAL GROUPS OF ENHANCED TIO,-GO

Functional groups in TiO,-GO materials and the degree of reduction on GO were
investigated by XPS analysis. The deconlvolution technique was used to extract the
peak components (grey peaks in Figure 3-12). Cls spectra of GO and 1GTD-100 is
divided in 3 main peaks, as showed in Figure 3-12a. GO has the non-oxidizing (C-
C/C=C) carbon peak at biding energy of 284.6 eV and 2 peaks of oxidized carbon
atoms, namely C-O and C=0/O-C=0, with binding energy at 286.5 and 287.7 eV,
respectively [109]. All 1TG-100 composites have 3 main peaks for the C-C/C=C
peak and C-O peak with the similar binding energy of GO, while the C=0/0O-C=0
peak moves from 287.7 to 289.1-189.3 eV, due to the formation of Ti-O-C bonds
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[25,110]. In addition, the deconvolution peak at binding energy around 532 eV (Ols,
Figure 3-12b) of 1GT-100 confirms the presence of Ti-O-C bond. This characteristic
peak is present also in the spectra of 1GTD-100 and 1GTD-100(24), 1GTD-100 and
1GTS-100, that is, in sample prepared with different synthesis method and synthesis
durations. Indeed, the formation of Ti-O-C bond has been explained to the relocation
of C-O and COOH due to lower stability during the hybridization process with TiO,
and converts to in-plain epoxy [102,111]. Others 2 main peaks in 1GT-100
composites imply the vibration mode of Ti-O-Ti at 530.5 eV and of —OH at 533.5
eV [16,102]. Unfortunately, it was not possible to detect the signals from GO
loadings lower than 1wt% due to the higher background intensity from the
ubiquitous carbon contamination [112].
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Figure 3-12 XPS spectra of a) Cls and b) Ols of GO, GT composites prepared at 100°C in
statistic and dynamic reactors. The dotted black lines is fitted with the component peaks (grey
area) resulting the fit spectra (red).

The formation of Ti-O-C bond in TG composites is an important structural feature,
that may promote the electron transfer from TiO, to graphene oxide and thus
enhance the photocatalytic performances of the nanocomposites [16]. The Ti-O-C
linkage (289.1 eV) was also found in 1TGS composites synthesized via
hydrothermal (static) process from 100-200°C as shown in Figure 3-13. In addition,
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Ti-C (blue peak) bond is present in the 1GTS composites prepared at 175 and
200°C. Indeed, the deconvolution of Cls peaks indicate the C-Ti bond at binding
energy 283.85 eV and 2 peaks of C-C/C=C at 285 and C-O at 286.5 eV [113,114].
Both Ti-O-C and C-Ti bonds promote more the photocatalytic activity since both of
the interface bonding support the electron transfer [91,115].
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Figure 3-13 XPS spectra of Cls and of GO, GIS composites prepared via in-situ
hydrothermal process. The dotted black line is fitted with the component peaks (grey and blue
area) resulted the fit spectra (red). Figure is taken from Paper IlI.

The degree of the partial reduction of graphene oxide in both starting GO and GT
composites was measured from the XPS Cls peak area ratio as explained in 3.2.2.
The values of Ac.o/Ac.c and ao.c—o/Ac.c are presented in Table 3-1. In general,
graphene oxide in all GT composites presents a lower degree of oxidation, when
compared to the starting GO. The reduction of graphene oxide can be explain by two
reasons: i) the oxygen functional groups act as nucleation sites for Ti*" and donate
oxygen for TiO, growth; ii) oxygen functional groups degrades due to the heating
during synthesis, as explained in 2.1.3. Partial reduction of GO is desired, as it can
improve the electron acceptor properties of GO [98,116] for a better synergy with
the photocatalytic TiO, center
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Table 3-1 XPS peak area ratio (Ac.o/Ac.c and Ao.c-o/Ac.c) of GO and GTD and GTS
composites

Sample name Ac.o/Ac.c Ao.c.o/Acc
GO 1.34 0.41
50GTD-100 0.65 0.26
1GTD-100(4) 0.54 0.27
1GTD-100(24) 0.44 0.28
1GTS-100 0.65 0.24
1GTS-175 0.19 0.14
1GTS-200 0.24 0.13

