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Chapter 1

Introduction

1.1 Background of the research and motivation

Most of the energy resources we use in our daily lives come from fossil fuels such as
petroleum, coal, gas and etc.™? However, these fossil fuels are a limited resource which
means that eventually it will disappear in the near future.® Moreover, fossil fuel can
pollute water, atmosphere, and so on.* Due to this, new resources have to be found, in
addition, it has to be enough to satisfy humans’ daily uses and environmental friendly.
Sunlight is one of the clean energies and friendly to both human and environment; it
also an unlimited resource.>® Accordingly, it caught an attention all over the world in
which researchers have begun a research on development of photo-energy exchange

system.



In these past decades, photo-energy exchange system has been researched and
developed intensively in the form of photo-electric energy exchange such as solar cell
or solar battery; photo-energy exchange in the form of chemical energy which is called
artificial photosynthesis. Artificial photosynthesis is an interesting method as it imitates
the actual photosynthesis which found in the plants.”® Photocatalyst materials are
important in order to turn sunlight energy to chemical energy. One of the well-known
photocatalyst materials is TiO2.%? TiO, shows properties of photocatalyst under UV
light as reported by Honda and Fujishima in 1972.13 Generally, TiO; is in the form of
powder compacting to a big bead; this is called bulk molecule. Therefore, TiO> can only
adsorb light on the surface, additionally, photocatalytic reaction can occur only at the
surface of photocatalyst.'* Big compacted molecule has low surface area. As a result,
TiO> does not perform as a photocatalyst materials well. In order to solve this problem,
one of the methods is to increase the surface area of TiO2 by reducing the size of
molecule or design the molecules to arrange in a sheet-like with the width of 1 TiO>
molecule. One of the interesting structure of TiO is nanosheet which is exfoliated from
layered titanate compound.>19

Titanate nanosheet is one of TiO structure with the width of 1-2 nm but it has a
surface area of pm? Titanate nanosheet is from the exfoliation of layered titanate
compound i.e. layered alkaline titanate A2TinO2n+1 (A:Na, K, n>3), or lepidrocroate-
type titanate, Tiz-naldnsOa (n ~ 0.7; O, vacancy).?>?? Titanate nanosheets has more
specific surface area for photocatalytic reaction compared to bulk molecule due to the
width of the sheet is less than the surface area. Theoretically, titanate nanosheets will

show higher photocatalyst ability compared to Bulk molecules of TiO,. However,

titanate nanosheets have one problem which is light response since the structure of



molecule is a sheet-like characteristic and thin causing the energy structure of titanate
nanosheets changed from the bulk molecule. The differences are titanate nanosheets
have an energy band gap wider than TiO> bulk molecule causing it to respond only UV
light (A < 300). Although, sunlight contains UV light but titanate nanosheets cannot
exchange energy from the sunlight. Consequently, the energy band gap of titanate
nanosheet has to be reduced or modified its energy structure to yield titanate nanosheet
that respond to sunlight especially visible light which is contained in sunlight more than
40%.

There are two methods to improve titanate nanosheets’ performance which are the
adjustment of energy band structure of titanate nanosheets by metal doping, and the use
of titanate nanosheets as building blocks of dye-sensitized photocatalyst or
hybridization between titanate nanosheets and photosensitizer organic dyes. Metal
doping is a method where atom of transition metal replacing atom of Ti in the titanate
nanosheet without affecting the structure of titanate nanosheet. With this method,
energy band structure will alter as energy band structure is directly corresponded with
the atom in the structure yielding new energy level of transition metal which dope to
replace Ti. In recent years, there are several researches proving that metal doping causes
the photocatalyst material to respond with light in the visible light region. Kudo et. al.
reported that Rh doping in SrTiOs enhances the ability to absorb light at the long
wavelength (A >420nm) and photocatalytic reaction also occurs at A =420 nm.*
Meanwhile, lda et al. also reported about the property of Rh which enhanced the
photocatalyst of lepidrocrocite-type titanate. From these researches, we saw an

opportunity to improve the photocatalyst property of titanate nanosheet which



exfoliated from layered titanate for example, sodium titanate (Na>TizO7) and potassium
titanate (K2Ti4Oo).

On the contrary, photosensitizer dye-sensitizer is used to alter titanate nanosheet to
respond to visible light. The mechanism is that the photosentisizer dye function is to
adsorb light in the visible region and generate electron donating to titanate nanosheets
for the chemical reaction. In order for this system to work out, LUMO level of
photosensitizer dye has to have higher value of conduction band level of titanate
nanosheets so that electron from LUMO can move to the conduction band.?% For
example, Sasai et al. described the photoactivity of TiO. nanoparticle and copper (I1)
phthalocyanine in interlayer spacing of clay material.?® When TiO, nanoparticles were
irradiated under visible light and could degrade organic molecules. According to all of
these researches, they suggested the ability to give electron between photosensitizer dye
and titanate material and photocatalyst ability under visible light. Thus, hybridization
between titanate nanosheet and photosensitizer dye is a method with high possibility for
increasing the capability of titanate nanosheet for being photocatalyst under visible light.

In our research, we aim to develop and enhance the capability of titanate nanosheets
as a photocatalyst which was exfoliated from layered sodium titanate and layered
potassium titanate by metal doping. In addition, we used titanate nanosheet as building
blocks for dye sensitized photocatalyst with porphyrins dye and/or Ir complex
derivative such as Ir (111) 2-pyridyn, 2, 2’-bipyridyn.2=° We studied the properties of
photocatalyst of titanate nanosheet and dye sensitized titanate nanosheets under visible
light via photo-degradation of organic molecule and/or photo-induce hydrogen

production from water splitting



1.2 Scope and Objectives

The main purpose of this study was to improve the photocatalytic activity of titanate
nanosheets for organic molecule decomposition and/or H, production under the visible
light by using metal doping such as Rhodium doping, and the hybridization with

organic photosensitizer dye and/or metal ligand complex.

To achieve these aims, the specific objectives of this thesis were as follow;

1 Understand the formation of titanate nanosheets, and metal doping on their
crystals structure.

2 Optimize the doping amount, investigate the electrical and optical
properties of metal doped titanate nanosheets, and realize the effect of
metal doping

3 Investigate the photocatalytic activity of metal doped titanate for organic
dye decomposition and H; production under UV light and visible light.

4 Understand the hybridization between titanate nanosheets and organic
photosyntizer dye and/or metal complex, observe the photoactivity between
organic and inorganic part, and investigate the photocatalytic activity under
visible light.

The current study presents the synthesis of metal doped titanate nanosheets in
various structures and the photocatalytic activity across six chapters. An overview of

each chapter is descried as follow;



Chapter 2: This chapter shows the background relating to currently work with
including the basic principle of photocatalysis, the related literature on titanate based
material and also the formation of titanate nanosheet as well as the recently literature on

the effect of metal doping on photocatalytic activity of metal oxide material.

Chapter 3: This chapter includes the synthesis of metal doping titanate nanosheet
which based on the structure of layered sodium titanium oxide. The effect of metal
doping on the optical properties of titanate nanosheet and the photocatalytic activity on

organic dye decomposition.

Chapter 4: This chapter shows the photocatalytic hydrogen production by metal
doping titanate nanosheets, and a comparison between metal doping and cocatalyst
loading. It also includes the photocatalytic activity of metal doping titanate nanosheets
under visible light.

Chapter 5: In this chapter, it shows hybridized between metal doping titanate
nanosheet and organic photosensitizer organic dye and/or inorganic metal complex dye

aimed to improve the photoabsorption for visible light region.

Chapter 6: This chapter continues the findings of the results in previous chapter. The
basic structure of titanate nanosheet was changed to investigate the effect of metal

doping on another basic structure which different to it in chapter 3.

Chapter 7: this chapter concludes the present study, and recommends a possible

future work.
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Chapter 2

Literature reviews

2.1 Introduction

Photocatalyst is thought to be a promising material after the discovery of Fujishima
and Honda in 1972. Photocatalyst is a catalyst which reacts under light irradiation. The
basic material of photocatalyst is semiconductor. Photocatalyst is specifically used to
treat organic and inorganic pollutants such as methylene blue; and cyanide.' Moreover,
it can be used in the H2 and O production from water splitting reaction.*® Fujishima
and Honda reported that the efficacy of rutile TiO> in water splitting reaction in which
Pt electrode generates H, while rutile TiO, acts as oxidize water molecule.® Even
though, the discovery was found in decades ago, currently, TiO> and TiOs based
material is still a main material for photocatalyst research field because of its low cost,
high photocatalytic activity, and good stability against photo-corrosion.

Powdered TiO, can photocatalytic generate H> from deposited Pt on the surface of

TiO2, nevertheless, its efficacy as a catalyst is lower than what suggested in the theory.”



10 This is due to the recombination of photogenerated OH  and H* which make
photoexcited life-time of TiO, to be short. Furthermore, water splitting reaction to
produce Hz and O: requires both e- and h+ at the same time, as a result, the rate of
reaction is tremendously low. To increase life time of photogenerated e” and h, it is a
necessity to improve a material for using as a photocatalyst. In recent years, nano-scale
material has been researched extensively and the definition of nano-scale material is a
material with the size lower than 100 nm. For example, if the material has length, width,
and height in a nanometer, it is called “nanoparticle”. However, if the length is greater
than 1 micrometer, it is called “nanotube”. While “nanosheets” has a height about
<100nm, and its width and length are in micro-scale as shown in figure 2.1.11
Nevertheless, nanoscale exhibits different properties from the bulk molecule besides
being smaller in size. Hence, it can be used as a building block for developing new
material and devices.

Layered-titnate material was reported that it can be exfoliated and form a nano-scale
sheet-liked crystal. Even with the nanosheet crystal, the tinate nanosheet also acts as a
photocatalyst. The life time of photogenerated e and h* is longer than bulk or powdered
material due to nanosheet crystal is thinner than its surface area. Many research showed
that the system of titnate nanosheet with cocatalyst deposited has a higher efficiency in
the case of powdered TiO> compared to nanosheet. Nonetheless, powdered TiO2 or
titnate nanosheet are not photocatalytic active under visible light (>420 nm) because of

the large energy band gap.16-2°



Nanoparticle Nanotube Nanosheet
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Figure 2.1 The schematic of nanostructure material.



TiO2 based material needs to be improves in order to work under visible light. Kudo
et. al. presented the use of metal doping for tuning energy band gap of titanate
compound.?t2° The results showed that it can absorb visible light and generate H, from
water. Metal doping seems to be one of the ways to promote titanate nanosheet to be
able to absorb visible light and acts as a photocatalyst under visible light. Another
methods to improve titanate nanosheet or TiO> based materials are hybridization with a
photosensitizer.2>32 In past few years, many research reported the hybrid system of
metal oxide semiconductor and photosensitizer such as porphyrin dyes or metal ligand
complex. The results exhibit the possibility to obtain the photocatalytic H> evolution
under visible light from these hybrid materials. However, to obtain a good hybrid
system for specific photocatalytic activity is still required. Thus, the development of
titanate nanosheet including other metal oxide nanosheet has been studied for its use as
a photocatalyst under visible light until now.

This chapter reviews about photocatalytic reactions including photo degradation and
photo induce water splitting along with the development of photocatalyst especially

titanate based material

2.2 TiO2 based material

TiO> has been used in research (i.e. photocatalyst), and industry since it is a low-cost
material with chemical stability, and non-toxicity.333 TiO, based material has various
structures; TiO2 has three main structures which are anatase, rutile or brookike, and
titanate or titanium oxide (similar substance in the same group as TiO2). The main
structures of TiO2 based material derives from the arrangement and distortion of TOe

octrahedal which Ti*" surrounds by six of O ions.363°



Titanate can be classified into many structures includes peroskite type, and layered
structure such as A;TinOzn+1, and AnTiz-wa[]waO4 where [] is a vaccancies. Layered
titanate has crystal structure made from a layer of TiOs octahedral with share edge
arranged with infinite two dimensions, and layer of cation alternately (figure 2.2).

Perovskite structure is shown in general formula as ABOs. In case of TiO2 based
perovskite, the general formula becomes ATiOs which A is occupied by large cation ex.
Sr, Ba, Pb, etc. The perovskite structure occurs from the arrangement of TiOs octahedral
by sharing edge. As for A ion, it is surrounded by twelve of oxygen atoms at the center
of eight of TiOs octahedrals form cubic lattice (figure 2.3).

TiO based material shows a property of being n-type semiconductor with electrons
as majority carriers, and holes as minority carriers. Fermi level, an energy band gap
where 50% of electrons occupies, inclines to conduction band because numbers of
electron is more than the holes resulted in TiO> based material show a property of n-

type semiconductor



Figure 2.2 The crystal structure of layered titanate compound A>TizO7 (left), and

AnTi2-a[]xa04 (right)



Figure 2.3 The unit cell of Perovskite structured titanate.
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2.2.1 Titanate nanosheets*0-44

Titanate nanosheet is a TiO> based material with a sheet-liked crystal structure and
its witdth is about 0.7-1.5nm. Titnate nanosheet can be prepared from layered titanate
compound. Layered titanate has an ability of cation exchange due to layered titanate has
a structure without TiOe octahedral, and layer of cation. The attraction force between
cation layer and TiOe octahedral layer is mainly electrostatic force, and the distance
between TiOs octahedral layer to layer is fixed by cation and electrostatic interaction
between them. With these properties, the structure can be controlled from the alteration
of cation by cation exchange reaction. Generally, cation is alkaline metals ex. Na+, K+,
Cs+. The cation exchange can be done using alkaline metal for H+ by reacting with acid
such as HCI or HNO:s. In order to change cation layer to H+, it will cause the distance
between TiO6 octahedral layer to layer or interlayer distance to be wider. Moreover, the
cation layer is more acidic which makes the layered titanate can exchange cation with
high basicity compound better i.e. amine, or ammonium ion. The cation exchange of H+
(amine or ammonium ion) causes interlayer distance to be longer, and the structure
becomes unstable as the electrostatic interaction decreases as the distance increases. As
a result, when layered titanate is dispersed in solution such water; amine or ammonium
ion will react with water molecule causing interlayer distance to grow wider, and
layered titanate will gradually peel off as a sheet (Figure 2.4). The layered titnate turns

to titanate nanosheets in colloidal suspension; this method is called liquid exfoliation.



<€ Layer of ammonium ion

?}{ : ; =~ Titanate nanosheets

Figure 2.4 The schematic diagram of liquid exfoliation process.



2.2.2 Optical properties of titanate nanosheets*>>°

Photocatalytic property is one of the important variables that specifies a
photocatalyst. Titanate nanosheet is a material with a structure of layered titanate and
composed of the arrangement of TiOe octahedral similar to TiO2. Hence, titanate
nanosheets is also a semiconductor, however, the dimension of titanate nanosheet is
different from layered titanate, and TiO> as bulked powder compound resulting in
quantum size effect on electronic band structure of titanate nanosheet. According to
Pauli’s exclusion principle, more than one electron cannot stay in the same energy level.
Therefore, when two atoms are in the same energy level, the interaction between two
atoms will disperse energy level causing electron to stay in the new energy level. In case
of crystalline material, there are many atoms which closely deposits causing the energy
level to divide from discrete energy level to continuous manner. This results in energy
band which classifies to valence band, and conduction band as previously stated.

Titanate nanosheet is a bulk molecule of layered titanate; it has molecules arranged
in three dimensions. After it turns into sheets-liked structure; the molecules only arrange
in horizontal plane, consequently, many energy bands from discrete energy level
considerably decreases and the energy level of energy band is lessened. This implies
that valance band and conduction band becomes wider or energy gap of titanate
nanosheets is higher in the form of bulk molecule structure. The energy band gap of
titanate nanosheets as a semiconductor can be derived from the adsorption edge (4g). In
UV-vis spectra data, the correlation between Aq and Eg can be expressed in the

following equation:



, where h is a Planck constant, and c is a speed of light in vacuum.

2.2.3 Cation exchange capacity of titanate nanosheets®>3

Former structure of titanate nanosheets is a layer of TiOs octahedral alternated with
cation. The electrostatic interaction between these two are attached to each other even
after the exfoliation. The surface of titanate nanosheets still retains the anionic charge;
hence, the titanate nanosheets can adsorb or exchange cation through electrostatic
interaction.

In general, cation exchange capacity (CEC) is defined from the amount of cations
being retained on the surface area of soil particles in which CEC is calculated from the
amount of positive charge ion exchange to the mass of soil. The unit is represented as
meq/100g. CEC can be compared to the moles of cation to mass of soil; for example,
CEC is equal to +1 cation = 10meq/100g and the value will be 5 meg/100 when cation
IS +2

The anionic charge of titanate nanosheets depends on its former structure or layered
titanate such as lepidroccite; AnTi2x4[]x4O4 where [] is a vacancies, has anionic charge
as x, and alkaline titnate A2TinO2n+1 Will have anionic charge equal to -2 and it does not
vary depending on n vale. This indicates that TiNO2n+1 can exchange cation at
maximum when the amount is equal to anionic charge or +1 cation such as Na* or K an

exchange ion at maximum when 2 mol of Na* or K* to 1 mol of [TinOzn+1].

2.3 Photocatalytic activity of titanate nanosheet
The light reflects at the surface of titanate nanosheet and light has more energy or
equal to the energy band gap of titanate nanosheets. Electron in the valence band will be

excited and moved to conduction band resulted in hole in the valence band.>**® To put it



simple, electron is anion and hole is a cation; they stay together at the beginning and no
charge. However, when light reflects on electron gets the energy and separates from the
cation; this is called charge separation. When electron is at the conduction band which
causes by anti-bonding molecular orbits, electron can move a little through the structure.
Nevertheless, photo-induced electron can be caught by positive charge or photo-induced
h* and release energy and their status degrades; this is called a recombination of hole-
electron.