3.4. Summary

In order to design GT composites for photocatalytic applications, it is important to
understand interactions and evolution of GO and TiO, during synthesis and thermal
annealing. GT composites with 50 wt% GO loading were prepared to study the
structural evolution of the material. They consisted of anatase-brookite TiO,
nanoparticles with polyhedral shape laying on GO monolayers or decoration GO
nanoribbons. The size and the anatase fraction TiO, particles increase with
increasing the synthesis temperature, while GO gets partially reduced. The
interaction between TiO, particles and GO is confirmed by FTIR and XPS results,
showing Ti-O-C bonding. This strong interaction is confirmed by the TEM
micrographs of the samples, showing facets of TiO, nanoparticles over GO
nanoribbon. This interface bonding between GO and TiO; is strong enough to retard
the phase transformation during thermal annealing.

TiO0,-GO materials prepared at GO loadings < 1 wt% resulted in highly
agglomerated anatase-brookite nanocrystals laying on single layers of GO. The
preparation method (static vs dynamic) had little influence on the morphology of the
materials. The size of TiO, nanoparticle became bigger, when the reaction time was
increased to 24 hours but the anatase fraction did not change.

XRD analysis and TEM pictures gave no evidence of GO nanoribbons in samples

synthetized at 100 °C with GO loading < 1%, indicating that in these samples GO
layers are interacted with TiO,. However, increasing the synthesis temperature to
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175°C, the structure of GO is partly reduced and prefers to restack and form 3.8-5
nm thick layers of amorphous carbon or onion-like rGO structures, wrapping TiO,
nanoparticles. When the synthesis temperature reach 200°C, GO is further reduced.
Under these circumstances, the close shell rGO structures might eventually re-open
and multilayered rGO ribbons are found in the TEM images of 0.05GT-200. In this
sample, some of the TiO, particles are partially coated by amorphous carbon.
However, such amorous carbon layer is thinner than 1 nm.

The XPS analysis revealed that different kinds of interface bonding can be
established depending on the synthesis temperatures. The Ti-O-C bonding was
observed in all the samples, while Ti-C bonding was present only in material
synthetized at a temperature > 175°C. In addition, the degree of reduction on GO
depends on the synthesis temperature. Half of the functional groups on GO was
eliminated during synthesis at 100°C, but GO was reduced to a much larger extent
when synthesis was performed at T > 175°C. Future more, the reduction of GO do
not depend on the GO concentration and the synthesis time (4 or 24 hours).

The next chapter deals with how these structural features can influence the
photocatalytic performances of TiO,-GO composites.
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CHAPTER 4.
PHOTOCATALYTIC PROPERTY OF
TIO,-GO MATERIALS

In this chapter, the light reflection and the band gap energy of the synthesized TiO,-
GO materials are presented since these features have a great impact on
photocatalytic activity. The potential of TiO,-GO photocatalytic materials is
reported in term of the phenol degradation under simulated sunlight and discussed
based on the material morphology.

4.1. OPTICAL PROPERTIES OF TIO,-GO MATERIALS

The study of the UV-Vis light diffuse reflectance is here conducted to describe the
electronic behavior of the semiconductor materials and to estimate their absorption
edge [117]. Diffuse reflectance spectra were taken with an integration sphere, using
BaSO, as the reference material. The plot of diffuse reflectance spectra of GT-100
and TS-100 are shown in Figure 4-1a.
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Figure 4-1 The diffuse VU-Vis spectra of Pure TiO; and GT composites preparing in different
ratio of GO loading. a) The spectrum of TS and GT composites prepared with static and
dynamic reactors at 100°C and b) TS and GTS composites prepared with hydrothermal
treatment at 200°C. The Figures a) is taken from Paper II.

TS-100 has the lowest absorption (Reflectance about 95%) for wavelengths higher
than 400 nm. The spectra of the GT composites show the same shape and similar
adsorption edge, but they have a higher light absorption above 400 nm. The
absorption of GT composites increases with amount of GO loading: 30% absorption
for 0.05GTS-100 and 75% absorption for 1GTS-100, approximately. This can be
explained by the fact that GO is dark and acts as light absorber. Surprisingly, the
absorption spectra of TS and GTS samples prepared at 200°C are similar to those of
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the corresponding samples obtained at 100°C composites. Hence, the absorption of
GT composites depends on the GO loading. The absorption edge of all composites is
only slightly red-shifted compared to TS reference.

The band gap energy (Ej) of the photocatalytic materials was obtained from Tauc’s
equation (4-1) [118].

(ahv)'/? = C(hv — Eg) 4-1

_ 2
where « is the absorption coefficient of the solid , %, R is the reflectance [119],

at a certain wavelength (1), & is Planck's constant (4.136 x10° eV s), C is a
proportionality constant, and v is the frequency of light obtained by dividing the
speed of light (c = 3x10® m.s™) for the wavelength. The band gap energy can be
estimated by extrapolation from the relationship plot between (ahv)'/2and the
photon energy % [118,119] in Figure 4-2a. The band gap energy is 3.3 eV for pure

TiO, and 3.2 eV for the GT composites, irrespective of the synthesis method and of
the GO loading. The Tauc plot for pure TiO, and GTS composites synthesized at
200°C is shown in Figure 4-2b. The band gap energy of these semiconductors ranges
from 3.28 eV for TS-200 and 3.32 ¢V for 1GTS-200 and therefore, it is similar to
that of the materials prepared at 100°C.
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Figure 4-2 The plot of (ahv)Y/? against gap energy of Pure TiO, and GT composites
preparing in different GO loading ratio with a) the stirring and without stirring vessels at
100°C and b) the hydrothermal method at from 200°C. The Figure a) is taken from Paper II.

4.2. PHOTOCATALYTIC ACTIVITY OF TIO,-GO MATERIALS

Phenol and phenolic compounds are considered by the international organizations as
priority contaminants of aquatic systems, since they are harmful for human, animal
and plants, even at very low concentration [2,3]. Hence, this research focus on the
abatement of 10 ppm phenol in waster solution, as a model polluted water system,
under simulated solar light. Samples were taken from the solution every 30 minutes
over 3 hours. The details for the photocatalytic set-up system and the testing
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procedures are written in Paper II. The schematic of photocatalytic system set-up
and the double wall testing reactor are shown in Figure 4-3a and 4-3b, respectively.

a)

=

Water Bath

Figure 4-3 a) The schematic of the photocatalytic system set-up and b) double wall
photocatalytic reactor are taken from Paper II.

The photodegradation of phenol can be studied via the plot of the normalized
concentration (C£) as a function the reaction time (#); where C, is the starting
0

concentration and C is the concentration at a specific reaction time. The kinetic rate
(k) of photocatalytic reaction is determined from the relationship of concentration
and reaction time by following the pseudo-first order kinetic, according to equation
4-2. Thus, kinetic constant, k, is obtained from linear regression of the data points in

the plot of —In= vs. time [120,121].
0

Cc
ln(Co) kt

4.2.1. EFFECT OF GO: TIO, RATIO

TiO,-GO nanocomposites have been reported to be superior photocatalytic
materials, since the formation of an interface between TiO, and GO can narrow the
ban gap energy of TiO, and can facilitate the electron transfer from TiO, to GO, thus
lowering the electron-hole pairs recombination rate [9,16,24]. However, the GO
loading should be consider, since an excess of GO might act as light absorber and
prevent the TiO, photocatalyst materials from the light excitation [16,26,27].

In this section, the photocatalytic activities of the reference TiO, (TS-100) sample

and of GTS-100 composites with various GO loading (0.05, 0.1, 0.2, ... and 1 wt%)
(synthesized temperature 100°C) are studied. In addition, the different reactors for
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synthesis (dynamic condition in the stirring beaker and the static condition in a
Teflon vessel) are compared to assess the reproducibility of the material synthesis.

The abatement of 10 ppm phenol under the artificial sunlight is studied via the plot
of the normalized concentration (Ci) as a function of the time, shown in Figure 4-4a.
0

None of the materials show significant degradation of phenol without light (control
condition), while the concentration of phenol decreases with time when the artificial
sunlight is presented. The reference TiO, sample can remove 40% phenol within 180
min. The 0.05GTS-100 and 0.05GTD-100 show 50% of phenol abatement; on the
other hand GT composites with 1 wt% GO loading reduce the phenol concentration
only of 25% during the same irradiation time.