If photo-induced electron is not caught by the hole and move to the surface of
photocatalyst; electron can be trapped by the molecule or radical at the surface of
photocatalyst and redox reaction will occur. Similarly, if the molecule or radical of
other compound attaches to the surface of photocatalyst where many photo-induced h*
deposits; this can cause redox reaction. Electron can reduce the electron acceptor while
hole can oxidize the electron donor as shown in figure 2.5. If the recombination does
not occur, and the photo-induced e/h* can move to the surface of photocatalyst, it will

result in redox reaction. This is called photocatalytic reaction.>’-%



Photocatalyst A+

recombination

h+

recombination

e-

B+

B

Figure 2.5 Photocatalytic reaction and the charge recombination occurred in the

photocatalyst molecule under light irradaiton



Photocatalytic reaction can be specified in two categories same as the general
chemical reaction such as ‘down-hill’ reaction or exothermic reaction and ‘up-hill’
reaction or endothermic reaction. The “down-hill” or exothermic reaction is a case in
which the Gibbs free energy has a negative value or releasing out energy related to the
photocatalytic degradation (figure 2.6) While ‘up-hill’ reaction or endothermic reaction
has a positive Gibbs free energy which relates to the light energy turning to chemical
energy. This denotes that photocatalytic degradation is a favorable reaction due to that
the product of reaction will be in more stable state than an initial compound. On the
other hand, overall water splitting reaction to generate H> and Oz is a “up-hill” reaction
which requires a lot of electrons and light energy.®®"2 Thus, photocatalytic degradation
or “down-hill” reaction is a simple process to check the photocatalytic responsibility of
material. However, the final goal of photocatalyst is to apply them in the “up-hill”

reaction such as overall water splitting, or CO2 reduction.
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Figure 2.6 Photocatalytic reaction classified in two categories; ‘down-hill’ reaction

or exothermic reaction and ‘up-hill’ reaction or endothermic reaction.



2.3.1 Photocatalytic degradation’38°
Photodegradation occurs from the organic matter which the light reflects on and
cause the organic matter to be excited and lose electrons or catch by the holes.
Eventually, the chemical structure will change and lose the former properties or reduces
in size. Photodegradation can occur by the degradation of organic matter under light.
Another way is from photocatalyst where organic matter adsorbed by surface of
photocatalyst material, organic matter can be oxidized by photo generated hole or hole
oxidizing hydroxyl group to produce hydroxyl radicals. The hydroxyl radical is highly
active and oxidation potential is high enough to oxidize organic matter.
Correspondingly, oxygen molecule can be reduced by photo-generated electron at the
surface of photocatalyst material causing superoxide radical (O2"). Hydroxyl radical
does not require to be formed from only the hole trapping at the surface of
photocatalyst; another way is superoxide radical. The overall mechanism of
photocatalytic degradation of organic matter upon photocatalyst is TiO2 based material
can be summarized as described below
Electron — hole generation in TiOe octahedral
O-Ti-O + hv — e- in conduction band + h+ in valence band
(a)
Charge carrier trapping in TiOe octahedral
Ti*—O*-Ti* + h+ — Ti**-O0—Ti*
(b)
Ti*"-O=Ti* + e- — Ti**-0*-Ti*
(©)

Electron transfer (reduction reaction)



e—=+ 02— 07~
(d)
207" + 2H" — 2HOY'
(e)
2HO2" — H202 + O2
(f)
e— + H202 — OH- + OH'
@)
Hole trapping by water or organic molecule on surface of TiO2 based materials
H20 + h+ — OH- + H*
(h)
Rads + h+ — R*ads where Rads is refer to organic molecule adsorbed on surface
(i)
Organic molecule degradation (by holes oxidation reaction)
h+ + Rads — R*ads where Rads is refer to organic molecule adsorbed on surface
()
Organic molecule degradation (by OH radical)
R + OH- — R* + H,O where R is an organic molecule
(k)
Charge recombination

e- + h+ — heat

(1



Organic pollutants has a structure mainly composed of C, H, and O which can be
decomposed to CO> and H2O. If the molecules compose of N, S, P atoms, it can form a
compound of nitrate, sulphate, and phosphate, respectively. As previously described, the
degradation of organic pollutants can occur directly from photo-generated hole or
hydroxyl radical. The difference is that the photo degradation by holes requires the
organic matter to be adsorbed by photocataylst material. In contrary, hydroxyl radical

does not require organic matter to be adsorbed at all.

2.3.2 Photocatalytic water splitting®-*°

H> has become one of the promising energy to replace the usage of fuel oil. In the
near future, the production of high purity H> can be produced by electrochemical cell in
the process of water splitting to yield H> and O». Currently, many research shows that
light can be used as the energy to initiate the electrochemical cell. Photocatalyst is an
important factor in producing H2 from water splitting reaction using light energy.
Photocatalyst is used in water splitting reaction by the photo-induced e/h* pairs. The
light is being adsorbed by the photocatalyst yielding photo-generated e- in conduction
band and h* in valence bad; when water molecules adsorbed by the surface of
photocatalyst, the water molecule will be oxidized by h* producing O2. Meanwihle, H*
is reduced by e to generate H,. Nevertheless, water splitting reaction requires a
photocatalyst, conduction band level higher than reduction potential of H*/H,, and
valence band lower than oxidation potentiation of O2/H20 for the reaction.

Theoretically, water splitting can occur at the surface of photocatalyst and yield H>
and O.. In reality, this phenomenon is rarely occurred due to various reasons i.e. e/h*

recombination or the combination of H2 and O reverses back to water. Practically,



electron donors or electron acceptors is used as a sacrificial reagents in photocatalytic
water splitting reaction to aid in the reaction. The role of sacrificial reagent will yield a
product from water splitting as either Hz or O2. As a result, reverse reaction of H> and
O2 to H20 is inhibited. The use of sacrificial reagent as electron donor (ex. Alcohol,
tretraethylenemine) will gain Hz production and electron donor being oxidized by hole
replacing water molecules. In contrast, the sacrificial reagent is an electron acceptor
then the only O production will occur and the electron in conduction band will be
consumed by electron acceptor instead.

In order to maximize photocatalytic water splitting under sunlight, this issue has been
researched extensively until present. Photocatalyst is a semiconductor which is suitable
for photocatalytic water splitting. Energy band gap is excessively wider than the visible
light can excite photo-induced e/h*. Moreover, visible light is mostly found in the
sunlight, hence, most photocatalyst semiconductor cannot be used under sunlight
including TiO2 and titanate. The development of TiO> especially titanate nanosheet with
wide band gap can be used as a photocatalyst for water splitting under sunlight is

fascinating. Therefore, it has been continuously researched by the researchers.

2.4 Improvement of photocatalytic activity of titanate nanosheet

2.4.1 band gap theory and semiconductor®®

In this topic, energy band gap will be discussed in detail for better understanding and
development of titanate nanosheet to has optimum energy band gap as visible light
energy. In single atom or isolated atom, electron in atomic orbits will have a separated
energy level. However, when isolated atoms have more than 2 electrons near each other;

it will form a molecule causing energy level to overlap. According to Puali exclusion



principle, two electrons cannot be in the same energy level bu it has the same quantum
number. Hence, two atoms will combine as diatomic molecule and overlapped energy
level will separate to two energy levels (Figure 2.8). The more number of atoms bond

the more overlapped energy level will almost disperse into a continuous band.
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Figure 2.8 The energy level in various atomic system, and the formation of energy

band.



From the molecular orbit theory, it explains the level of electrons; when two atoms
bonds by the molecular orbit, it will separate to bonding, anti-bonding, and non-bonding
orbit. Bonding orbit is an orbit where electrons from two atoms orbits between each
other, and anti-bonding is an orbit of electron outside of nuclei of two atoms. Non-
bonding orbit is an orbit where electron will not pass through or electron will not be
fund in that orbit as in quantum mechanics. The bonding orbit has a low energy. On the
contrary, the anti-bonding orbit will be in high energy level because electron will escape
the excited state from the interaction of nuclei of the two atoms. In solid crystal, if the
number of atoms is infinite resulting in overlap energy-discrete turn to large continuum
band by electron filling half of the continuum band isolate to half occupied and half
unoccupied band (empty). This is due to the electrons chose to be in the lower energy
level which relates to molecular orbit theory.

At the lowest energy level, electrons will form a strong bond. While at the highest
energy level, the node will form between pair of electron and the characteristic is
similar to anti-bonding in molecular orbit theory. The anti-bonding on highest energy
band is called conduction band (CB) or called lowest unoccupied molecular orbital
(LUMO), meanwhile, bonding or lowest energy band is called valence band (VB) or
called highest occupied molecular orbital (HOMO) in molecular orbit theory. In the
case of metal or conductor, conduction band and valence band do not separate or a zero-
energy gap. For semiconductor and insulator, conduction band and valence band will
distinctively separate and has a gap between conduction band and valence band called

band gap (figure 2.9).
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Figure 2.9 The energy band structure of TiO, based material.



TiO2 based material is composed of Ti and O; Ti has electron configuration of [Ar]
4s? 3d2, and O has electron configuration of 1s2 2s? 2p*. The energy level of both Ti and
O are combined resulting in a discrete energy level which O 2p is a valence band
occupying unexited electron, while Ti 3d is a conduction band. Although, anatase TiOo,
rutile TiO,, perovskite titanate or titanate are TiO> based materials; they have minor
differences in their conduction band, valence band, and band gap.

2.4.1 Metal doping and band-gap narrowing®-1%

Generally, pure semiconductor has an electronically neutral property and no electron
at conduction band. Due to an electronically neutral property, pure semiconductor is not
good at conducting electric current. In order to improve its capacity, adding foreign
atoms to semiconductor enhances its ability, and this adding has to be inside the
structure of pure semiconductor. This method is called doping. The charge carrier or
number of electrons will change when doping foreign atoms. If the doping atom has
more electrons, it will make the free electron in the structure increase resulting in
negative-type (n-type) semiconductor. While doping atom with less electron causes the
hole or electron to be insufficient and this is called positive-type (p-type) semiconductor.
In addition, doping can induce band position or alter band gap. In the past few years,
many researches showed that doping titanate compound or TiO2 by transition metals
narrowing the energy band gap of titanate compound or TiO2 and can work as a
photocatalyst for water splitting reaction.

SrTiOs is one of the chemical from the TiO. based material and has a perovskite
structure. SrTiO3 has a band gap about 3.25 eV and photocatalytic property for water
splitting to produce H. when loaded with cocatalyst such as Rh or Ru under UV light.

By doping of Ti site with Mn, Rh, Cr, and Ru, doping can cause mid-gap state in the



band gap and allow visible light adsorption. Congruently, metal doping TiO2 by
replacing Ti*" in TiO, lattice with metallic ion form an intra-band in the band gap,
moreover, it will be able to absorb visible light and enhance the photocatalytic activity.

Doping with small amount of transition metal ion replacting Ti** in TiO- lattice
cause charge carrier trapping and extend the life-time of charge carriers. When light
irradiated metal doped TiO- is shown as the following equation.

O- M"™ -0 + hv — O- M™D*.0 + ¢ in conduction band

(m)
O- M™ -0 + hv — O- M™D*-0 + h* in valence band
(n)

Photo generated electors or holes can be caught by the metal ions yielding charge
carrier trapping as shown below

O- M"™ -0 + ¢ in conduction band — O- M™Y* -0

(0)
O- M"™ -0 + h* in valence band — O- M®™*D*.0
(P)

Its effect is that photo induce charge separation of e’c, and h*vy, yield charge carrier in
the state of iconic state of metal ion doping TiO: lattice. Nonetheless, the equation (N)
and (O) can be proceed only when energy level of M™/M®D* |ess than conduction band
of TiO2 and higher than valence band of TiO>. The research of metal doping by various
metal ions ex. Rh®*, Fe**, Mo®", V#*, etc. can improve photocatalytic activity and cause
TiO> to absorb in the range of visible light.

In 2004, Kudo et. al. reported the high photocatalytic H> production by Rh-doped

SrTiO3z under visible light (A>420 nm). After doped Rh replacing Ti*" in SrTiOs lattice



cause the energy band gap of SrTiO3 to decrease from 3.25 eV to 2.3 eV. As a result,
SrTiOs can be excited by >420 nm wavelength or the visible light region. Additionally,
the capability to produce H is better than non-doped SrTiOz. As mentioned above,
metal ion doping affects the enhancement of photocatalyst, however, not all transition
metal ion i.e. Cr, Ni, etc. cannot enhance the photocatalyst efficiently even if it produces
intra-band in the band gap for absorbing visible light. In some cases, photocatalytic
activity increases but the light absorption ability remains the same. Therefore, Rh is an
interesting transition metal to be used in doping for improving energy band gap and
enhance capability of TiO> based material and another metal oxide semiconductor
photocatalyst.

Nonetheless, the chance of yielding e/h* recombination is high in bulk or powdered
structure of TiO2 or SrTiO3z. Rh doping cause charge separation longer when compared
between lifetime of charge separation and reaction time for photocatalytic H:
production and this phenomenon may happen thus the use of cocatalyst is required.
However, using cocatalyst loading at the surface photocatalyst only aid s in
photogenerated e or h* to combine as electron pool or hole pool. It is not much different
from metal doping but at TiO2 or SrTiOsz, moreover, the chance where doped metal is
near the surface is less than cocatalyst loading. Hence, even doping can decrease band
gap and enhance photocatalyst ability, theoretically, lattice structure of metal doping is
not efficient in practical. On the other hand, crystal lattice of photocatalyst is thin which
causes every atom to arrange at the surface as the case of titanate nanosheet.

2.5 Titanate nanosheet with photosensitizer dye

In the previous topic, the development and enhancement of photocatalyst of TiO>

based material by metal doping was discussed. The effect of metal doping can make



TiOz or SrTiOs perovskite to absorb visible light (A>420 nm). Metal doping mechanism
uses metal ion (Rh, Mn, etc.) replacing Ti*" in the structure of TiO2 or SrTiOs.
Unfortunately, there is a limitation for doping; for example, the iconic radius of metal
ion should be similar to Ti** and the doping amount needs to be study on its effect as the
doping may affect the stability of crystal lattice. Hence, it may change the property of
TiO, based material. Despite its advantages, metal doping is in the process of
developing for visible light absorption as it still has a problem with crystal structure.
There is another interesting method to enhance the adsorption capacity in the visible
light. This is called a dye sensitized system between TiO2 based material and visible
absorbable photosensitizing dye molecules.'%%° The basic concepts of photocatalytic
H> production from water by using dye-sensitized photocatalyst semiconductor and
photosensitizer dyes are shown in figure 2.10.

Photosensitizer dye are excited by light which makes electron excites from HOMO
to LUMO by the same concept as semiconductor which electrons excites from valence
band to conduction band by light. Therefore, photogenerated electron will transfer to
conduction band of semiconductor. When electron is at conduction band, semiconductor
will be excited in the excitation state and make semiconductor active as a catalyst for H»
production. These electrons are consumed to reduce water and produce H» gas.
Meanwhile, semiconductor acts as reduction site to produced H». Hence, photosensitizer
dye can be oxidized by accepting electron from donor molecules. This phenomenon can
occur when photosensitizer dye is adsorbed onto semiconduction and the injection of
electron from dye to semiconductor can occur meaning conduction band of

semiconductor has lower LUMO level of photosensitizer dye.
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Figure 2.10 The schematic photocatalytic reaction from dye-sensitized TiO-



2.5.1 Dye-sensitized TiO, 115120

Since 1980s, after Gratzel et al. successfully produced hybridization of tris (2,2’-
bipyridine) ruthenium (I1) [Ru(bpy)s]** ion on Pt/RuO2-loaded TiO, particle.
Additionally, dye-sensitized material can undergo water splitting reaction under visible
light to generate H». From this point on, the development of photocatalytic H>
production system by metal oxide and photosentisizer dye becomes main researcher
until today.

The important variable for enhancing dye-sensitized metal oxide is electron injection
from LUMO of dye to conduction band of metal oxide. Moreover, the difference
between LUMO level and conduction band level is not the only one that limits the
ability of electron injection from dye to metal oxide; this also includes interaction and
adsorption of dye molecule on metal oxide particle. Many research showed that the
development of molecular structure affecting electron injection. Hirano et al. found that
using tris(bipyrimidine)ruthenium(ll) [Ru(bpym)s?*] displaying higher H, production
efficiency than Ru(bpy)s?* in dye-sensitized TiO,. Even though, the LUMO level is not
that different. Similarly, adding phosphonate groups of carbonylate group to anchored
of Ru(bpy)s** enhance the H2 production due to the phosphate group acts as branch
attaching to TiO> particle resulted in better electron injection.

The structure of metal oxide semiconductor is also important for enhancing the
efficacy of electron injection. Many reports showed that hybrid system with metal oxide
semiconductor as bulk molecule. Dye will be absorbed at the surface or particle. While
photocatalytic Hz production by hybrid system of (Ru(bpy)s?*) intercalated into layered
Niobium oxide were also investigated. The bleaching of Ru(bpy)s®* readily occurs

because fast and high efficient electron transfer between Ru(bpy)s?* and layered



niobium oxide. Moreover, many layered oxide semiconductors were also studied as a
building block in hybrid system. Nonetheless, nanostructured niobite and Ru(bpy)s?*
hybridized were found to be a high photocatalytic H2 production. It was higher than
intercalated in layered niobium oxide and TiO2 particle. This could be explained by
their large specific area which able to adsorb more amount of Ru(bpy)s?*, and good
binding between Ru(bpy)s?* dye.

Another important factor of dye-sensitized TiO, based material system is a
photosensitizer dye. Dyes can be mainly divided to organic dye, and inorganic dye due
to their atomic component in their structure. Inorganic dye includes metal complex such
as ruthenium or iridium complex, metal porphyrin, phthalocyanine; while organic dye

includes only an organic component such as metal-free porphyrin dye (figure 2.11).

2.5.2 Organic sensitizerst?*12°

Organic dye has a structure composed of donor and acceptor connecting by n-bridge
(figure 2.12). Electron will be passed from donor part via n-bridge to acceptor part
under light irradiation. The result of electron donating and accepting under light
irradiation causes organic dye to have adsorption response in the visible light region and
high adsorption extinction coefficient which is suitable for light harvesting system.