The reaction rate constant, k, of TiO, and GT-GT-100 composites is plotted as a
function of the GO loading in Figure 4-4b. The reaction rate of TiO, (TS-100) is
around 2.8+0.1 10”min™ that is lower than those of GT-100 composites with GO
loading < 0.2 wt%. The maximum k is 3.9+0.1 10~ min"', which was measured for
the sample with 0.05 wt% GO loading (0.05GTS-100). This k value is similar to
those previously reported in literature for phenol abatement with enhanced GT
composites under solar lamp [99,116]. Surprisingly, the GT-100 composites
prepared with the stirring Pyrex reactor (0.05GTD-100 and 1GTD-100) have similar
k constants to those of the GTS-100 composites, prepared in a static tank.
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Figure 4-4 a) The phenol abatement under the controlled condition (dark) and
under sun simulator of reference TiO, (TS-100) GTS-100 and GTD-100, and b) the
rate of photocatalytic reaction of different GO:TiO; ratio. The Figures are taken
from Paper I1.

The photodegradation rate constant increases with decreasing GO loading, because
the composites have the same morphology, chemical stature, and above all similar
interface (see in chapter 3), but show different light adsorption, as discusses in
section 4.1. After GO was loaded to TiO, at > 0.5 wt%, the rate constants decrease
and becomes smaller than that of the pure TiO,. Furthermore, the from literature we
know that the excessive GO prevents TiO, photocatalytic centers from light
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excitation [16,26]. In addition, the increase of k& with decreasing the amount of GO is
agree with the results reported by Minella, M. et al.[120] and Adamu, H. et al.[92].

4.2.2. EFFECT OF SYNTHESIS TEMPERATURE

In section 4.1.2, it was shown how it was possible to obtain photocatalysts with
enhanced activity by loading 0.05 wt% GO in TiO,. Then, this section deals with GT
composites with 0.05 wt% GO synthetized with the hydrothermal method in the
temperature range 100-200°C, with the aim to study the effect of temperature on the
photocatalytic performances of the composites. Samples with 1 wt% GO also
studied to investigate the impact of GO loading on the synthesis temperature effects.

Pure TiO, synthetized at 200°C (TS-200) can remove 60% of phenol in 180 minutes
of irradiation. This is the highest value in Figure 4-5a, i.e. TS-200 has higher & than
GTS composites. Among of the GT composites, 0.05GT-200 has the best phenol
degradation kinetics (~ 55%), while all the others GT composites show lower phenol
abatement in 3 hours: 45% for 0.05GT-100, 40% for 0.05GT-175 and 1GT-200, and
25% for 1GT-175 and 1GT-200, approximately.

The phenol abatement rate constants are plotted against the synthesis temperature in
Figure 4-5b. The figure shows that the maximum photocatalytic rate is ~5.1£0.1 10
*min" for TS-200 and k of pure TiO, decreases with decreasing synthesis
temperature. This can be explained by the observation that the anatase fraction

increases with the synthesis temperature and reaches 92% at 200°C.

The dependence of k on the synthesis temperature is more complex for the GT
composites than for the pure titania samples and it is influenced by the GO loading.
Concerning the 0.05 GTS composites, they were expected to have the highest
photocataytic reaction rate over pure TiO, and 1GTS composites for each synthesis
temperature, like at 100°Cbut the results do not confirm this hypothesis. 0.05GTS-
200 has the highest k (4.6+0.10min™"), while the 0.05 GTS-175 nanocomposite has
the lowest (2.9+0.1 10”min™"). These results can be explained by considering the
microstructure of these samples. The HRTEM pictures in Figure 3-10a -3-10c show
that the sample prepared at 175°C consists of TiO, nanoparticles surrounded by
thick amorphous carbon, which can shield the TiO, photocatalytic center from the
light resulting in a decline of k. Hence, its photodegradation rate is lower than that of
pure TS-200. Furthermore, previous studies suggest that the best photocatalytic
ability of GT composites is obtained when TiO, nanoparticles interact with GO
monolayers (rather than GO nanoribbons) since, under these conditions, the charge
transfer from TiO, to GO is the most effective [122] and competitive light abortion
from GO is limited.
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Figure 4-5 a) The phenol abatement under the controlled condition (dark) and under sun
simulator of reference TiO; (TS-200), 0.05GTS and 1GTD synthesis from 100-200°C and b)
the rate of photocatalytic reaction of different temperature of hydrothermal synthesis.

4.3. SUMMARY

In this chapter, GT nanocomposites, synthetized under mild conditions via simple
sol-gel method, have been proven to be effective in the abatement of phenol under
simulated solar light. The impact of GO loading and synthesis temperature on the
phenol degradation rate constant was discussed. Light absorption in UV-Vis range
of GT composite increases with increasing the amount of GO doping, however this
has little impact on the band gap energy of the GT nanocomposites. For samples
synthetized at 100 °C, the phenol photodegradation rate constant increases with
decreasing the GO loading, and reaches the maximum value (3.9+0.1 10”min™") for
the sample prepared with 0.05 wt% of GO. However, the sample prepared with the
hydrothermal method at 200°C with the same amount of GO has a higher
photocatalytic reaction rate constant: 4.6+0.1 10 min”. This might be due to a
different interface bonding (both Ti-O-C and Ti-C are present in 0.05GTS-200) and
higher degree of reduction of GO. Nevertheless, the dependence of the
photocatalytic performances of the GT nanocomposites on their synthesis
temperature is rather complex, because under certain conditions, core-shell TiO,-
graphitic or amorphous carbon are formed, hindering light exploitation. According
to our results, such type of structures is stabilized during hydrothermal synthesis at
175°C, and hence this temperature should be avoided for the synthesis of GT
composites.

40



CHAPTER 5. TIO,-GO
PHOTOCATALYTIC MEMBRANES

One important application of TiO,-GO is the fabrication of membranes for water
filtration application, since this type of materials in principle can offer high water
permeability, while separating and degrading organic pollutants and preventing
membrane fouling. In addition, the incorporation of TiO,-GO nanopowder into GO
based membrane is considered as immobilization method for recovery of the
photocatalytic powder from the water after purification [32].

GO and TiO,-GO membranes were prepared via a simple vacuum filtration method,
that is, by filtering a dispersion of GO and TiO, nanoparticles through a commercial
polymer filter. In this way, membrane thickness can be easily tuned by varying the
concentration or the volume of the dispersion. SEM and XRD analysis was
performed to investigate the morphology of the membranes and to check the
presence of defects.

5.1. PREPARATION OF TIO,-GO BASED MEMBRANES

In this study, the commercial TiO, nanopowerder P25 was used as photocatalytis for
studying the method of preparation of GO-TiO, membranes. After optimizing the
fabrication procedure, 0.05GTS-200 and other of the photocatalytic materials
reported in Chapter 3 and 4 will be eventually applied to prepare GO-TiO,
membranes.

The preparation method adopted in this work is based on the study of Zhu, C. et al.
[93]. The schematic of GO based membrane preparation is shown in Figure 5-1. GO
was dispersed in ultrapure water (0.01 wt%) by sonication for 3 hours, thus
obtaining the GO suspension hereinafter named “suspension A”. P25 (Average
particle size ~ 21 nm) was dispersed in ultrapure water (0.01 wt%) by sonication for
1 hour, thus obtaining the TiO, suspension hereinafter named “suspension B”.

Pure GO membranes were prepared by taking different volumes of “suspension A”,
e.g. 2.5, 5.0, 7.5,... and 20 ml to obtain 0.25, 0.5, 0.75, ... and 2 mg of GO and
mixed with ultrapure water to a total volumes for 50 ml. The so obtained dispersion
were sonicated for 30 min and then filtered over a mixed cellulose ester (MCE) filter
(pore size = 0.22 um, diameter = 47 mm). After removing water, the GO membrane
was maintained for 30 minutes under the vacuum to obtain a compact structure. The
membrane was dried at the room temperature overnight.
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The TiO,-GO membranes were made by a similar method to GO membranes.
Selected volumes of suspension A and B were taken and mixed in a beaker together
with water to reach a volume of 50 mL, and sonicated for 2 hours. The final
dispersions contained 1.0 mg of GO and the weight ratio between TiO, and GO 0.5,
1,2 and 4.

GO-P25 suspension GP membrane

Glass support funnel <—

MCE .

fi

Vacuum ter
i

47 mm

=G0 OP25
Dispersed by sonication for 2 h

Figure 5-1 Schematic of GO based membrane preparation.