The organic dyes are considered as one of the most promising sensitizers for dye-
sensitized semiconductor photocatalyst. Due to organic dye has n-bridge as a key part, it
acts as electron donor and acceptor. The expansion of the structure of n-bridge can
induce a shift of both the HOMO and LUMO level. Subsequently, we can adjust photo-
physical properties of organic dye. In recent years, xanthene dye, coumarin,
merocyanine dye, and porphyrin dye have been reported for using as organic sensitizers
in the dye-sensitized TiO2 system. R. Abe et. al. reported merocyanine-dye-sensitized
TiO2 photocatalyst with Pt as cocatalyst and I- as electron donor in acetonitrile water

mix solution. The results demonstrated an improvement of H2 production under visible



light not only as photocatalyst but organic dye sensitized semiconductor system.

Moreover, they have been used widely as dye-sensitize solar cells.

Inorganic dye Organic dye

Metal bipyridine complex Pophyrin dye

Figure 2.11 Chemical structure of inorganic metal bipyridine complex and organic

porphyrin dye.



2.5.3 Inorganic dye sensitizers?6-130

The structure of inorganic dyes composes of cation metal, and non-metalic anion.
Inorganic dye has high thermal stability and chemical stability because of ionic bond
compared to organic dyes. As mentioned previously, inorganic dye mostly uses as dye
sensitized photocatalyst are polypyridyl ruthenium complex due to high stability, well-
known redox properties and energy structure, and good respond for visible light.
Polypyridyl ruthenium complex can be divided into many groups which are
carbyoxylate polypyridyl ruthenium complex, phosphonate polypyridyl ruthenium
complex, and polynuclear bipyridyl ruthenium complex. Each group differs in their
adsorption gap or number of metal center. These differences affect dye-sensitized
photocatalyst. The adsorption group is also affected electron injection in the dye-
sensitized TiOz system.

Besides the type of dye sensitizers, there are other factors affecting the ability of dye-
sensitized photocatalyst such as linkage or connection between photosensitizer dye and
semiconductor photocatalyst. These are important variables for electron injection from
dye to semiconductor. In addition, photocatalytic activity of semiconductor plays a
crucial role despite the electron injection. If the photocatalytic activity is low, it is
difficult for the photocatalyst reaction to progress.

2.6 Conclusion

TiO2 is the first reported semiconductor exhibiting photocatalyst properties for H»
evolution from water under UV light irradiation. TiO2 is being used widely as
photocatalyst for Hx evolution due to chemical stability, non-toxic, and inexpensive
material. This also includes other TiO2 based materials i.e. perovskite titanate or layered
titanate. However, TiO2 based material has one flaw in which it’s only
photocatalytically active under UV light. Therefore, using TiO2 based material under
sunlight is impossible because sunlight contains only a little amount of UV.

The improvement of TiO2 based material responding to visible light is critical as
sunlight contains mostly visible light. In order to improve TiO> based materials, there
are two main methods which are metal ion doping, and hybrid dye sensitizers. The
adjustment of electronic band structure of TiO. based material is done by doping metal
ion to replace Ti sties of TiO2 based material; it does not disturb the structure of TiO>

based materials. A. Kudo et. al., R. Abe et. al., and other research groups denote that



metal doping such as Rh doping enhances the light respond ability in the visible light
region, hence, it boosts the photocatalyst ability for H2 production reaction.

While hybrid system of dye sensitizer is also an interesting method to increase the
photocatalyst ability under visible light of TiO2 based material. It is processed by
combining TiO2 based material with dye sensitizers. Dye-sensitized TiO2 based
material has simple principles which dye sensitizer acts as a light receptor generating
excited electrons. Then, excited electron will pass through TiO2 based material for
further reaction.

Most of the reported research papers used TiO2 based materials in the form of
powder or bulk molecule; they have low specific surface area to volume of material.
Accordingly, electron-hole recombination can occur easily, however, the efficiency of
material is lower than expected theoretically. In order to improve this, altering bulk
molecule to nano-structured molecule (ex. nanotube or nanosheet) will enhance the
capability of TiO2 based material as photocatalyst especially nanosheet structure. This
is due to its characteristic similar to a paper sheet meaning the reaction site increases.
Nonetheless, the width of its structure is in nanoscale resulting in energy band gap value
in electronic band structure higher indicating nanosheet structured TiO2 based material
is only active under UV or shorter wavelength.

The energy band gap of nanosheets structured TiO2 based material or titanate
nanosheet can be improved by two methods similar as bulk molecule or powder. These
methods are metal doping and combining with dye-sensitizer. In this chapter, we
explained the system of metal doping, and dye-sensitized in both principles, and usage.
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Figure 2.12 Schematic drawing of organic dye-sensitized photocatalyst, the electron

donor-n bridge-acceptor structure of organic photosensitizer dye.
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Chapter 3

Synthesis of Rh doped Titanate
Nanosheet and Investigation of Its
Effect on Photocatalytic Activity for
Organic Dye Degradation

3.1 Introduction

Two-dimensional titanate nanosheets (TiNSs) prepared from layered titanate
[HoTinO2n+1 (n > 3), or lepidrocrocite-type titanate, HnTi2-sadnsOs (n ~ 0.7; O,
vacancy)] have attracted attention due to exhibition of unique structural features such as
high aspect ratios (thickness: 1 nm, surface area: ~ several um?). Furthermore, they have
useful physicochemical properties i.e. high cation-exchangeability, wide-bandgap
semiconducting properties, high dielectric constant, and photocatalytic ability. Thus,
TiNSs have been studied by many researchers as gas barrier, water purification,
functional coating reagent, self-cleaning material, and etc.!® In addition, titanate
nanosheets (TiNSs) can be prepared from alkaline titanate such as A2TinO2n+1 (A:
alkaline metal, n = 3, 4, ...). Generally, the typical alkaline compounds for studying the
photocatalytic abilities are NaxTizO7 and/or K:TisO9 which have been studied
intensively over the past decades.®® This TiNSs can work as a photocatalyst. However,
the photocatalytic activity of these nanosheets is not sufficient for their application as a
self-cleaning material. Thus, the improvement in their photocatalytic activity is desired.

Metal doping is one of the methods for refining and improving their photocatalytic
activity.>1% The metal doping method is a process in which other metal atoms are
incorporated into the Ti sites of titanate and is known to improve photocatalytic activity.
The improvement originates from the formation of a new energy band by orbital mixing
and change in the carrier concentration. The photoredox activity of titanate is affected
by the adjustment of the photocatalytic properties. Recently, there have been many
investigations of the metal doping of TiNSs.

Ida et al. reported the photocatalytic activity of Rh-doped lepidrocrocite-type TiNSs,
prepared by the exfoliation of Rh-doped HnTi2-ns0nisO4 (n ~ 0.7; O, vacancy), which



was synthesized by solid-state reaction.!! In this work, they found that Rh atoms
incorporated into the Ti sites of the TiNSs acted as H. production reaction sites for
photo-induced water splitting. Milanovi¢ et al. also reported the synthesis of Nb-doped
lepidrocrocite-type TiNSs and the effect of Nb doping on the photodegradation of
methylene blue (MB) in water. Furthermore, Sasaki et al. reported the synthesis of
lepidrocrocite-type TiosFeo4O2 and Tio.sC0o202 nanosheets.’*** The doping 3d metals
into the Ti sites affected the crystal and electronic structures of the lepidrocrocite-type
TiNSs. The metal doping and effect of doping on the photocatalytic properties of TiNSs
prepared by exfoliation of an H2TinO2n+1 Crystal have not been reported until now.

H.Ti3O7 crystal can be prepared from layered Na>TisO7 by the Na*/H* ion-exchange.
The basic layer architecture of H2Ti3O7 was maintained with nearly unchanged structure
from that in Na,TisO7 which the structure was determined by Andersson and Wadsley. !>
Na>TizO7 consists of edge-shared and corner-shared TiOs octahedal, which the sheet
layers are separated by the Na® ion. Unlike the lepidrocrocite-type titanate, HnTio-
nanaO4 (N ~ 0.7; O, vacancy), the HoTizO7 crystals have no vacancies in their basic
layer architecture. The metal doping can be done only by replacing Ti atom to another
metal such as Mn, Fe, and so on.'?>* Thus, the effect of doping will occur due to the
replacement of Ti sites which are in the skeleton structure of TiNSs.

To investigate the photocatalytic activity of TiNSs, the degradation of organic
compound is one of well-known techniques.'® The degradation of organic compound
can be occurred by photogenerated holes from TiNSs or via the hydroxyl radical which
came from the oxidation water molecules adsorbed on TiNSs surface. The organic
compound must be adsorbed on the surface of TiNSs, while the hydroxyl radical can
attack the organic compound at the interface or beyond the particle surface. In this study,
we selected methylene blue and methyl orange as a model of photocatalytic degradation
base on the cationic and anionic which results in good or poor adsorption by TiNSs
because the TiNSs have only the cationic exchange properties.’

Methylene blue (MB) or methylthioninium chloride is a dye with the color of dark
green and gives blue color when solute in water. MB is a formal derivative of
phenothiazine (figure 3.1.a). The degradation pathway of MB by TiO has been reported
by Houas et al. (2001).28 The reaction starts from the adsorption and the product comes
out as a non-color solution at the end of reaction. The final products are CO2, SO4%,
NH4", and NO3". MB is a cation when solute in water, then it can be adsorbed by TiNS
due to the electrostatic interaction between cationic MB and anionic TiNS. Methyl
orange (MO) is one of the azo dyes with azo band (-N=N-) connected to aromatic
structure (figure 3.1.b). MO is usually used in the photodegradation model of azo dye.*-
21 MO will be anionic when it solutes in a solution such as water. Therefore, MO cannot
be electrostatically adsorbed on TiNS surface because of the electrostatic repulsion
among MO and TiNS. MO is used as a poor adsorption capacity dye for TiNS. For MB,
it shows an extensive adsorption theoretically. Nevertheless, there are no reports on the
ability of MB dye or MO dye absorption by TiNS especially in the colloidal suspension
solution state.

In this study, Rh-doped TiNSs (Ti3NS:Rhx, x is the molar amount of Rh per 1 mol of
nanosheets) were synthesized as a Na;TisxRhxO7 crystal by solid-state reaction. The



electronic band structure of the synthesized Ti3NS:Rhx was characterized by
photocurrent and photoabsorption measurements. The adsorption activity and
photodegradation of organic dye; methylene blue (MB) and methyl orange(MO), in the
presence of Ti3NS:Rhx was investigated to evaluate its cation exchange activity,
photocatalytic activity, and the effect of Rh doping on this kind of titanate nanosheet.

3 N Cl

H.C /[i:I: :I::]§+
3G S N- CH;

| |

CH, CH,

b @)
H3CN /}\l ﬁ—o
H.C/ N o) +

3

Figure 3.1 The chemical structure of methylene blue (a) and methyl orange (b).



3.2 Experimental
Reagents and materials

Sodium carbonate Na;COs (99.9%) from Wako Pure Chemical Industries Co.,
anatase-type TiO2 (99.7%) from High Purity Chemicals Co., Rh203 (99.9%) from Wako
Pure Chemical Industries Co., methylamine (CHsNH2, 40wt.% solution) and
tetramethylammonium hydroxide (TMAOH, 26wt.% solution) from Tokyo Chemical
Industry Co., MO (C14H14N3NaOsS, Sodium 4-{[4-
(dimethylamino)phenyl]diazenyl}benzene-1-sulfonate) from Wako Pure Chemical
Industries Co. and MB (C16H18N3sSCI-3H20, 3,7-bis(dimethylamino)-phenothiazin-5-
ium chloride) from Kanto chemical Co. were used as received.

Synthesis of Rh-doped sodium titanate

Na TizxRhxO7 was synthesized using a modified form of the solid-state reaction
method reported by Izawa et al.?> The material was synthesized by the following
procedure; Na;COg, anatase-type TiO2 and Rh2O3 were mixed and grinded in a mortar.
The mixture was calcined at 1173 K for 24 h in air. This operation was repeated again
after grinding. The amount of Rh (z) added to the Ti sites was set from 0 to 10%.

Preparation of the nanosheet colloidal suspension

The colloidal suspension of Ti3NS:Rhx was prepared according to a modified form
of the method described by Miyamoto et al.?® 0.3 g of Na;TizxRh«O7 powder was
dispersed in 30 cm?® of hydrochloric acid (1 mol/dm?®) for exchanging the counter cation
from Na* to H'. Subsequently, it was shaken for 3 days at room temperature. The
hydrochloric acid was replaced every day to allow the protonation reaction to proceed
efficiently. The filtrated HoTis.xRhxO7 was washed with high purity water to remove any
remaining hydrochloric acid, and was dried under a reduced pressure condition at room
temperature overnight. The collected H,TizxRhxO7 was neutralized by methylamine
aqueous solution at 333 K for 6 days to yield (CHsNHs)2TizxRhxO7 powder.
Subsequently, (CH3NH3)2Tis«RhxO7 was dispersed in TMAOH solution ([Tis-«RhxO7%
J/[TMAOH] = 5) by sonication for 5 days. Non-exfoliated Ti3NS:Rhx was removed by
centrifugation (at 4000 rpm or 1150 G for 15 min, IEC61010-2-020, KUBOTA). The
Ti3NS:Rhx colloidal suspension was obtained as the supernatant. The synthesis diagram
and reaction pathway is shown in Figure 3.2.

Adsorption properties of Ti3NS:Rhx?426

To investigate the adsorption property of Ti3NS:Rhx, the adsorption experiment of
MB and MO by Ti3NS:Rhx was carried out by the following procedure (Figure 3.3): (1)
0.01 cm? of the Ti3NS:Rhx (9.53 x 102 mol/dm?, pH 11) was added to 10 cm? of the
MB or MO aqueous solution (9.53 x 10® - 9.53 x 10° mol/dm?, pH 11), and this
mixture was stirred at room temperature for 24 h, away from light. The molar ratio of
the MB or MO and Ti3NS:Rhx was varied from 0.001 to 1.0. (2) After stirring, the
mixture was filtrated through a hydrophilic polyfluororesin membrane filter (pore size:
0.1 um) to remove Ti3NS:Rhx from the suspension. (3) The amount of adsorbed MB or



MO by TiNS:Rhz was calculated from the absorbance of remained MB or MO in the
filtrate at the peak wavelength of 663 nm. The extinction coefficient (¢) of the MB
solution (pH 11) was 5.2 x 10* dm*/mol-cm and MO solution was 2.6 x 10* dm®mol-cm.
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Figure 3.3 Schematic diagram of adsorption experiment.



Photodegradation of organic methylene blue and methyl orange dye’-!

To characterize the photocatalytic activity of Ti3NS:Rhx in aqueous media, the
solution of Ti3NS:Rhx and MB or MO was irradiated with UV light according to the
following procedure: (1) the MB or MO solution (4.7 x 10® mol) was mixed with
Ti3NS:Rhx (4.7 x 10°® mol) to reach a total volume of 10 cm? (pH 11), and stirred in the
dark until the adsorption was at equilibrium. (2) UV light of 254 nm (0.88 mW/cm?)
from a Xe lamp (MAX-301, Asahi Spectra Co.) was directed towards the mixture
through a band pass filter, for a given time at room temperature. The irradiation area
was confined to a square of 25 cm? (3) After the UV irradiation, the mixture was
filtrated by the hydrophilic polyfluororesin membrane filter (pore size: 0.1 um) to
remove Ti3NS:Rhx from the suspension. (4) The amount of remained MB by
Ti3NS:Rhx was calculated from the absorbance of MB in the filtrate at the peak
wavelength of 663 nm, and MO at peak wavelength of 464 nm.

Characterization

To analyze crystal structure of all materials, the powder X-ray diffraction (XRD)
analysis was carried out by X-ray diffractometer (RIGAKU, MiniFlex II). Absorption
spectra of various samples was measured by UV-Vis spectrophotometer (V-670 UV-
VIS-NIR spectrophotometer, JASCO). Absorption spectra of liquid samples was
measured by transmission mode. Diffuse reflectance (DR) spectra of solid sample was
measured by UV-Vis spectrophotometer attached to an integrating sphere system (ISN-
723, JASCO). Doped amount of Rh in Ti3NS:Rhx was estimated by ICP-AES apparatus
(Optima2000DV, Perkinelmer). Scanning electron microscopy imaging was performed
using JEOL-7001FA (JEOL Ltd.) operated at 12 kV.

Photocurrent measurement3%-33

According to the measurement setup reported by Usami et al. (Figure 3.4),
photocurrent was measured by a three-electrode electrochemical analyzing system
(Hokuto Denko, HSV-110) at a sweep rate of 10 mV-s. The Ti3NS:Rhx was cast on
FTO glass and dried at 333 K overnight. The Ti3NS:Rhx film deposited on FTO glass
acted as the working electrode, which was placed on a circle (9 mm in diameter) in a
PTFE cell to adjust the electrode area to 0.636 cm?. An Ag/AgNO; reference electrode
and Pt wire counter electrode were immersed in an acetonitrile solution of 0.1 mol/dm?®
tetraethylammonium perchlorate. A parallel beam of excitation light from a 150 W Xe
lamp (Hamamatsu Photonics, L2195) was focused on the semiconductor layer of the
FTO electrode through a light chopper (NF Electric Instruments, 5584A). The
modulated photocurrent at the applied potential was amplified using a digital lock-in-
amplifier (NF Electric Instruments, L15640) and transferred to a PC to be plotted
against the applied potential.
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3.3 Results and discussion
Characterization of Rh doped titanate nanosheet

The obtained powder of Rh-doped sodium titanate, Na>TizxRhxO7 (x is doping
amount (mol/mol)), is shown in Figure 3.5. The powder color changed from white to
yellow brown depended on amount of added Rh. The XRD patterns of all samples
shown in Figure 3.6. All samples showed diffraction peaks originated from Na;TizO7
crystal. However, some of diffraction peaks from impurities could be found also in
XRD patterns of Rh-doped samples as shown in a red strip in Figure 3.6. Thus,
Thesethese impurities was induced by adding Rh. This might cause the formation of
another crystalline of Na and Ti. The reason is that Na/Ti ratio was decreased by the
dope of Rh atom. However, SEM imaging of Na>TizxRhxO7 with no Rh added and 10%
added did not allow their microstructural differences to be observed as shown in Figure
3.7.
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Figure 3.5 Picture of synthesized Na Ti3O7 and Rh doped Na,TizO7 with varied added
amount.
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Figure 3.6 XRD pattern of synthesized Na,TisO7 and Rh doped NaTizO7 with varied
added amount. The red strip displayed an impurities peak.
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Figure 3.7 SEM image of Na2TizO7and Rh 10% added NazTizO7
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Figure 3.8 XRD pattern of synthesized H.TisO7 and Rh doped H:TisO7 with varied
added amount. The red strip displayed an impurities peak.