5.2. MEMBRANE MORPHOLOGY
5.2.1. MORPHOLOGY OF GO MEMBRANES

The GO membrane named 0.25GO, 0.5GO, 0.75GO, 1GO and 2GO were prepared
from 50 ml dispersions containing 0.25, 0.5, 0.75, 1 and 2 mg of GO, respectively.
These membranes are shown in in Figure 5-2a. The higher was the concentration of
GO in the dispersion, the darker is the color of the membrane. Homogenous GO
membranes were obtained GO loading down to 0.5 mg of. On the contrary, the
0.25GO sample consists of a non-continuous, as indicated by the red circle in the
figure. The structure and the thickness of these membranes were investigated by
SEM analysis. The micrographs (Figures 5-2b — 5-2e) show the highly polymer
substrate and the typical layered structure of thin GO membranes, which also
present winkled surface The estimated thickness of the GO films is plotted in the
Figures 5-3 as a function of the GO loading in filtered dispersion. It ranges from 0.2
to 1.39 pm from 0.5 GO to 2GO.
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Figure 5-2 a) Digital photographs and b) SEM pictures of GO membranes
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Figure 5-3 Thickness of GO membranes as a function of the GO mass in the dispersion used

for membrane fabrication (filter diameter = 47 mm).
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5.2.2. MORPHOLOGY OF TI0,-GO MEMBRANES

TiO,-GO membranes by doping P25 in different amount; 0.5, 1, 1, 2 and 4 mg,
resulting 1:0.5GT, 1:1GT, 1:2GT and 1:4GT, respectively. The ratio of GO to TiO,
for making the membrane is based on previous papers, which reported the results
about the selectivity and photocatalytic performances of membranes prepared with
similar methods [93,96].

After adding TiO, nanoparticles to GO, the composite films present rougher surface
and their thickness increases up to maximum of about 1.2 um, as it can be observed
in Figure 5-4. In addition, the samples with low TiO,, namely 1:0.5GT, 1:1GT,
present the typical lamellar structure of GO membranes, while 1:2GT and 1:4GT
present a different type of structure, which is characterized by aggregates of TiO,
nanoparticles.

Figure 5-4 SEM pictures of GT membranes.

The XRD patterns of the TiO,-GO (GT) membranes are shown in Figure 5-5a. The
diffractogram of the MCE filter is reported as reference. It has two broad peaks with
center at 26 =11.4° and 21.2°. This curve was used for baseline subtraction in the
analysis of the other diffractograms. In the XRD patterns of all the membranes it is
possible to observe the characteristic peak of the fully oxidized graphene oxide at 26
of about 10.8° for GO and at 10.5°-10.6° for GT. The peak position and FWHT were
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used to calculate the interlayer (d)-space and the average thickness of graphene
oxide domains, respectively. The interlayer distance of the GO membrane is
estimated ~8.2 A, while that of the GT membranes is 8.3-8.5 A. Therefore TiO,
intercalation has little effect on the d-space. In the case of the GT membranes, the
position of this peak does not change with increasing the TiO, loading, but the peak
becomes less intense and broader. The Scherrer thickness of graphene oxide
domains in the pure GO membranes is 14.4 nm. Figure 5-5b shows that this distance
decreases with increasing the TiO, loading, meaning that TiO, nanoparticles can be
incorporated into GO layers by reducing the thickness of GO nanoribbons (Figure 5-
5b). The intensity of the TiO, characteristic peaks becomes stronger with increasing
the TiO, loading. Only the anatase peak at 26 =25.5° is visible in 1:0.5GT, while the
rutile peak at ~26 =27.5 can be clearly seen from 2 mg of TiO, loading.
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Figure 5-5 a) XRD patterns of the bare filter and of the supported GO and GT membranes
and b) the GO domain of GO and GT membranes. G, A, and R stand for the characteristic
peaks of GO, anatase TiO; and rutile TiO, phases, respectively.