In Figure 3.8, XRD patterns of powdery samples obtained by protonation process
were shown. All samples showed the diffraction peaks from protonated titanate, HoTis-
xRhxO7, and NaTizxRhxO7 was found to be protonated by acid treatment as same as
non-doped Na>TizO7. Meanwhile, the diffraction peaks of impurity could not observed
for any changes. This result indicated that the impurity cannot be protonated by the acid
treatment. Thus, it can be easily predicted that these impurities will be removed by
exfoliation process.

The obtained Ti3NS:Rhx colloidal suspension were shown in Figure 3.9. The non-
doped TiNS colloidal suspension was white and the color change was occurred in the
colloidal suspension doped with Rh. The color alteration was changed from white to
light brown as the doping amount of Rh increased. The Tyndall effect could be
observed after beaming a laser thru the Ti3NS:Rhx colloidal suspension (Figure 3.9 B).
The XRD patterns of Ti3NS:Rhx cast film, which prepared by casting the Ti3NS:Rhx
colloidal suspension on the quartz substrate and dried at room temperature under
reduced pressure, are shown in Figure 3.10. In XRD patters of all samples, only 00l
diffraction peaks could be observed 001 around 26 of 4.5°, 002 around 26 of 9.0° and
003 around 20 of 13.5°. There are also no diffraction peaks from any impurities as it
was observed in case of Na,TizxRhxO7and H2TizxRhxO7.
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Figure 3.9 The photograph of A) Ti3NS:Rhx colloidal suspension with varied Rh added
amount at concentration of 1 g/dm?, and B) the Tyndall effect after pass a laser thru the
Ti3NS:Rhx colloidal suspension at concentration of 0.001 g/dm?,
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Figure 3.10 XRD patterns of Ti3NS:Rhx cast films prepared cast on quartz substrates.



From ICP-AES, the amount of Ti and Rh atom in Ti3NS:Rhx nanosheet was
measured, and the chemical formula of Ti3NS:Rhx were also comprehended as written
in Table 3.1. From this result, it showed that the Rh doped amount was lower than
added amount. This was due to solid state reaction of Rh2O3z melting point is about 1100
°C and the heating process was about 900 °C. As a result, RhoO3 was partially melted
causing the doping amount lower than added amount. Moreover, the ionic radius of
Rh® or Rh** is slightly larger than Ti**. Subsequently, this is one of the reasons why the
doping amount is lower than the added amount. Nevertheless, the doping amount is
increased as the added amount is increased.

Figure 3.11 shows the AFM image and its cross-sectional profiles of Ti3NS:RhO0 on
Si substrate. The sample was prepared by dipping a Si substrate in the Ti3NS:RhO
colloidal solution (pH 11) overnight, then washed and dried under vacuum condition.
A-B showed the cross section of Ti3NS 1 sheet. The thickness value of 1 sheet (~1.5-
1.6 nm) is 2 times larger than its theoretical value (~0.7 nm) because of TMA cation on
Ti3NS surface. C-D showed cross section of overlapped 2 sheets. The thickness value
of overlapped 2 sheets is about 2 times larger than 1 sheet.3*% Thus, this results indicate
that the exfoliation process was successful, and Ti3NS:Rhx nanosheet can be succeeded
by the present experiment procedures.



Table 3.1 The chemical formula of Ti3NS:Rhx at each Rh added amount.

Rh added amount Chemical formula
(% Ti atom) TiaxR0Or
0 [Tiz.0007]*
. [Ti2.9990Rho.00107] ¢
2 [Ti2.002Rho.00807] @
> [Ti2.970RN0.03007] ¢+

10 [Ti2_952Rh0_04807] (2+3)-




ap 219

[nm]
0.00
0.00 218.30 [nm]
Distance (nm) Hight (nm)
3.47 - 66.12 1.55
[nm]
99.67 1.65
- 11572 163
5.56
C-D [nm]
0.00
0.00 274.09 [nm]
0.00 Distance (nm) Hight (nm)
200.00 nm 527.27 x 527.27 nm

9157

3.08

72.03

- 97.67

Figure 3.11. AFM image of Ti3NS:RhO on Si substrate, and the cross section.



Optical and electrical properties of Ti3NS:Rhx and the effect of Rh

Figure 3.12 shows the diffuse reflectance spectra of H:TizxRhxO7 in term of
Kubelka-Munk function. The adsorption of H2Ti3O7 ranged from 380 nm to 350 nm and
the highest peak was detected at about 350 nm. Hence, H.TizO7 can absorb only UV
light. On the other hand, the adsorption spectra of H2Tis.xRhxO7 showed new adsorption
bands from 380 to 600 nm. Likewise, this new adsorption was increased due to the Rh-
doped amount. However, the adsorption band does not come from Rh.Oz because the
adsorption band of Rh,Os is clearly distinguished from the new adsorption band of the
H>TisxRhxO7. Consequently, this suggests that the new adsorption band was introduced
by the Rh-doping effect. According to A. Kudo et al., the new adsorption was a result of
Rh®*" and Rh*" doping effect.**=8 The adsorption band originated from 380 to 500 nm
caused by Rh3*. While the adsorption band about 500 to 600 nm was caused by Rh**. It
was concluded that the new absorption bands were composed by the summation of the
absorption bands of Rh3* and Rh*. However, the amount of Rh®" and Rh*" in each
sample cannot be determined.

Figure 3.13 showed adsorption of each colloidal suspension in term of Kubelka-
Munk function. The adsorption edge was shifted to shorter wavelengths as a result of
exfoliation, which was ascribed to quantum size effects. This indicates that the
compound structure was changed from bulk molecule to nanosheet.
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Figure 3.12 The diffuse reflectance spectra of HoTisxRhxO7 in term of Kubelka-Munk
function.
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Figure 3.13 The diffuse reflectance spectra in term of Kubelka-Munk function of all
Ti3NS:Rhx colloidal suspension



Table 3.2. The optical band gap (Eg) of all prepared TiNS:Rhx samples.

Sample Name Enelrzi)zeti%l d gap,
Ti3NS:RhO0 3.61
Ti3NS:Rh0.001 3.47
Ti3NS:Rh0.008 3.44
Ti3NS:Rh0.030 3.39

Ti3NS:Rh0.048 3.32



In Table 3.2, the optical band gap (Eg) energies of the samples were determined by
extrapolating the rising part of the onset of the absorption edge to the x-axis (4, nm).
The values of 1 was used in the Planck’s Einstein equation to calculate the band
gap, Eq = hc/A, where Eq is band gap energy in eV, h is Planck’s constant in eV. s, C iS
the speed of light in m/s, and / is the absorption wavelength in nm.3® The calculated
band gap energy values for T3iNS:Rhx are shown in Table 3.2. The decreased band
gap energy values of rhodium-doped Ti3NS designated the formation of new energy
levels within the Ti3NS band gap and resulted in redshift of the absorption edge. This
shift can be attributed to the incorporation of Rh 4d levels into the TisO7 crystal
structure just below the conduction band of TizO7 and thereby reducing the effective
band gap.

The energy band structure of Ti3NS:Rhx

From the previous result of photo-absorption of Ti3NS:Rhx, the energy band gaps
of Ti3NS:Rhx have been estimated. However, only the energy band gap cannot
estimate another parameter in energy band structure such as conduction band level and
valence band level. These two parameters are important for understanding the
photocatalytic reaction in predicting reaction possibility. For example, a photocatalyst
is used to oxidize organic compounds; the conduction band level of photocatalyst has
to be higher than the reduction potential of the targeted. In contrast, reducing organic
compounds require the valence band level of photocatalyst to be lower than the
oxidation potential of the targeted. Hence, if these two parameters are known, it is
possible to predict the reaction possibility.
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Figure 3.14 The schematic diagram of photocurrent measurement.
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Figure 3.15 The Photocurrent density of Ti3NS:Rhx on FTO substrate under light
irradiation.



Table 3.3 The electronic band structure of Ti3NS:Rhx shown as a conduction band
level (Ec), valence band level (Ew) and energy band gap(Eg)

Sample Energy band gap, | Conduction band level, | Valence band level,
Eq(eV) Ecb Euw = Ecp + Eg
(V vs. NHE) (V vs. NHE)
Ti3NS:RhO 3.61 0.0 3.61
Ti3NS:Rh0.001 3.47 0.0 3.47
Ti3NS:Rh0.008 3.44 0.0 3.44
Ti3NS:Rh0.030 3.39 0.0 3.39
Ti3NS:Rh0.048 3.32 0.0 3.32




Figure 3.14 showed the schematic of photocurrent measurement of Ti3NS:Rhx. The
applied potential on FTO substrate was adjusted to find the point that current start to
flow. The results were plotted between photocurrent density, J (mA/cm?) generated by
Ti3NS:Rhx with the applied electrical potential as shown in Figure 3.15. The
Ag/AgNOswas used as a reference electrode but the potential of conduction band level
and valence band level were shown as a normal hydrogen electrode (NHE) at pH 7
which generally uses in photochemistry. As a result, all synthesized Ti3NS:Rhx
exhibited the n-type semiconductor property which conduction band level can be
detected at the point where the photocurrent started to flow. This was due to the applied
potential of FTO is exactly equal to the conduction band potential of Ti3NS:Rhx.
Consequently, the conduction band level can be predicted by reading the potential of
FTO compared with reference electrode. All the data are shown in Table 3.3 as
compared with NHE. Accordingly, the valence band can be calculated from the band
gap and conduction level. Thus, all the valence band levels were obtained and are
shown in Table 3.3.

Generally, the band structure of Ti3NS is composed of valence band of O 2p and
conduction band of Ti 3d. Ti3NS:RhO is shown in the table 3.3. However, Ti3NS:Rhx
showed no difference in the conduction band level indicating that the conduction band
level of all samples is still Ti 3d. Moreover, the energy band gap was reduced in
Ti3NS:Rhx where x is not 0 indicating that the valence band level was not designated
only O 2p but a combination of O 2p and Rh 4d as shown in figure 3.16.
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Figure 3.16 The potential diagram shows the energy band structure of Ti3NS:Rhx. Ti
also shows that Rh doping and doped amount affects a valence band potential of Ti3NS.



Adsorption capacity for cationic methylene blue dye

Figure 3.17 shows the adsorption kinetic of MB by Ti3NS:Rhx. The graph was
plotted between the molar amount of adsorbed MB per [TisxRh«O7*] unit, C2s
(mol/mol) against adsorption time, t. The reaction reached the equilibrium point within
30 minutes.

The adsorption of MB by Ti3NS:Rhx was evaluated by plotting C2% against the
molar amount of added MB per [TizxRhxO7%*] unit, C° (mol/mol), as shown in Figure
3.18. The value of C®s increased along with an increase in the C° value. Therefore, the
amount of adsorbed MB at saturation point could be calculated, and this is shown in
Table 3.4. The adsorbed amount was much lower than the formal anionic charge of
Ti3NS:Rhx (2 mol/mol) in all cases because of the competitive adsorption of MB and
TMAOH. Table 3.4 also shows the amount of adsorbed MB slightly decreased with an
increase in Rh doping. This can be explained by the anionic charge of Ti3NS:Rhx. In
the case of Ti3NS:Rhx (x > 0), the anionic charge altered because the ionic state of Rh
was Rh3* or Rh**. This lead to an increase in the anionic charge of Ti3NS:Rhx. However,
the result did not affect the MB adsorption because it strongly interacted with the TMA
cation. Therefore, the adsorption of MB decreased when Rh incorporated into the Ti
sites.

The shape of the adsorption isothermal curve was different for each sample (Figure
3.18). The C?* value of the Ti3NS:Rh0 and Ti3NS:Rh0.001 linearly increased with an
increase in the C° value. The adsorption isothermal curve of Ti3NS:Rh0.001 behaved
similarly to Ti3NS:RhO but the C?° value of Ti3NS:Rh0.008, Ti3NS:Rh0.03 and
Ti3NS:Rh0.048 logarithmically increased. Thus, these results suggest that the surface
properties of Ti3NS varied with Rh doping into the Ti sites.
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Figure 3.18 The adsorption isothermal curves of MB by Ti3NS:Rhx.



Table 3.4 The saturated adsorption amount of MB by Ti3NS:Rhx at equilibrium.

Saturated amount of absorbed MB per molar amount

Sample of Ti3NS:Rhx at equilibrium (mg/g)
Ti3NS:RhO 37+3
Ti3NS:Rh0.001 36+ 3
Ti3NS:Rh0.008 35+ 3
Ti3NS:Rh0.030 31+3

Ti3NS:Rh0.048 29+ 3




Adsorption capacity for anionic methyl orange dye

The adsorption capacity of Ti3NS:Rhx for MO was also evaluated as same as
adsorption capacity for MB. The plot between C2* against C°is shown in Figure 3.19.
As a result, it could not observe an adsorption of MO. This indicated that the MO
cannot be adsorbed by Ti3NS:Rhx. The reason for this phenomena is clearly simple as
both of MO and Ti3NS:Rhx are anionic molecules. Due to the electrostatic reaction
between MO and Ti3NS:Rhx, both of them should repulse each other. Moreover, it was
previously explained that the interacted between Ti3NS:Rhx and TMA cation is very
strong. Thus, the Ti3NS:Rhx do not adsorb MO and also have no adsorption capacity
for MO.

From the result of adsorption activity of Ti3NS:Rhx for MB and MO dye, it
exhibited that the Ti3NS:Rhx selectively adsorbed only the cationic MB dye. However,
the adsorption capacity of the cationic dye on Ti3NS:Rhx is low. The reason is due to
the strong interaction between Ti3NS:Rhx and TMA" which does not allowed other
cation to be exchanged.

Photodegradation of MB dye

The degradation of MB by UV light irradaition was observed with the changing of
UV-visible absorption spectra. Figure 3.20 and Figure 3.21 show the UV-visible
absortpion spectra of filtrated MB solution from mixed solution between Ti3NS:RhO
and Ti3NS:Rh0.0048, respectively, after irradiated by UV light at 254 nm with different
irradiation times. The peak around 663 nm originated from MB was gradully decreased.
This tendency could be observed for all of Ti3NS:Rhx which denoted that the MB was
degraded by UV light irradaition. Hence, It was found that the Ti3NS:Rhx can act as a
photocatalyst for MB degradation.
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Figure 3.19 The adsorption isothermal curves of MO by Ti3NS:Rhx.
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Figure 3.20 UV-vis absorption spectral changes of MB solution under UV light (A is
254 nm) irradiation in presence of Ti3NS:RhO.
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Comparison of photocatalytic activity of each Ti3NS:Rhx series, the absorbance ratio
values at 663 nm (Absi/Abso; where Abs; is an absorbance at each interval and Abso is
the initial absorbance or absorbance at t = 0) are plotted against the irradiation time in
Figure 3.22. All Ti3NS:Rhx samples photocatalytically degraded MB. However, the
duration of the reaction were varied. Ti3NS:Rh0 and Ti3NS:Rh0.001 showed almost the
same photodegradation ratio curve, while Ti3NS:Rh0.008, Ti3NS:Rh0.03, and
Ti3NS:Rh0.048 showed a different result. This indicates that photocatalytic activity can
be improved by Rh doping at the Ti sites of Ti3NS:Rhx.

The quantum yield (@qeg) Of the photodegradation of MB by Ti3NS:Rhx at initial
time was calculated by:

_ number of degraded MB molecules

deeg -

number of incident photons

Table 3.5 shows the @gg value of each Ti3NS:Rhx sample. Ti3NS:RhO and
Ti3NS:Rh0.001 exhibit almost the same @geg value. In contrast, the @geq value of
Ti3NS:Rh0.008, Ti3NS:Rh0.03, and Ti3NS:Rh0.048 are higher than that of
Ti3NS:RhO; thus, @geg increased with increasing Rh doping. A similar grouping
between samples was observed in the adsorption study. Thus, it is evident that Rh
doping modifies the surface properties of Ti3NS:Rhx. However, the adsorption ability
was not improved with an increase in Rh doping. Thus, the change in adsorption ability
cannot explained the increasing of photocatalytic activity for MB degradation.
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Table 3.5 Quantum yield (@deg) of MB photodegradation.

Sample Deg (%)
Ti3NS:RhO 0.30
Ti3NS:Rh0.001 0.31
Ti3NS:Rh0.008 0.34
Ti3NS:Rh0.03 0.81
Ti3NS:Rh0.048 0.97




Photodegradation of MO dye

The degradation of MO by UV light irradaition was also observed in a simialr
manner to MB dye by detecting the changing of MO solution UV-visible absorption
spectra. Figure 3.23 shows the UV-visible absorption spectra of MO solution before and
after the Ti3NS:Rh0-MO mixed solution was irradiated by UV light for 2 hours, and
Figure 3.24 shows that of Ti3NS:Rh0.048-MO mixed solution. The degradation of MO
was found due to the peak at about 464 nm which originated from decreasing MO.
Figure 3.25 shows a plot between degradation amount of MO by Ti3NS:RhO,
Ti3NS:Rh0.03, Ti3NS:Rh0.048, and in case of no Ti3NS:Rhx against UV irradiation
time. As a result, the degradation amount of MO shows almost same values for all
samples at the same UV irradiation time. This value is not different from no
Ti3NS:Rhx. This degradation of MO might be normally occurred when the MO solution
was irradiated by UV light, or it might be found only the self-degradationof MO. This
indicated that MO molecules were not degraded by the photocatalytic activty of
Ti3NS:Rhx. The reason migth be that Ti3NS:Rhx did not adsorb MO due to that both of
them are in same anionic state.
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Photocatalytic activity of Ti3NS:Rhx

Generally, the photocatalytic degradation of organic molecule in solution can occur
directly from photocatalyst material to organic molecule, or occur via the OH" radical or
O> radical. In case of OH" radical or O radical, the oxidation or reduction of water
molecule and photo-induced electron or hole in photocatalyst material should be
progressed to form OH- radical or O, radical.®®4%*! While these radical contracts with
organic molecules, the organic molecules will be degraded even when organic
molecules do not exist on the suface of photocatalyst. On the other hand, the direct
degradation of organic dye by photo-induced hole from photocatalyst material can be
observed only on the surface of photocatalyst material. In the case of the
photodegradation experiment for MO, slight photodegradation of MO could be
observed under UV irradiation, althogh MO molecules were not absorbed on
Ti3NS:Rhx. Thus, it can be explained that the photodegradation of MO was mainly
caused by OH and O: radical species. In the case of MB, both adsorption and
photodegradation of MB could be observed. Thus, MB was directrly photodegradated
by the photo-induced holes produced on the surface Ti3NS:Rhx under UV irradiation.

Moreover, Rh doping could improve the photocatalytic activity of Ti3NS:Rhx. The
adsorption capacity of MB by Ti3NS:Rhx decreased as Rh doped amount increased.
Conversely, the photocatalytic activity of Ti3NS:Rhx for MB degradation inceased as
Rh doped amount increased. However, this cannot explain the improvement of
photocatalytic activity due to the photodregradation of MB might be caused by photo-
induced hole in Ti3NS valence band; the improvement of photocatalytic activity by Rh
doped might be related to the change in valence band level. From a result of enrgy band
structure, the Rh doping affected a valence band level of Ti3NS. The valence band
level became higher than TiNS:RhO, and it increased as Rh doped amout increased.
However, the leveling of valence band level did not agree with the improvement of
photocatalytic activity. Generally, the photodegradtion will greatly occur when the
catalyst has valence band level significantly lower than oxidation potential of organic
molecules. However, the valence band level of Rh-doped Ti3NS:Rhx is increased as the
doping amount increased; this should render the Ti3NS:Rhx’s effeciency. Inspite of
that, Ti3NS:Rhx’s effeciency is increased. As a result, the photocatalytic activity cannot
be explained by the change of valence band level using Rh-doping.

Recently, K. Maeda et al., and R. Abe et al. reported that the ratio of Rh3+ and Rh4+
in SrTiOs and BaTiOs has a huge impact on photocatalytic activity of Rh-doped SiTiO3
and/or BaTiO3.***® In our studies, Ti3NS:Rhx’s photocatalytic effect shows a
correlational tendency of Rh*/Rh®* change with Rh-doped amount due to the
absorption spectra. Ti3NS:Rh0.001 has the lowest ratio of Rh**/Rh®" causing low
photocatalytic activity for MB degradation. In contrast, Ti3NS:Rh0.008 has higher ratio
of Rh**/Rh3* resulting in a slighlty increase of quantam yield of photodegradation.
Ti3NS:Rh0.03 and Ti3NS:Rh 0.048 has high ratio of Rh**/Rh®" and the quatum yield of
photodegradation is nearly the same in both.

From this result, we can conclude that Rh**/Rh%" is a key factor in explaning the
change of photocatalytic activity for dye degradation, nonetheless, there are no
experiments which can explains this phenomenon. We assume that there may be another



factor besides ratio of Rh*/Rh** which is the redox reaction of Rh®" and Rh**. We
suggest that Rh®" and Rh*' are responsible for activating reaction under UV light
irradiation by Rh3* accepting photo-induced hole from from valence band of Ti3NS;
While Rh** takes out electron from MB molecule which absorbs by Ti3NS. This results
in a redox cycle of Rh®" and Rh*" which improves a photocatalytic reaction under UV
light irradiation. Thus, the ratio of Rh*/Rh® and the reaction of oxidation and
reduction time will affect this redox cycle directly. However, their still no evidence to
confirm this redox cycle. This will be the new challenge in the field of photocatalyst
and also semiconducting material.

3.4 Conclusions

In this chapter, the synthesis and photoelectrochemical characterization of Ti3NS:Rhx
were performed. The adsorption spectra showed a new absorption band which
originated from Rh in 2 ionic states: Rh®" and Rh**. A ratio of this absorption of Rh3*
and Rh*" seem to be varied by Rh doped amount. The valence band level of the
Ti3NS:Rhx was affected by Rh incorporation into the Ti sites. Adsorption capacity and
photodegradation of MB under UV light by Ti3NS:Rhx was observed, and it varied
with Rh doping. On the other hand, Ti3NS:Rhx did not adsorb MO due to the anionic
charge of MO, and photodegradation of MO by Ti3NS:Rhx did not occur. The
photodegradation activity of Ti3NS:Rhx was significantly improved with increased Rh
doping, suggesting that the Rh**/Rh** ratio and redox cycle of Rh®*" and Rh*" plays an
important role in the photodegradation of MB under UV light irradiation in the presence
of Ti3NS:Rhx.
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Chapter 4

The photocatalytic Activity of Rh
Doped Titanate Nanosheet for
Hydrogen Evolution

4.1 Introduction

The efficient production of H; gas from water by using sun-light energy is one of the
artificial photosynthesis field’s goals. Thus, the researches and developments of
various photocatalytic materials for water-splitting reaction under sun-light irradiation
have been studied by many researchers.'

Due to large specific surface area and semiconducting property, titanate
nanosheets (TiNS) is well known as the promising photocatalyst for photo-induced
water splitting reaction and can be prepared from alkaline titanate such as A;TinOz2n+1
(A: alkaline metal, n = 3, 4, ...). This alkaline titanate can work as a photocatalyst for
production of H, gas from water-splitting reaction. However, the large energy band
gap makes them active only under the UV light irradiation. The development of novel
photocatalytic materials which can work under sun-light irradiation are actively carried
out due to sun-light is an unlimited source of energy without cost. Therefore, the
photocatalytic properties of the synthesized noble materials have been investigated
intensively.

Currently, Rh doping on metal oxides i.e. TiO, or SrTiO3 causes metal oxides to be
photocatically active under visible light due to Rh replaces Ti. In addition, Rh also
creates a new electronic band structure which reduces the energy band gap.>!!
Nonetheless, its photocatalytic activity is low, hence, cocatalyst is used to enhance the
photocatalytic activity. Cocatalyst, which are metal or metal oxides of transition metals
such as Rh, Pt, Au, and Ag, acts as an electron pool meaning it collects photogenerated
electron from photocatalyst.122° Unfortunately, this cocatalyst only attaches on the
surface area, therefore, the inward photogenerated electrons in bulk molecule
requires long life times to transport to the cocatalyst for the reaction to occur. Even
with the help of cocatalyst, the bulk molecule has a wide width which makes it hard for
the reaction to occur resulting in low photocatalytic activity.

In order to increase the photocatalytic activity, photocatalysts with a sheet like
structure are necessary. Accordingly, titanate nanosheet is thought to be a promising



photocatalyst but it still requires the abilities to photocatalytically active under visible
light irradiation.

In previous chapter, we synthesized Rh-doped Ti3NS ([Tiz—xRhx07]%7). As results, the
Rh doping affects energy band structure causing Ti3NS to absorb visible light. This
implies that it can be used for H, production under visible irradiation. However, there
are no reports about this and Rh doping was suggested to have same effect as
cocatalyst in the past few years. Consequently, this chapter aims to find the
differences between Rh doping and Rh cocatalyst loading on titnate nanosheet.?23

In this chapter, Rh loaded Ti3NS with Rh amount equal to Rh doped Ti3NS as
previously mentioned in chapter 3 were studied for their physical properties, and
photocatalytic activities on H, production. Moreover, the effect of Rh doping on Ti3NS
was also investigated for photocatalytic H, production under visible light irradiation.

4.2 Experimental Procedures
Materials

Sodium carbonate Na,COz (99.9%) from Wako Pure Chemical Industries Co., anatase-

type TiO2 (99.7%) from High Purity Chemicals Co., Rh203 (99.9%) and RhCl3-9H20

from Wako Pure Chemical Industries Co., methylamine (CHsNH2, 40wt.% solution)
and tetramethylammonium hydroxide (TMAOH, 26wt.% solution) from Tokyo
Chemical Industry Co., and triethylamine (N(CH2CHz);, TEA) from Wako Pure

Chemical Industries Co. were used without further purification.

Preparation of the Rh-doped titanate nanosheets and Rh-load titanate nanosheets

The colloidal suspension of Ti3NS:Rhx ([Tis_«RhxO7]*) was prepared as described
in previous chapter. Meanwhile, the Rh co-catalyst loaded titanate nanosheets (Rhx-
Ti3NS, where x is loading amount) was prepared by the photodeposition method
reported by Shimura et al.?*® In the photodeposition method, the powder of
photocatalyst (H2TizO7, 0.2 g) was dispersed into 10% vol methanol solution (5 ml)

containing the RhClz+9H20. The solution was stirred in room temperature and in



present of oxygen from the atmosphere. The photodeposit was done by irradiating using
300 W xenon lamp, which emitted from UV to visible light for 24 hours with
continuous stirring. The Rh-loaded photocatalyst powder was collected by filtration,
and washing with distilled water. Then, the powder was dried in vacuum overnight, and
Rh loaded H>TizO7 was obtained. The Ti/Rh ratio was set as same as Rh-doped Ti3NS.
The collected Rh loaded H>TizO7 was neutralized by methylamine aqueous solution at
333 K for 6 days to yield Rh loaded (CH3NHz3)2TisO7 powder. Subsequently, Rh loaded
(CH3NH3),TisO7 was dispersed in TMAOH solution ([TisO7>]/[[TMAOH] = 5) by
sonication for 5 days. Non-exfoliated was removed by centrifugation (at 4000 rpm or
1150 G for 15 min, IEC61010-2-020, KUBOTA). The Rhx-Ti3NS colloidal suspension

was obtained as the supernatant.

H2 evolution experiment.26-2’

All photochemical reactions were performed in a closed gas circulation system with
a Pyrex reaction cell. The reaction solution (10 cm?) containing TEA (0.36 mol/dm®)
and Ti3NS:Rhx and Rhx-Ti3NS colloidal suspension (1 mg) was degassed by repeated
freeze pump-thaw cycles. The reaction solution was shifted into the reaction vessel with
a glove box under an Ar-saturated atmosphere. The reaction solution was irradiated at
300 K using a 500 W Xe lamp (USHIO Co.) equipped with optical cut-off filters (short
pass filter A<220, and long pass filter A>340, 2>380, and 2>480 nms, Kenko Co.). The
amount of evolved H> gas was determined using a gas chromatograph (Shimadzu; GC-
8A with TCD detector, a stainless-steel column packed with molecular sieves-5A, and
ultra-pure Ar carrier gas). All measurements were performed under non-oxygen

conditions.



Characterization

To analyze crystal structure of all materials, the powder X-ray diffraction (XRD)
analysis was carried out by X-ray diffractometer (RIGAKU, MiniFlex Il). Absorption
spectra of various samples was measured by UV-Vis spectrophotometer (V-670 UV-
VIS-NIR spectrophotometer, JASCO). Absorption spectra of liquid samples was
measured by transmission mode. Diffuse reflectance (DR) spectra of solid sample was
measured by UV-Vis spectrophotometer attached to an integrating sphere system
(ISN-723, JASCO). Doped and loaded amount of Rh in and Rhx-Ti3NS was estimated by
ICP-AES apparatus (Optima2000DV, Perkinelmer). Scanning electron microscopy
imaging was performed using JEOL-7001FA (JEOL Ltd.) operated at 12 kV.

4.3 Results and discussion
Preparation of Rh-loaded titanate nanosheets by photodeposition method and
comparison with Rh-doped titanate nanosheets

Figure 4.1 shows the the obtained powder of non-doped Ti3NS (Ti3NS:Rh0), Rh-
loading Ti3NS (Rh0.03-Ti3NS), and Rh-doping Ti3NS (Ti3NS:Rh0.03). The powder color
changed from white to yellow brown by the way of Rh addition. Figure 4.2 shows a
transmission electron microscopy (TEM) images of Rh0.03-Ti3NS and Ti3NS:Rh0.03.
Although only homogeneous nanosheet shape could be observed in the TEM image of
Ti3NS:Rh0.03, black spots in homogeneous nanosheet image could be observed in the
TEM image of Rh0.03-Ti3NS. These results indicate that Rh was doped in skeleton
structure of titanate as atom in the case of Ti3NS:Rh0.03. On the other hand, Rh
existed as Rh,03 nano particles (< 10 nm) in Rh0.03-Ti3NS.



Figure 4.1 Picture of synthesized non-doped Ti3NS (Ti3NS:Rh0), Rh-loading Ti3NS
(Rh0.03-Ti3NS), and Rh-doping Ti3NS (Ti3NS:Rh0.03).

tithate nanosheet.



Figure 4.3 shows the photo-adsorption of Rh0.03-Ti3NS and Ti3NS:Rh0.03 in term of
Kulbelka-Munk function. The result shows the difference in absorption band.
Ti3NS:Rh0.03 showed the absorption band in visible region, while the Rh0.03-Ti3NS did
not show another absorption band except the absorption band originated from Ti3NS.
This result designated that the Rh loading did not affect the energy band structure of
Ti3NS.

From ICP-AES, the ratio of Ti and Rh atom in Ti3NS:Rhx and Rhx-Ti3NS nanosheet
was measured, and the chemical formula of Ti3NS:Rhx were also realized as written in
Table 4.1. The Rh/Ti ratio of Rhx-Ti3NS are same as in Ti3NS:Rhx. From this result, the
Rh loading which has a same Rh/Ti ratio as compared with Rh doping can be prepared
from the present method.

Photocatalytic H; evolution by Ti3NS:Rhx under UV light and effect of Rh-doping and Rh
loading

The dependence of photocatalytic H, evolution on irradiation time of UV light (<
220 nm) is shown in Figure 4.4. All of Ti3NS:Rhx exhibited the photo-induced H;
production reaction under UV light irradiation. The H; evolution linearly increased
with an increase in irradiation time. As a result, this reaction can be proceeded by
the oxidation reaction of TEA as a sacrificial agent.

The H; evolution by Ti3NS:Rhx was measured for 3 cycles to confirm the stability
of Ti3NS:Rhx photocatalytic ability as shown in Figure 4.5. Ti3NS:Rhx sample show
the good stability due to the reaction could be repeated under the same condition.
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Figure 4.2 The diffuse reflectance spectra in term of Kubelka-Munk function of Rh-
doped (Ti3NS:Rh0.03) and Rh-loaded (Rh0.03-Ti3NS) titnate nanosheet.



Table 4.1 Rh/Ti ratio of all prepared samples.

‘ Sample Rh/Ti ratio
Ti3NS:Rh0.008 0.0028
Ti3NS:Rh0.03 0.0101
Ti3NS:Rh0.048 0.0163
Rh0.008-Ti3NS 0.0026
Rh0.03-Ti3NS 0.0098
Rh0.048-Ti3NS 0.0155
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Figure 4.4 The H; evolution by Ti3NS:Rhx plotted with irradiation time by using UV
light (A<220 nm).
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Figure 4.5 The H; evolution by Ti3NS:Rh0.03 measured 3 cycles to observe the
stability under UV light (A<220 nm) irradiation.



However, the photo-induced H; evolution activity of Ti3NS:Rh0 was extremely low.
Additionally, this low activity agreed with the results reported by Mallouk et.al.; they
reported that H;TisO7 was not a good photocatalyst for photo-induced H; production.
Meanwhile, the photo-induced H; evolution of Ti3NS:Rhx increased with an increase
in Rh doping amount up to x = 0.03. These results indicated that Rh doping can
improve the photocatalytic activity of Ti3NS for H; evolution because the doping Rh
atom could work as Hx-production active site. Nevertheless, the photo-induced H;
evolution of Ti3NS:Rhx drastically decreased at x = 0.048. This experimental fact
implies that the optimal doping amount of Rh for the photo-induced H; evolution
reaction exists.

Figure 4.6 exhibits the photocatalytic H2 production of each Ti3NS:Rhx compared
with Rhx-Ti3NS at same x. These results indicated that the Rh,03 nano particles on
titanate nanosheet could work as the H; evolution active site. However, the H»>
evolution amount was different.

In Figure 4.7, the H;, evolution rate was plotted against the molar ratio of Rh and
Ti. Interestingly, the H, evolution rate exhibited the different dependence on the
molar ratio of Rh and Ti. In the case of Ti3NS:Rhx, the H; evolution rate was drastically
increased by the small doping amount of Rh, and then, gradually increased with an
increase in the doping amount of Rh up to x = 0.03. When the doping amount of Rh
was x = 0.048, the H; production could not be observed under UV irradiation. Then,
the H; evolution rate showed maximum value at x = 0.03 in the case of the Rhx-Ti3NS.
The maximum value of H, evolution rate for Rh0.03-Ti3NS (1970 umol-g*-h™) was
higher than that for Ti3NS:Rh0.03 (1040 pumol-g=*-h71), but it was found that the higher
efficiency for the photo-induced H; evolution reaction was yielded by doping Rh atom
to Ti sites than the Rh loading.
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Figure 4.6 The H; evolution by Ti3NS:Rhx and Rhx-Ti3NS compared at each same
amount of Rh doping and/or Rh loading.
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The renowned method for enhancing H, evolution is to load catalysts onto the
photocatalyst surface. Rh loading displays an enhancement of H; evolution from
decomposition of TEA. In contrast, Rh doping has a quadruple of H, evolution rate at x=
0.008 compared to Rh loading. On the other hand, Rh loading has an extremely higher
H> evolution rate than Rh doping at x=0.048. Hence, the effect of Rh doping and Rh
loading is completely distinct.

According to Chapter 3, the Rh doping effect on photocatalytic activity of Ti3NS for
photodegradation of organic dyes was studied. The result revealed that Rh doping can
improve the photocatalytic activity of Ti3NS for photo oxidative degradation of organic
dyes. The improvement is increased as the Rh doped amount increases. We assumed
that this aspect was due to presence of Rh3* and Rh**, and redox reaction of Rh3* and
Rh* under UV light irradiation.