5.3. MEMBRANE TESTING

Over the recent years, a few papers dealt with the use of TiO,-GO membranes for
water depollution. However, most of the tests were done under unrealistic
conditions: e.g. in the dead-end systems, with dye solutions as model water systems,
and under UV irradiation [93]. Therefore, this study focuses on the testing of TiO,-
GO membranes for the abatement of organic pollutants in real wastewater systems.
For this reason, the cross-flow filtration system has been designed, which is depicted
in Figure 5-6a, and the cross-flow testing reactor is displayed in Figure 5-6b. This
membrane photo-reactor consists of a stainless steel housing with a 35 mm quartz
window for exploiting sunlight or simulated solar light during filtration (more
details of the sun simulator are given in Paper II). At the time when this thesis was
submitted, the membrane photo-reactor had been tested only with the pure GO
membrane, namely with the 1GO sample. The GO film started to exfoliate after 3
hours of testing time, meaning that the GO membrane is not stable under this
condition. This type of instability was already observed for pure GO membranes
prepared via pressure-assisted self-assembly [60]. Chemical crosslink, e.g. with
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ethylenediamine [123], have been proposed for stabilizing GO membranes. It is not
clear at this stage if TiO, nanoparticles, which are anchored on GO sheets by Ti-O-C
bond can act as cross-linkers, thus stabilizing the GO membrane structure during
filtration. Otherwise, TiO,-GO membranes would be required further stabilization
by molecular cross-linkers. Once these stability problems are solved, TiO,-GO
membranes should be tested with phenol solutions, as model systems, to assess the
ability to concentrate and degrade organic pollutants. Moreover, water solutions of
humic acids, which are typical fouling agents [124], will be used for study the self-
cleaning properties of the new membranes.
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Figure 5-6 a) The schematic of cross-flow testing system and b) the crossflow testing reactor
5.4. SUMMARY

Graphene based membranes were prepared by vacuum filtration. Membrane
thickness was varied from 0.2 to 1.4 pm by adjusting the concentration of the
filtered GO suspension. The introduction of TiO, nanoparticles has little influence
on the space between GO layers, which is 8.3-8.5 A for all the membranes.
However, TiO, nanoparticles can decrease the thickness of GO ribbons from 14 nm
to less than 11 nm, depend on the TiO, loading. A photocatalytic cross-flow
membrane reactor was designed and assembled for testing the photocatalytic
performances of the new membranes in the abatement of organic pollutants and their
self-cleaning properties.
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CHAPTER 6.
CONCLUSIONS AND PERSPECTIVES

6.1. CONCLUSIONS

Although TiO,-GO photocatalytic materials have been investigated over last two
decades, the study of the interface bonding between TiO, and GO is still
challenging. It is crucial to understand the influence of this bonding on the physical
and chemical behaviors of the TiO,-GO composite materials used for the
photocatalytic degradationThis subject is still largely unexplored. In this Ph.D.
thesis, various factors were studied, which relate the structure of TiO,-GO
nanocomposites to their final photocatalytic properties.

In this work, great attention was given to the interface bonding, which is an
important feature that determines physical and chemical properties of TiO,-GO
materials. We succeeded in the conjugation of TiO, and GO with Ti-O-C bonding
by synthetizing the TiO,-GO composites in mild conditions: pH = 6 and temperature
of 100°C. This interface interaction has a strong influence also on the transition
temperatures of both materials: from graphene oxide to reduced graphene oxide at
and from amorphous TiO, to anatase. Furthermore, we obtained Ti-C bonding after
hydrothermal treatment at T > 175°C for 4 hours. Our results are similar to those
studied previously where Ti-C bonding was formed upon annealing at 400°C [113],
hydrothermal treatment at 200°C for 10 hours [90], or by in-situ nucleation and
growth at 110°C for 24 hours and followed by curing at 145°C for 72 hours [114].
Therefore, our methods are easy to prepare TiO,-GO composites with interface
bonding.

The photocatalytic activity of TiO,-GO composites depends on many factors such as
the morphology, the interface bonding, the band gap energy, the condition of
photocatalytic testing, and organic pollutants to be degraded. In this study, the
phenol abatement under solar simulation was studied depending of different
synthesis parameters:

i)  The amount of GO loading, as the varied amount of GO loading shows
significant difference of photocatalytic degradation rate. Loading of GO over
0.2 wt% results in a lower photocatalytic activity than pure TiO,, while lower
amount than 0.2 wt% GO allows for higher photodegradation rates. This was
explained by the possible scenario that the excess of GO shields the TiO,
photocatalytic center from light exploitation.
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ii) The phase fraction of anatase, as the photocatalytic activity increases with
increase of the amount of anatase. This can be confirmed by the photocatalytic
activity of pure titania photocatalyst prepared at 200°C which is higher than the
catalysts synthetized at a lower temperature. GTS-100 has ~80% of anantase
and GT-200°C has ~92% of anantase.

iii) The interface bonding could encourage the photocatalytic activity by
promoting the electron transfer from TiO, to GO. In this study, we found 2
types of bonding namely Ti-C-O and Ti-C that arise in different temperatures;
respectively at 100°C and > 175°C. However, the GT composites prepared at
175-200°C do not exhibit excellent photocatalytic activity, even though they
have both types of interface bonding with prevalence of bonding created at
175°C. It could be hypothesized that, at this temperature, TiO,-rGO from core-
shell structures with shell thickness around 3.8-5 nm (0.05GTS-175), which
shield TiO, nanoparticles from light and might prevent radical formation
before recombination of electron-hole pairs [122,125]. It was suggested that
better photocatalytic activity is obtained from TiO, nanoparticles deposited on
monolayer (one atomic thickness, ~ 0.34 nm, theoretical).

iv) The degree of reduction of GO, as reducing oxygen functional groups promotes
the electron transfer from the TiO, photocatalytic center to rGO, due to higher
electron conductivity of rGO than GO [116]. The results of XPS analysis based
on calculation of the partial reduction of GO (Ac_o/Ac.c and Ao c—o/Acc)
show that 1GTS-200 has higher reduction than 1GTS-100. Samples prepared
with 0.05 wt% GO loading shall have a similar reduction degree. However, the
photocatalytic activity of 0.05GT composites prepared at higher temperature is
lower than expected. It could be due to the morphology of GT composites that
is explained above.

The optimal structure for these photocatalysts consist in TiO, nanoparticles laying
on isolated GO, sheets, as we can assume that one layer of GO is transparent. We
observed this structure only during synthesis at 100°C with addition of 0.05 wt%
GO. Higher amount of GO and higher synthesis temperature cause the formation of
GO nanoribbons and/or core-shell structure of TiO, nanoparticles surrounded by
amorphous carbon or restacked rGO. These types of structure do not allow for
efficient exploitation of the solar light. Remarkably in this study, no significantly
different values of the band gap energy were obtained for our materials, and
therefore their photocatalytic performances are strongly related to their morphology.

In the preparation of TiO,-GO base membranes, the fabrication method and the
intercalation with TiO, nanoparticles are important for the filtration ability. GO
membranes prepared without any crossly-linker are not stable for longer time under
cross-flow conditions and therefore they are not suitable for water filtration. In
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addition, the intercalation with TiO, nanoparticles cannot change the interspace
between GO planes. It can only decrease the thickness of restacking GO, which
might prevent the improvement of the water permeation rate. At this stage, it is not
clear that TiO, nanoparticles, in reason of the Ti-O-C bonding, can actually act as
cross-linkers thus stabilizing GO-TiO, during filtration.

6.2. PERSPECTIVES

This project resulted in obtaining promising TiO,-GO photocatalytic materials for
application in the water purification technologies. The preparation of such materials
was performed via an environmental friendly method, which involved low energy
consumption methods and mild reaction conditions. Nevertheless, the most
important outcome of this study is the development of new understanding on how
the synthesis conditions influence the structure of TiO,-GO nanocomposite and thus
their photodegradation performances. This new knowledge can support the rational
design of TiO,-GO materials with enhanced photocatalytic properties. The outcomes
of this thesis suggest further studies on the following two research problems.

Higher photodegradation rates might be obtained by avoiding the formation of
carbon/rGO-shell structures which cause lowering of photodegradation rate. The
suggestion is to synthesis 0.05GT with hydrothermal route at temperature above
200°C. In this way it can be possible to obtain 100% anatase. This should help to
avoid the TiO, nanoparticles encapsulation as by synthesis at above 200°C less
carbon shell structures are created, due to the braking of the rGO basal plane. The
photocatalytic tests using solar light have to be conducted with other organic
substrates and with real wastewater samples to assess the ability of this photocatalyst
to work under realistic conditions. Moreover, the ability of the photocatalysts to
inactivate pathogens might be checked.

GO-TiO, membranes have to be prepared by using cross-linkers to improve their
mechanical stability. In addition, the concentration of GO should be lowered as thick
films have low water permeability and are opaque. Another option is to use other
techniques for membrane fabrication, e.g., casting blade to obtain thinner films,
which will be more transparent, and thus will allow light to reach TiO, particles. In
addition, by using layer by layer techniques, it could be possible to obtain higher
photocatalytic activity by coating GO film with TiO, nanoparticles. In this way it
will be possible to concentrate organic molecules on top of the membrane, while
photodegradation occurs on the membrane surface because of the TiO,
photocatalytic centers.
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Appendix A. XRD driffractogram of GO,
TS, and GTS-100 composites with
different GO loading
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