We can consider the ratio of Rh3* to Rh** by estimating the ratio of adsorption peak
of adsorption band of Rh3* to Rh** (see figure 3.12, and 3.13 in chapter 3). From Kudo
et.al. report, it has been found that the absorption band of Rh* was indicated around
500-650 nm, while the absorption band of Rh3* was indicated around 350-450 nm.81°
If we defined the absorbance at 550 nm represent the top absorption peak of Rh** and
absorbance at 400 nm represent the top absorption peak of Rh3*, then plotted
between Rh doped amount and the absorbance at 400 nm per absorbance at 550 nm
which represent the Rh3*/Rh** ratio. We would find that Rh3*/Rh*" ratio gradually
decrease when Rh doped amount increases meaning Rh** will steadily increase (Figure
4.8). When Rh** increases, H> evolution rate will slowly increase and then progressively
decrease at Ti3NS: Rh0.048 where the amount of Rh** is the highest. Nevertheless,
Maeda, et. al. reported about the effect of Rh** on photocatalytic activity of BaTiOs for
H, evolution.?® When Rh** is increased in the system of BaTiOs resulting in H, evolution
rate decreases since Rh** is not stable; therefore, it consumes electrons to reduce
itself to Rh3*. The electrons used in reducing Rh* come from two pathways which are
electron donor or TEA molecule, and photogenerated electron.

Consequently, when there are high numbers of Rh*" in the system; the photo-
generated electron will be consumed by Rh* causing the H, evolution reaction to
hardly occur or reaction rate decreases.?32 Simply, Rh** acts as hole pool, in contrast,
Rh3* acts as electron pool. Although, Rh** will accept electron and reduce itself to Rh3*
but this does not increase the H; evolution reaction. The reason is that Rh3* can change
to Rh** from the oxidation reaction between Rh3* and h* in the valence band. Hence,
H, evolution rate does not rise when Rh doped amount increases. This can be used to
explain why the H2 evolution rate of TI3NS:Rh0.008 and Ti3NS:Rh0.01 do not differ
much. In spite of this, the ratio of Rh3*/Rh** is not the only factor; there is another key
factor which is the redox reaction of Rh3*, and Rh**.

Moreover, Ti3NS:Rh0.03 has lower H; evolution rate than Rh0.03-Ti3NS which can
be explained by redox reaction of Rh3* and Rh*'. In the case of Rh-loading, Rh either in
the form of metal oxide acts as co-catalyst for accumulation of photo-generated
electron as electron pool.24?° In addition, it also affects the photogenerated electron-
hole to be spatially separated due to the electrons and holes are localized on the
surface of photocatalyst and co-catalyst. On the contrary, Rh-doping enhances



photocatalytic activity of Ti3NS by different mechanism. Rh doping can be doped in the
form of Rh3* and Rh** in the oxidation state. While Rh3* acts as an electron pool which
is similar to Rh-loading; Rh** acts reversely. Rh** reduces the efficiency of H; evolution;
Ti3NS:Rh0.03 has both Rh3* and Rh*', hence, it has H; evolution rate lower than

Rh0.03-Ti3NS.
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Figure 4.8 The absorbance ratio plotted with Rh doped amount to show the the
Rh3*/Rh** ratio.



In case of Ti3NS:Rh0.001 and Ti3NS:Rh0.008, both of them has higher H; evolution
rate than Rh0.008-Ti3NS. Thence, the Rh doping helps improving photocatalytic
activity better than Rh loading. The reason is that Rh3* was only found in
photoadsorption spectra of Ti3NS:Rh0.001 and Ti3NS:Rh0.008 resulted in electron
pool acts Rh site at the structure of Ti3NS. Furthermore, H, evolution rate of Rh doping
is higher than Rh-loading due to the distribution of electron pool site is totally different.
In Rh-doping, Rh site is diversely distributed than Rh loading. This is because Rh will
replace Ti site but it cannot stay close to each other as it will disrupt crystal structure
of Ti3NS. Meanwhile, Rh metal or metal oxide in Rh-loading only sticks on the surface
of Ti3NS sheet. Accordingly, there is a possibility that particle of Rh metal or metal
oxide will combine resulting in conversely distribution. To conclude, this causes
Ti3NS:Rh0.001 and Ti3NS:Rh0.008 to has more electron pool and higher H; evolution
rate than Rh0.08:Ti3NS. This can be descripted as a simple diagram as shown in figure
4.9.

Photocatalytic H2 evolution by Ti3NS:Rhx under visible light

From the absorption spectra result, Ti3NS:Rhx showed the absorption band in
visible range due to the Rh-doping. However, the absorption spectra of Rhx-Ti3NS did
not differ from Ti3NS. Thus, Rh-loaded Ti3NS cannot photocatalytic active under visible
light. To observe the photocatalytic activity of Ti3NS:Rhx under visible light irradiation,
we chose Ti3NS:Rh0.03 because Ti3NS:Rh0.03 showed the highest H, evolution rate
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In Figure 4.10, DR spectrum and the dependence of H; evolution rate of
Ti3NS:Rh0.03 on wavelength of long-pass optical filter are shown. When the light
including UV light are irradiated to Ti3NS:Rh0.03, the photo-induced H. evolution
could be observed. Nonetheless, the photo-induced H, evolution could not be
observed with only visible light irradiation to Ti3NS:Rh0.03, even there are absorption
bands originated from Rh3* and/or Rh** species in the visible range. These results
indicates that the present Ti3NS:Rhx can have the photo-induced H; evolution reaction
activity under only UV light irradiation, although Ti3NS:Rh0.03 has the absorption band
originated from Rh3* and/or Rh*" in the visible light range. Thus, it was found that the
doped Rh atoms can have roles as photo-induced electron pool and H,0 reduction site,
but doped Rh atoms cannot have an aggressive influence on the electron structure of
Ti3NS.

4.4 Conclusion

The Rh-loaded titanate nanosheet could be obtained from the photodeposition
method. From TEM image, the difference between Rh-doping and loading was found.
TEM image of Rhx-Ti3NS showed the nanoparticle formed on the surface of Ti3NS. The
absorption spectra of Rhx-Ti3NS did not exhibit the absorption band except the
absorption band of Ti3NS. The photocatalytic H, evolution have been investigated
under UV light and visible light; as a result, the Rh doping can improve the
photocatalytic activity of Ti3NS for H; evolution as same as Rh cocatalyst loading.
However, the effect of Rh doping and loading was different. The Rh loading improved
the photocatalytic H; evolution of Ti3NS by acting as the cocatalyst with the electron
pool effect. While, the Rh doping improved the photocatalytic activity due to the
presence of Rh3*. However, in the high doping amount, Rh also existed as both of Rh3*
and Rh*. The Rh* became the hole pool opposing the electron pool which are
generated from Rh3* resulting in the charge recombination which cause the lower
photocatalyst efficiency than Rh-cocatalyst loading. However, at low doping amount (x
= 0.001, and 0.008), the Rh doped Ti3NS was a better photocatalyst than Rh loaded
Ti3NS. From a result of photocatalytic H, evolution by visible light, Rh doping cannot
enhance the phocatalytic activity of Ti3NS in the visible region even it showed an
absorption band in visible region.
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Chapter 5

Dye-sensitized Rh-doped Titanate
Nanosheets and its Photocatalytic H>
Production under Visible Light

5.1 Introduction

Artificial photosynthesis such as photo-induced Hz production and CO> reduction has
caught researchers’ attention for many years. H> is considered as one of new promising
energy resources that may replace the use of fossil fuel in the near future. Sunlight is
expected as the source energy for producing H> from water. Thus, the photocatalyst
with high efficiency under visible light irradiation is essential. The hybrid material of
metal oxide semiconductor with photosensitizer is one of promising materials as a
photocatalyst, which can be used under visible light irradiation.1® The basic mechanism
of the dye-sensitized photocatalytic reaction is preceded as follows: (1) dye molecule
such as metal polypyridyl complexes adsorb the visible light. (2) The hot electrons
produced by photoexcitation migrate from photoexcited dyes to the conduction band of
metal oxide semiconductor; if the LUMO level of dye is higher than energy level of
conduction band of metal oxide semiconductor. (3) This migrated electron can cause the
photocatalytic water splitting reaction; if the energy level of conduction band of metal
oxide semiconductor is higher than the reduction potential level of H*/H,. Moreover, the
electron transfer yields from photoexcited dye to metal oxide semiconductor is one of
the significant factors. 510

Photocatalytic activity and efficiency depend on energy level of conduction band and
reduction potential of H*/H>. Another important variable is an injection of electron from
dye to metal oxide semiconductor. In order to increase the efficacy of electron injection,
one of the methods is to enhance the binding between dye and metal oxide or dye
adsorption should not occur only at the surface of metal oxide semiconductor.
Consequently, both of them bind with the interaction i.e. electrostatic reaction because
metal oxide semiconductor is in the form of layered material with ion-exchange
properties which is a good material for based semiconductor. In addition, if
semiconductor is a nano-scale material, the surface area for adsorbed dye molecule is
increased; therefore, the reaction rate will also increase.**2 Accordingly, metal oxide
nanosheet (such as titanate nanosheet) is an interesting material for building blocks of
dye-sensitized photocatalyst

Many dye-sensitized semiconductors including layered and nanosheet were reported
such as Ru(ll) bipyridyl complex (Ru(bpy)s®*) dye-sensitized K2NbsO7, Ru(bpy)s?* dye-



sensitized niobite nanosheet.!3* Previously, reported systems of dye-sensitized
photocatalyst are all required cocatalyst to aid in the reduction of water molecule for the
reaction to progress smoothly and decrease e/h* recombination or increase life-time of
photogenerated e/h* separation. Cocatalyst is also an important part of the system of
dye-senisitized photocatalyst.’>2! Although, cocatalyst will not directly affect the
visible light absorption ability, cocatalyst as a part of the system makes the analysis of
the main catalyst to be difficult. Hence, the study of each catalyst’s properties should
not include cocatalyst in the system.

In the previous chapter, photocatalytic activity of Rh-doped titanate nanosheet in the
photocatalytic Hz production was discussed. The results showed that Rh doping enhance
the efficacy of photocatalytic H> production without the aid of cocatalyst loading. Even
though, Rh-doped titanate nanosheet still responds only UV light, but it can be used as a
building block of dye-sensitized semiconductor photocatalyst without the needs to use
cocatalyst. Thus, the using of Rh-doped titanate nanosheet as a building block of dye-
sensitized semiconductor photocatalyst is a better approach to investigate the
phocatalytic activity only occurred from sensitizer dye and semiconductor.

LUMO level of dye is a key factor in choosing a dye as a light acceptor in the dye-
sensitized photocatalyst since it has to be more negative than conduction band of
semiconductor. In this research, two inorganic and organic dyes are chosen as models
which are Ir(lll) 2-phenylpyridine, 2,2’-bipyridine [Ir(ppy)2(bpy)’] as an inorganic
dye*? and o, B, vy, &-tetrakis(1-methylpyridinium-4-yl)porphyrin (TMPyP) as an
organic dye. % Both dyes have LUMO level higher than conduction band of our
synthesized Rh-doped titanate nanosheet. The differences between Ir(ppy)2(bpy)* and
TMpyP are chemical structure. Additionally, Ir(ppy)2(bpy)* is based on metal ligand
complex with the ability as a catalyst, despite its ability is not high compared to metal
oxide semiconductor. While TMPyP is a free ligand as shown in figure 5.1. Generally,
TMPyP does not show a photocatalyst property especially in the production of Ho.

Dye-sensitized photocatalyst by Rh-doped titanate nanosheet which exfoliated from
H.TizxRhxO7 where x is doped amount, and use Ir(ppy)2(bpy)* dye and/or TMPyP dye
are used in this chapter. This chapter covers the preparation of dye-sensitized Rh-doped
titanate nanosheet on both structure and light properties. The photocatalytic activity of
prepared dye-sensitized Rh-doped titanate nanosheet for Hz production was investigated
by using TEA as an electron donor.
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Figure 5.1 Chemical structure of [Ir(ppy)2(bpy)*] and TMPyP dye.



5.2 Experimental
Materials

Sodium carbonate NaCOs (99.9%) from Wako Pure Chemical Industries Co.,
anatase-type TiO2 (99.7%) from High Purity Chemicals Co., Rh203 (99.9%) from Wako
Pure Chemical Industries Co., tetramethylammonium hydroxide (TMAOH, 26wt.%
solution) from Tokyo Chemical Industry Co., and triethylamine (N(CH.CHzs)s, TEA)

from Wako Pure Chemical Industries Co., were used without further purification.

Preparation of the dye-sensitized Rh-doped titanate nanosheets®*-1>17:19

The colloidal suspension of Ti3NS:Rhx ([Tis-xRhxO7]*") was prepared as described
in previous chapter. The dye-sensitized Ti3NS:Rhx was prepared by mixing a
Ir(ppy)2(bpy)” dye or TMpyP with Ti3NS:Rhx colloidal suspension for 24 hours
protected from any lights to let Ti3NS:Rhx adsorbed dye molecules. After 24 hours, the
mixed solution was washed by distill water dyes and filtrated by using a hydrophilic
polyfluoro resin membrane filter (pore size = 0.1 um) to remove non-adsorbed, then a

collected powder were dried in vacuum overnight.

H, evolution experiment31:32

All photochemical reactions were performed in a closed gas circulation system with
a Pyrex reaction cell. The reaction solution (10 cm®) containing TEA (0.36 mol/dm?)
and dye-sensitized Ti3NS:Rhx (10 mg) was degassed by repeated freeze pump-thaw
cycles. The reaction solution was shifted into the reaction vessel with a glove box under
an Ar-saturated atmosphere. The reaction solution was irradiated at 300 K using a 500

W Xe lamp (USHIO Co.) equipped with optical cut-off filters (short pass filter A<220,



and long pass filter A>340, A>380, and 2>480 nms, Kenko Co.). The amount of evolved
H> gas was determined using a gas chromatograph (Shimadzu; GC-8A with TCD
detector, a stainless-steel column packed with molecular sieves-5A, and ultra-pure Ar

carrier gas). All measurements were performed under non-oxygen conditions.

Characterization

To analyze crystal structure of all materials, the powder X-ray diffraction (XRD)
analysis was carried out by X-ray diffractometer (RIGAKU, MiniFlex II). Absorption
spectra of various samples were measured by UV-Vis spectrophotometer (V-670 UV-
VIS-NIR spectrophotometer, JASCO). Absorption spectra of liquid samples were
measured by transmission mode. Diffuse reflectance (DR) spectra of solid sample were
measured by UV-Vis spectrophotometer attached to an integrating sphere system (ISN-
723, JASCO). Doped and loaded amount of Rh in and Rhx-Ti3NS was estimated by
ICP-AES apparatus (Optima2000DV, Perkinelmer). Scanning electron microscopy
imaging was performed using JEOL-7001FA (JEOL Ltd.) operated at 12 kV.

5.3 Result and Discussion
Dye-sensitized Ti3NS:Rhx, its physical and optical properties

Figure 5.2 shows the photo of Ti3NS:Rhx powder before and after adsorbed
Ir(ppy)2(bpy)” and TMPyP dyes. In the case of Ir(ppy)2(bpy)*, Ti3NS:RhO powder
changed from white to yellow, thus this indicates that Ir(ppy)2(bpy)" was adsorbed by
Ti3NS:Rh0 powder. Meanwhile, Ti3NS:RhO white colloidal became red powder when
TMPyP was adsorbed. As for Ti3NS:Rh0.03, the powder already has yellowish orange
color which makes it difficult to spot the color alteration.

The adsorption maximum of Ir(ppy)2(bpy)" and TMPyP was measured from the
isothermal curve plotted between C2 which a ratio of Ir(ppy)2(bpy)* or TMPyP
molecule per Ti3NS molecule in a mol/mol unit and C3%, which a ratio of adsorbed
Ir(ppy)2(bpy)” or TMPyP molecule per Ti3NS molecule in a mol/mol unit (figure 5.3
and 5.4). According to this graph, Ti3NS:Rh0 could adsorb Ir(ppy)2(bpy)" at maximum
about 4.5% (mol/mol) and TMPyP dye at maximum 17% (mol/mol). While
Ti3NS:Rh0.03 has maximum adsorption value for TMPyP slightly less than Ti3NS:RhO.
This can be referred to Chapter 3 for adsorption of MB dye. However, the maximum
adsorption for Ir(ppy)2(bpy)” did not exhibit a considerable difference between
Ti3NS:Rh0 and Ti3NS:Rh0.03. The dye-sensitize Ti3NS:Rhx was set at Ir(ppy)2(bpy)*



with the amount of 4.5% mol of Ti3NS:Rhx, while TMPyP with the amount of 17% mol
of Ti3NS:Rhx..



Ti3NS:RhO

— TMPyP*

Figure 5.2 The picture of Ti3NS:RhO colloidal suspension and the powder obtained
after mixed with Ir(ppy)2(bpy)" and/or TMPyP dye.



0.05

o)

0.04

0.03 F

Cabs

001 + o Ti3NS:RhO
Ti3NS:Rh0.03

0 0.02 0.04 0.06 0.08 0.1 0.12
Cudd

Figure 5.3 The adsorption isothermal curves of Ir(ppy)2(bpy)* by Ti3NS:Rhx.
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Figure 5.4 The adsorption isothermal curves of TMPyP by Ti3NS:Rhx.
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Figure 5.4 The XRD pattern of dye-sensitized Ti3NS:Rh0.03 powder and powder of
Ti3NS:Rh0.03 intercalated by TMA* and MA™ ion.



Figure 5.4 displays XRD pattern of Ti3NS:Rhx powder before and after adsorbed
TMPyP or Ir(ppy)2(bpy)* dye. Before the adsorption of Ir(ppy)2(bpy)* or TMPyP dye,
XRD pattern exhibited the pattern of Ti3NS intercalated by tetramethylammonium ion
(TMA*) which was used in the exfoliation process (Figure 5.3). The diffraction peak at
about 5° originated from dxo plane can be observed. This reveals that after the
adsorption of Ir(ppy)2(bpy)” dye; d2o diffraction peak was shifted into higher angle
about 7.5°. However, this result was not reasonable with the molecular structure of
Ir(ppy)2(bpy)*. Generally, Ir(ppy)2(bpy)*has a Ir ion at the center of molecule
surrounded with bipyridine and phenylpyridine. This bipyridine and phenylpyridine
making Ir(ppy)2(bpy)* become a large rigid structure. Thus, if the Ir(ppy)2(bpy)* was
aligned in the interlayer spacing of Ti3NS, it would cause Ir(ppy)2(bpy)* situated in the
interlayer spacing of Ti3NS. It has only one option due to the Ir(ppy)2(bpy)* ion was
bigger than TMA™ ; theoretically, the interlayer spacing of Ti3NS:Rhx should be
expanded and we should observed the low-angle shifted instead of the higher-angle
shifted. The question is the cause behinds the representation of diffraction peak at 7.5°.
This can be explained by the exfoliation method of Ti3NS:Rhx. Before Ti3NS:Rhx was
dispersed and exfoliated in TMAOH solution, the methylammoium ion (MA™) have
been intercalated in the interlayer spacing of Ti3NS:Rhx. The diffraction peak of MA*
intercalated Ti3NS:Rhx was observed about 7.5° which appropriate with the diffraction
peak of Ir(ppy)2(bpy)* dye-sensitized Ti3NS:Rhx. This indicated that Ir(ppy)2(bpy)* did
not exist in the interlayer spacing of Ti3NS:Rhx. However, we could observe the color
powder change. Thus, it has a possibility that Ir(ppy)2(bpy)* have been adsorbed on the
surface of Ti3NS:Rhx. In contrast, when TMPyP was adsorbed; it caused the diffraction
peak of dxo plane shifted toward lower angle. TMPyP also replaced TMA® in the
interlayer spacing of Ti3NS.

In the case of TMPyP (figure 5.1), structure of TMPyP is composed of rigid, square-
planar made of 5 pyrroles as bases and the four branches are methyl-peridyl group with
nitrogen atom position of cationic charge.?”?**° The possibility in which TMPyP
intercalated into interlayer spacing of Ti3NS is varied; for example, the two branches
contracted with an anionic charge at the surface of Ti3NS sheet on the top and bottom,
and another case is that TMPyP dovetailed on top and bottom with four branches
attached to the sheet. In the previous case, the size of TMPyP was larger than TMA”*
resulted in the extended of interlayer spacing. In latter case, the interlayer spacing
should be imposed by the thickness of TMPyP molecule which made the interlayer of
Ti3NS sheet to sheet contracted more or the interlayer spacing should become narrower
or equal to that of TMA™ intercalated Ti3NS. Therefore, this may due to two branches of
TMPyP molecule attached at the top and the other two at the bottom.

Figure 5.5 and 5.6 show the adsorption spectra of Ir(ppy)2(bpy)* solution and
TMPyP solution compared with the diffuse reflection spectra of dye-sensitized
Ti3NS:Rhx, respectively. As for Ir(ppy)z(bpy)*, the adsorption spectra show the
maximum peak at 253 nm and the adsorption ranges from 200-420 nm which relates to
Ir ion in Ir(ppy)2(bpy)". When Ir(ppy)2(bpy)" was adsorbed by TI3NS:Rhx, the
adsorption band of Ir(ppy)2(bpy)” dye-sensitized Ti3NS:Rhx increased only one
adsorption band of Ir(ppy)2(bpy)*. In the case of Ir(ppy)2(bpy)" dye-sensitized
Ti13NS:Rh0.03, formerly Ti3NS:Rh0.03 showed the adsorption spectra of A<600 nm;
hence, it is difficult to observe the alteration of adsorption spectra and color of powder.
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Figure 5.5 The diffuse reflectance spectra of Ti3NS:Rh0.03 before and after mixed
with Ir(ppy)2(bpy)* and the absorption spectra of Ir(ppy)2(bpy)* solution.
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Figure 5.6 The diffuse reflectance spectra of Ti3NS:Rh0.03 before and after mixed
with TMPyP and the absorption spectra of TMPyP solution.



As for TMPyP dye-sensitized Ti3NS:Rhx, adsorption spectra of powder clearly
displayed the adsorption peak at A about 434 nm. The adsorption peak corresponded
with the soret adsorption of TMPyP. The comparison of soret adsorption of TMPYP in
solution and TMPyP dye-sensitized showed that peak shifted from 424 nm to 434 nm.
This can be elucidated by TMPyP intercalated in the interlayer spacing of Ti3NS:Rhx
affecting the degree of freedom of TMPyP to change. Normally, the value of TMPyP is
dependent on the wavelength of soret adsorption as the environment changes. At first,
TMPYP in the solution is in the ion state and surrounded by water molecule. This made
the branches of pyridyl of TMPyP in the free state causing soret adsorption to has lower
wavelength.®2® On the other hand, when TMPyP is in the interlayer spacing of
Ti3NS:Rhx; all four branches could not move freely and the surrounded molecules
changed from water molecule to Ti3NS sheet resulted in soret adsorption shift to higher
wavelength.

Nonetheless, dye-sensitized Ti3NS:Rhx either Ir(ppy)2(bpy)* or TMPyP showed the
adsorption band in the range of A =>400nm. Thus, Ir(ppy)2(bpy)” dye sensitized
Ti3NS:Rhx and TMPyP dye-sensitized Ti3NS:Rhx has a tendency to be used as
photocatalyst under visible light for Ho production.
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Figure 5.7 The Hz evolution by Ir(ppy)2(bpy)* dye-sensitized Ti3NS:Rh0.03 and only
Ti3NS:Rh0.03 plotted with irradiation time by using UV light (A > 380 nm).



H> production by dye-sensitized Ti3NS:Rhx under visible light irradiation

Figure 5.7 exhibits Hz evolution plotted against irradiation time from Ir(ppy)2(bpy)*
dye-sensitized Ti3NS:Rh by using light of A>380nm. Ir (ppy)2(bpy)* dye-sensitized
Ti3NS:Rh0O does not show H evolution under light of A>380nm while Ir(ppy)2(bpy)*
dye-sensitized Ti3NS:Rh0.03 exhibited H> evolution. Normally, either Ti3NS:RhO or
Ti3NS:Rh0.03 cannot be used as a photocatalyst for hydrogen evolution under light
A>380nm (see chapter 4). In contrast, Ir(ppy)2(bpy)* has a photocatalytic hydrogen
evolution ability, even though, the capability is low at A>380nm.

Nevertheless, H> evolution cannot be observed in Ir(ppy)2(bpy)* dye-sensitized
Ti3NS:Rh0 as shown in Figure 5.8. While Ir(ppy)2(bpy)* dye sensitized Ti3NS:Rh0.03
showed H: evolution at A>380 nm and H: evolution rate at 24 hours; the value is
relatively similar to Hz evolution rate of Ti3NS:Rh0.03 when irradiated under UV
A<220 nm. This denotes that Ir(ppy)2(bpy)* functions or adsorbs light A>380nm, and
Ti3NS:Rhx acts as a reaction center of photocatalytic H, evolution reaction.

The energy level of LUMO of Ir(ppy)2(bpy)* and conduction band of Ti3NS were
analyzed; the result implies that LUMO has quite higher value than conduction band
(Figure 5.9). This concludes that Ir(ppy)2(bpy)" acted as light adsorber and excited the
photoexcited electron; electron injected to conduction band of Ti3NS to use in the H>
evolution with TEA as electron donor for Ir(ppy)2(bpy)*. Although, Ti3NS:RhO does
not exhibit any H. evolution because the photocatalyst ability for Hz evloution of
Ti3NS:RhO is extremely low. According to Chapter 4, we can conclude that Rh-doping
enhances the capability of Ti3NS as a photocatalyst for H evolution due to the electron
pool of Rh3*. Consequently, when it binds with Ir(ppy)z(bpy)*, Ir(ppy)2(bpy)* will send
electron to Ti3NS: Rh0.03 which collects all the photogenerated electron from
Ir(ppy)2(bpy)™ and continues the reaction.

On the other hand, TMPyP dye-sensitized Ti3NS:Rhx either x = 0 or x = 0.03 does
not display any photocatalyst for Hz evolution under light of A>380 nm (figure 5.10).
This divulges that e- may not be injected from LUMO of TMPyP to conduction band of
Ti3NS, although, the light energy is enough to excite TMPyP to generate excited
electron. This may also imply that electron can be injected from LUMO of TMPyP to
conduction band of Ti3NS but TMPyP cannot accept any donor electrons from TEA. As
a result, when TMPyP is excited and electrons transfer from TMPyP to Ti3NS. This
makes TMPyP in the oxidized state at all times because it cannot accept any e- from
donor atom.



25.0

Under light of A > 380 nm
Ir(ppy)a(bpy)" dye-sensitized Ti3NS:Rh0.03
20.0 Flr(ppy),(bpy)" dye-sensitized Ti3NS:Rh0

150

H, evolution (numol)
S
(=]

50

0.0 .
0 2 4 6 8 10 12 14 16 18 20 22 24

Irradiation time, ¢ (h)

Figure 5.8 The H: evolution by Ir(ppy)2(bpy)" dye-sensitized Ti3NS:RhO and
Ir(ppy)2(bpy)* dye-sensitized Ti3NS:Rh0.03 plotted with irradiation time by using UV
light (A > 380 nm).
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Figure 5.9 The schematic diagram of photocatalytic reaction of Ir(ppy)2(bpy)" dye-
sensitized Ti3NS:Rh0.03, the electrons transfer from Ir(ppy)2(bpy)* to Ti3NS:Rh0.03
can occur under visible light irradiation.
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Figure 5.10 The Hz evolution by TMPyP dye-sensitized Ti3NS:Rh0O and TMPyP dye-
sensitized Ti3NS:Rh0.03 plotted with irradiation time by using UV light (A > 380 nm).



In order to observe electron transfer between TMPyP and Ti3NS, we measured the
photoluminescence. The measurement was done by dispersing the TMPyP dye-
sensitized Ti3NS:Rhx in TEA solution with the same condition as the photocatalytic H-
evolution experiment. The N2 gas bubbling was done to remove O2 gas from TEA
solution. Figure 5.11 shows the emission spectra from TMPyP dye-sensitized
Ti3NS:RhO under visible light and UV light (400<A<450 nm) which corresponds with
the adsorption band of TMPyP, and light adsorption of Ti3NS was avoided. From these
results, emission spectrums were observed around A = 675 nm. The emission spectrum
can be found in the case of TMPyP solution or hybrid system with clay material. This
suggests that excited electrons in TMPyP did not inject to conduction band of Ti3NS
but release energy in the form of fluorescence and went back from LUMO to HOMO. 3¢
39 Electron transfer requires longer life time of excited electrons; therefore, electrons
was at ground state instead of transferring from LUMO of TMPyP to conduction band
of Ti3NS while releasing energy in the form of fluorescence light (figure 5.13).
Accordingly, TMPyP dye sensitized Ti3NS:Rhx is not suitable for a photocatalyst in the
H> evolution reaction.
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Figure 5.12 The emission spectra for TMPyP dye-sensitized Ti3NS:Rh0.03 with 450
nm excitation, along with that of TMPyP/AI203 for reference.
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Figure 5.9 The schematic diagram of photocatalytic reaction of TMPyP dye-sensitized
Ti3NS:Rh0.03, the electrons transfer from TMPyP to Ti3NS:Rh0.03 cannot occur under
visible light irradiation, but it exhibits the photoluminescence which cause by the
excited electron.



Ir(ppy)(bpy)” dye-sensitized Ti3NS:Rh0.03
Ir(ppy).(bpy)” dye mixed with AlO;

08 F Excited at A =380 nm

Normalized Intensity (a.u.)

450 500 550 600 650 700
Wavelength, 2 (nm)

Figure 5.13 The emission spectra for Ir(ppy)2(bpy)* dye-sensitized Ti3NS:Rh0.03 with
380 nm excitation, along with that of Ir(ppy)2(bpy)*/Al203 for reference.



Moreover, Ir(ppy)2(bpy)* dye-sensitized Ti3NS:Rhx was also measured the
photoluminescence properties. The results are shown in figure 5.13. Ir(ppy)2(bpy)* dye-
sensitized Ti3NS:Rhx did not exhibit any photoluminescence when irradiated at A from
380 nm. Generally, Ir(ppy)2(bpy)* dye can exhibit a photoluminescence when the light
was fit to the ligand to ligand charge transfer (LLCT) which is about 355 nm. The
coupling between LLCT and the metal-ligand charge transfer state will occur, and
excited electron will slowly relax and back to ground state. The relaxation will take a
long time about 0.5-2 us.24%% This relaxation time is longer than the electron injection,
theoretically. The comparison between the photoluminescence of Ir(ppy)2(bpy)™ dye
with and without Ti3NS:Rhx, we measured the photoluminescence of Ir(ppy)z2(bpy)*
dye mixed Al,Os. The result shows that under 380 nm light irradiation the
photoluminescence can be observed noticeably at about 500-600 nm from
Ir(ppy)2(bpy)* dye mixed Al>Os. This shows that there is a possibility that electron will
transfer from LUMO of Ir(ppy)2(bpy)* to conduction band of Ti3NS corresponded with
the energy structure in which LUMO is excessively higher than conduction band level.
Theoretically, there is a high possibility which electrons will jump from higher energy
level to lower energy level. Likewise, the possibility is high because electron has to
release energy.

In the case of TMPYP, electron chose to move back to ground state rather than to the
conduction and of Ti3NS. In contrast, excited electron in Ir(ppy)2(bpy)* chose to jump
to the conduction band of TI3NS. The electrons can be transferred when LUMO is
higher than conduction band and when there are differences between LUMO level and
conduction band level

Besides dye is necessary for visible light absorption, Rh-doping is also vital for this
system. This can be seen Ir(ppy)2(bpy)* dye sensitized Ti3NS:RhO cannot produced Ho.
In the case of only Ir(ppy)2(bpy)*, Ir(ppy)2(bpy)* dye can act as a photocatalyst for Ha
production but the reaction can occur for a short time due to self-decomposition. As for
Ir(ppy)2(bpy)” dye-sensitized Ti3NS:Rh0, H: cannot be measured implying that
electrons were sent to Ti3NS but the reaction cannot occur without the aid of doping Rh
at Ti site. From these results, they strongly demonstrated that Rh doping can be used
instead of cocatalyst, and we could construct a simple dye-sensitized photocatalyst
without any cocatalyst.

5.4 Conclusion

In this chapter, we demonstrated the preparation of dye-sensitized titanate nanosheet,
their photo properties, and photocatalytic activity for Ho evolution under visible light.
Both of inorganic and organic dyes were used as a photoreceptor in the dye-sensitized
system. Ir(ppy)2(bpy)" dye was used as a representative of inorganic dye, while TMPyP
was used as a representative of organic dye. The XRD result indicated that
Ir(ppy)2(bpy)* dyes were adsorbed on the surface of Ti3NS:Rhx, while TMPyP dyes
were adsorbed and intercalated in the interlayer spacing of Ti3NS:Rhx. The
photocatalytic Hx evolution could be found only the Ir(ppy)2(bpy)* dye-sensitized
Ti3NS:Rh0.03. The TMPyP dye-sensitized Ti3NS:Rh0.03 did not display any
photocatalytic activity because it exhibited the photoluminescence under visible light
irradiation which resulting in no electron transferring from LUMO of TMPyP to
conduction band of Ti3NS:Rh0.03. Additionally, the Rh-doping is also the key point of
this system due to that the photocatalytic Hz evolution cannot be observed in the case of
non-doped Ti3NS.
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Chapter 6
The controlled synthesis of Rh doped
titanate nanosheets and the crystalline

effect on adsorption activity

6.1 Introduction

One of the promising nanoscale building blocks for various functional materials is
Titanate nanosheets ([TinO21+1]>7; TinNS) prepared by exfoliation of A;TinO2n+1 (A =
alkali metal) in aqueous tetraalkylammonium hydroxide. ™ Accordingly, the
investigation on both academic and practical viewpoint of TinNS (particularly Ti3NS

and Ti4NS) is in progress (e.g., for energy- and environment-related applications).>!



Recently, Rh-doped Ti3NS was synthesized by using solid state reaction and it was
investigated for the photocatalytic decomposition of methylene blue (MB) in aqueous
media,!! revealing that the above nanosheets showed a very moderate activity.
Therefore, the photocatalytic activity of Ti3NS was subsequently boosted by Rh doping
at Ti sites to afford [Tis—xRhxO7]>~ (Ti3NS:Rhx). Nevertheless, it was also insufficiently
active which may probably due to the low adsorption ability of Ti3NS:Rhx for MB.

Unfortunately, the Rh doping amount in Ti3NS:Rhx cannot be control due to the
solid state reaction was difficult to let the Ti and Rh atom completely melted and
mixed. As a result, the doping amount was lower that adding amount. For example,
only 10% of Rh atom was added comparing to Ti atom but only 1.5 % was doped. This
indicated that the solid-state reaction is not a good synthesis method for Rh doped
titannate compound. Hence, Rh and Ti should be completely mixed in atomic level in
order to control the doping amount. Recently, the polymerized complex method has
been reported for synthesis of metal oxide nanosheets.

Meanwhile, the crystal structure of TinNS with only minor differences observed in
the basic crystal framework is almost independent of n as exemplified by the
structures of common titanates such as Na;TizO7, and K2TisOs (Figure 6.1).>’ The three
edge-shared TiOs octahedra is a basic unit of Ti3NS (Figure 6.1a), whereas that of Ti4NS
contains four octahedra (Figure 6.1b), implying that the latter has a wider terrace than
the former. Hence, crystal structure differences may probably affect the adsorption of

various molecules and/or ions.
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Figure 6.1 Structures of a) a layered trititanate (Na;TizO;) and b) a layered

tetratitanate (K2TisOo).



Due to the different particle shapes of these materials, the specific surface area of
H,TisO9 powder was about 3—4 times larger than that of H,TisO; powder as currently
reported by Wang et.al. and Tamura et.al..>'? Consequently, the molecular adsorption
capacity of HyTisaOg was remarkably higher than that of H,TizO;, and Ti4NS was
suggested to be a better catalyst for the photocatalytic decomposition of MB than
Ti3NS.

Colloidal aqueous suspensions of non-doped and Rh-doped Ti4NS ([Tiz—xRhxOs]*7;
TiANS:Rhx) were prepared in this study. Moreover, their performance was studied for
the adsorption and photocatalytic decomposition of MB in aqueous media. As a result,
the MB adsorption capacities of these catalysts in the dark and their photocatalytic
activity for MB decomposition under UV light irradiation were determined which

highlights the effect of Rh doping on these parameters.

6.2 Experimental Procedures
Materials

K2CO3 (Wako Pure Chemical Industries Co.), Ti[OCH(CHs):]a (Tokyo Chemical
Industry  Co.), Rh(NOs3)3:9H,O0 (Wako Pure Chemical Industries Co.),
tetramethylammonium hydroxide (TMAOH; Tokyo Chemical Industry Co.), and MB

(Kanto Chemical Co.) were used without further purification.

Preparation of the Rh-doped potassium titanate
K2TisxRhxOs was synthesized using a polymerized complex (PC) method.'*1®

Ti[OCH(CHa)2]s, K2CO3, and Rh(NO3)3-9H,O were dissolved in water (50 mL) to



achieve a pre-set K:Ti:Rh molar ratio of 2:(4—x):x, with x = 0, 0.04, 0.08, and 0.2, and
the obtained solution was treated with citric acid (11.5 g) and ethylene glycol (5 g). The
reaction mixture was stirred at 110 °C to produce a transparent polymer gel that was
carbonized at 350 °C for 4 h and subsequently calcined in air at 873 K, 973 K, or 1073

K for 24 h to remove residual carbon.

Preparation of nanosheet colloidal suspensions

Colloidal suspensions of Ti4NS:Rhx were prepared by modifying the method
described by Sasaki et al.'”?® K;Tis—xRhxOs powder (1.0 g) was dispersed in 3 M
aqueous HCl (200 mL) to exchange K* for H* and shaken for five days at room
temperature, with the HCI solution replaced every day to increase protonation
effectiveness. The precipitate of H,Tis—xRhxO9-nH,0 was filtered, washed with ultrapure
water to remove residual HCI, and dried overnight under reduced pressure at room
temperature, followed by dispersion in aqgueous TMAOH ([Tiz—xRhx0s?7]/[TMAOH] = 2)
by 5 days sonication. Non-exfoliated Ti4NS:Rhx was removed by 15 min centrifugation
at 4000 rpm (IEC61010-2-020, KUBOTA Co.), with the obtained supernatant

corresponding to a colloidal aqueous suspension of Ti4NS:Rhx.

Adsorption properties of Ti4NS:Rhx?%-21
To study the adsorption of MB on Ti4NS:Rhx, a 0.1-mg sample of either catalyst was
added to 10 mL of aqueous MB (0—1 x 10™* M, pH 11), and the reaction mixture was

stirred at room temperature for 24 h in the dark.



The MB/catalyst molar ratio was varied from 0 to 1. After stirring, the mixture was
filtered through a hydrophilic polyfluoro resin membrane filter (pore size = 0.1 um) to
separate Ti4NS:Rhx, and the amount of adsorbed MB was calculated from the
absorbance of residual MB in the filtrate at 663 nm, assuming an extinction coefficient

(€) of 5.2 x 10* dm3/(mol-cm) at pH 11.

Photodegradation of organic methylene blue dye??

To characterize the photocatalytic activity of Ti4NS:Rhx in aqueous media,
suspensions of these materials in agueous MB solutions were irradiated with UV light.
Typically, the MB solution (4.7 x 10® mol) was treated with Ti4NS:Rhx (4.7 x 10°® mol)
to afford a total volume of 10 mL (pH 11) and stirred in the dark to establish an
adsorption equilibrium. Subsequently, UV light (254 nm, 0.88 mW/cm?) emitted by a
Xe lamp (MAX-301, Asahi Spectra Co.) and passed through a band pass filter was used
to irradiate the obtained mixture for a given time at room temperature, with the
irradiation area confined to a 25-cm? square. After irradiation, the mixture was filtered
through a hydrophilic polyfluoro resin membrane filter (pore size = 0.1 um) to separate
the catalysts, and the amount of decomposed MB was computed from the absorbance

of residual MB in the filtrate at 663 nm.

Characterization



To analyze crystal structure of all materials, the powder X-ray diffraction (XRD)
analysis was carried out by X-ray diffractometer (RIGAKU, MiniFlex Il). Absorption
spectra of various samples was measured by UV-Vis spectrophotometer (V-670 UV-
VIS-NIR spectrophotometer, JASCO). Absorption spectra of liquid samples was
measured by transmission mode. Diffuse reflectance (DR) spectra of solid sample was
measured by UV-Vis spectrophotometer attached to an integrating sphere system
(ISN-723, JASCO). Doped amount of Rh in Ti4NS:Rhx was estimated by ICP-AES
apparatus (Optima2000DV, Perkinelmer). Scanning electron microscopy imaging was

performed using JEOL-7001FA (JEOL Ltd.) operated at 12 kV.

6.3 Results and discussion

Synthesis of potassium titanate by PC method

Figure 6.2 displays a photograph of potassium titanate precursor before and after
calcination. Before calcination, the characteristic of precursor was black ash. After
calcination, the black ash turned to white powder (Figure 6.2.b) which it was heated at
873 K, 973 K, or 1073 K for 24 hours. The XRD pattern of all synthesized samples is
shown in figure 6.3. All the samples exhibited XRD pattern originated from K;TisOg
indicating that K>TisOg can be synthesized by PC method. The diffraction peak at 26
about 10° originated from stacked direction of K>TisOg crystal (d2o0). This d200 plane
peak had higher intensity and got sharper when the temperature used in calcination

increased. However, the powder obtained by calcination at 1173 K displays XRD



pattern with a diffraction peak of another structure of potassium titanate which was
identified as a K:Ti2Os and K>TigO17. Figure 6.4 shows a SEM image of K;TisOg
synthesized at different temperature conditions. At 873 K and 973 K, crystal of K>Ti4Og
was not completely formed. While a rod-liked structure of K>TisO9 was completely
formed at 1073 K. According to these results, PC method can be used to synthesize

KoTisOg and the best condition for calcination was at 1073 K.



Figure 6.2 A photograph of potassium titanate precursor a) before and b) after

calcination.
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Figure 6.3 XRD pattern of potassium titanate obtained by calcination under various

temperature from 873 K to 1173 K.



Figure 6.4 SEM image of K>Ti4Og obtained by calcination under temperatures 873 K,

973, and 1073 K.



The Rh-doped K>TisO9 was synthesized by PC method and calcinated at 1073K as
same as non-doped K-TisOg. The Rh-added amount was set as 0, 1% (x =0.04), 2% (x
=0.08), and 5% (x =0.2) of Ti atoms. When Rh was being added, the power color was
changed from white to orange as shown in figure 6.5. Moreover, the orange color got
deeper as the Rh added amount increased. Figure 6.6 displays the XRD pattern of Rh-
added K:TisOg. Only Rh1% added K:TisO9 samples exhibited same XRD pattern as
K2TisOg with no impurity observed. While Rh 2% (x =0.08) and 5% (x =0.2) added
K2TisOg shows different crystal structure. Although, this XRD pattern cannot be
identified. This indicates that the large amount of Rh doping resulted in the distortion
of KoTisOg crystal lattice.

The SEM image of Rh 0% (x = 0) and Rh 1% (x = 0.04) added K>TisOg are shown in
figure 6.7. The particle size of Rh 1% (x =0.04) added K-Ti4Oy is almost equal to Rh
0% (x =0) added K2TisOg. Thus, low adding amount of Rh does not change the crystal

structure of K>TisOg.
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Figure 6.6 XRD patterns of synthesized Rh-doped K:TisOg with varied Rh added

amount.
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Figure 6.7 SEM image of non-doped and 1% Rh-doped K2TisOg
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Figure 6.8 XRD patterns of non-doped and 1% Rh-doped H2Ti4Og*nH20.
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Figure 6.9 XRD patterns show the diffraction peaks originated from dzo0 and dio2 of

non-doped and 1% Rh-doped H2TisOg°nH-0.



Figure 6.8 shows the XRD pattern of K,Ti4Og after the proton exchange. The XRD
pattern agreed with literature data of H2TisO9-nH20. Moreover, Rh 1% (x =0.04) added
H>TisO9-nH2O was also analogous to the pattern of HoTisOg-nH20 with no impurity
peaks observed. As shown in Figure 6.9, the dxoo diffraction peak of H2TisOg-nH2O
observed at ~10° shifted to higher angles after doping with Rh. This designated that the
crystal structure shrank in the stacking direction. However, this alteration could not be
explained by the different amount of water molecule n, which was almost identical in
both cases (1.45 and 1.50 for H2Tis09-nH20 and H2Tis.96Rho.0409-nH20, respectively).
Therefore, this shift was ascribed to Rh doping, with the same reasoning used to explain
the shift of the dio2 diffraction peak to lower angles. This could be caused by the ionic
radius of Rh®* is larger than Ti**. This made the RhOs unit become bigger than TiOs
enlarging the in-plane direction of Ti4sOg units which exhibited in the lower angles shift
of the dio2 diffraction peak. Simultaneously, the shrinkage of the dxoo diffraction peak
could be caused by the difference of ionic charge between Rh* and Ti*. When the Rh**
species occupying Ti sites, it will make the surface charge density of TisOg units
become more negative henceforth increases the electrostatic force between TisOg units
and counter cations which a proton in this case.

The Rh doped amount measured from ICP-AES of Ti4NS colloidal suspension
shown in table 6.1. The Rh doped amount is nearly equivalent to the added amount.
From these results, PC method can be used in synthesizing titanate compound including

metal doping which the amount can be controlled unlike the solid-state reaction.



Table 6.1. The chemical formula of synthesized nanosheets.

Rh added Rh doped Chemical
Sample
amount amount (x) formula
Ti4NS:RhO 0 0 Tia.0009%
0.039 ¢
Ti4NS:Rh0.04 0.04 Tis.96RN0.02092+5)
0.002




Figure 6.10 shows the adsorption spectra of H2TisxRhxOg in term of Kulbelka Munk
function and the adsorption spectra of Ti4NS:Rhx measured by transmission mode. The
adsorption spectra of H>TisxRhxOg shows an adsorption band about <350 nm which
originated from H:Ti4O. Furthermore, new adsorption band was observed and new
adsorption band increases depending on Rh amount. Thus, this new adsorption is
dependent on the amount of Rh being doped. This is different from Rh-doped titanate
(H2TisxRhxO7) compound as mentioned in chapter 3 and 4 as H>TisxRhxOg does not
show adsorption band at long wavelength (400<A<600). This assumes that most of Rh
being doped in the state of Rh*".

The calculated energy band gaps are shown in table 6.2. The energy band gaps show
the change in values with not much difference from the non-doped case. The adsorption
spectra of Ti4NS:Rhx shows that the adsorption band shifted towards blue meaning
crystal of titanate compound changed from bulk to nanoscale sheet due to quantum size
effect.? From these results, the K,TisO9 compound and K:TisxRhsOg can be
synthesized from PC method and controlled the Rh-doped amount. Furthermore, the

present procedure can prepare Ti4NS:Rhx colloidal suspension.
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Figure 6.10 The UV-Vis absorption spectra of the Ti4NS:Rhx colloidal suspension
(concentration of 1 mg/dm?3) and diffuse reflectance spectra of the HaTisxRhxOg * nH,0

powders.



Table 6.2. Energy band gap of synthesized nanosheets.

Sample

Energy band gap, E,

Ti4NS:RhO

Ti4NS:RhO

.04

3.45+0.04

3.40+£0.04



The adsorption ability of Ti4NS:Rhx

The organic dye adsorption was observed using Ti4NS:RhO and Ti4NS:Rh0.04
degrading methylene blue. Figure 6.11 shows adsorption isotheral curve of Ti4NS:Rhx
and Ti3NS:Rh0. The adsorption isothermal curve is plotted between C3 and C2s
which denoting the amounts of MB added and adsorbed per Ti4NS:Rhx or Ti3NS:Rhx
unit, respectively. Saturated adsorption capacities (C™) estimated from adsorption
isotherms are presented in Table 6.3. As a result, Ti4NS:RhO has an adsorption at
equilibrium at C™* equal to ~0.054 (mol/mol). While, Ti4NS:Rh0.04 has adsorption at
equilibrium at C™ equal to ~0.061 (mol/mol). The adsorption of MB by Ti4NS:Rhx
occurred from electrostatic force between cationic MB and anionic Ti4NS:Rhx because
of the adsorption ability result of Ti3NS:Rhx in chapter 3. Ti4NS:Rh0.04 at equilibrium
has higher absorption value than Ti4NS:RhO a little. This may due to Rh** was doped to
replace Ti*" resulting in surface charge becomes more anionic. Additionally, the
electrostatic interaction between MB and Ti4NS:Rhx increases causing higher

adsorption value.
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Figure 6.11 The adsorption curves of MB by various titanate nanosheets.( A Ti3NS:RhO,

x TI3NS:Rh0.03, ¢ Ti4NS:Rh0, and m Ti4NS:Rh0.04)



Table 6.3. The maximum adsorption amount (C"%) of MB adsorbed by Ti3NS:Rhx

and Ti4NS:Rhx at equilibrium state.

Sample C™* (% mol/mol)
Ti3NS:RhO 1.5+0.1
Ti3NS:Rh0.03 1.4+0.2
Ti4NS:RhO 54+0.7
Ti4NS:Rh0.04 6.1+0.8




Comparing to Ti3NS:RhO which explained in the chapter 3, Ti4NS:Rhx has
maximum adsorption at equilibrium higher than Ti3NS:RhO about 4 folds. According to
the classification of adsorption isotherms proposed by Giles et al.,? that of Ti4NS:Rhx
was of the high affinity—type, and that of Ti3NS was of the low affinity—type. This
result cannot be explained with anionic charge of Ti3NS:Rh0 and Ti4NS:Rhx because
both anionic charges do not differ much. This incident can be explained by the
interaction between exfoliation reagent TMAOH and the different particle size of
Ti3NS and Ti4NS. Figure 6.12 shows the SEM image of Ti3NS and Ti4NS powder
which collected by the reaction between Ti3NS or Ti4NS colloidal suspension and
hydrochloric acid; then filtered and washed, and dried in vacuum. The SEM image
exhibits clearly that particle size of Ti3NS and Ti4NS are entirely different as Ti4NS is
smaller than Ti3NS hence the adsorption surface area of Ti4NS is larger than Ti3NS. As

a result, the adsorption amount is higher.



Figure 6.12 SEM image of Ti4NS and Ti3NS after acid treatment by mixed the Ti3NS

or Ti4NS with 1 mol/dm?® hydrochloric acid for 1 hour. The powders were collected by
filtration and drying in vacuum overnight. Form this images, it was found that the
particle size of Ti3NS is bigger than Ti4NS where both of them have same thickness,
theoretically. The average particle size of Ti3NS calculated from this image is about 1

um? while that of Ti4NS is about 0.15 pm?



The photocatalytic activity of Ti4NS:Rhx on the photodegradation of MB

Figure 6.13.a) and b) displays the UV-Vis absorption spectra of MB-containing
filtrates obtained by filtering suspensions of Ti4NS:Rhx in agueous MB. They were
subjected to UV light irradiation for a given time, revealing that the absorbance of the
MB filtrate gradually decreased with the increasing of irradiation time. In addition, no
byproduct absorption bands could be detected implying that Ti4NS:Rhx achieved

complete MB decomposition under UV light irradiation.
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Figure 6.14 shows a plot of MB decomposition efficiency (R) vs. irradiation time,

with R defined as

_ A663(0)— 4563 (t)
- A663(0)

X 100%, (1)

where 4%¢3(0) and A%%3(t) are absorbances at 663 nm before and after irradiation
for a given time t, respectively. All studied samples, including Ti3NS used as a
reference, enhanced the photocatalytic decomposition of MB under UV light
irradiation. Additionally, the photocatalytic decomposition activity of Ti4NS:Rhx
exceeding that of Ti3NS:Rhx in agreement with the results of adsorption experiments.
Consequently, this behavior was ascribed to the variance of MB adsorption capacity.
Furthermore, the activity of Ti4NS:Rhx was increased by Rh doping at Ti sites.

The initial quantum yields of photocatalytic MB decomposition (¢p) were calculated

using equation (2) (Table 6.4):

np

bp = x 100. (2)

Nphoton

In the above equation, np and nypeen denote the number of MB molecules
photocatalytically decomposed under UV light irradiation and the number of incident
photons, respectively. As a result, Ti4NS:Rh0.04 was shown to exhibit ¢p
approximately four times higher than Ti4NS:RhO, which was attributed to Rh doping at
Ti sites, since both catalysts showed comparable C™* and bandgap energy values.
Thus, Rh doping at Ti sites was proven to significantly enhance the photocatalytic
decomposition activity of Ti4NS:Rhx.

As it was discussed in chapter 3, the presence of Rh3* and Rh** and the redox cycle

of Rh atoms doped at Ti sites which triggered by UV-light irradiation can improve the



photocatalytic activity of Ti4NS. Unlike Ti3NS:Rhx, Ti4NS:Rhx showed only the
absorption band of Rh3*. However, the photocatalytic activity of Ti4NS:Rh0.04 was
higher than Ti4NS:RhO. This suggested that not only the presence of Rh3* and Rh** was
important but the redox cycle of Rh improved the photocatalytic activity of Ti4NS.

The Rh3*/%* redox cycle of Rh atoms doped at Ti sites is triggered by UV-light
irradiation, as stated previously. Moreover, the RhOg octahedral unit is known to pool
photogenerated holes.?>?7 Since Ti4NS features TiOs octahedra as a structural motif,
Rh atoms doped at Ti sites are expected to be octahedrally coordinated by oxygen and
thus function as hole pools. Hence, we conclude that the improved photocatalytic
activity of Ti4NS:Rhx was caused by the synergistic effect of the Rh3*/4* redox cycle and

the hole pooling effect.

6.4 Conclusion

The PC method can be used to synthesize a Rh-doped titanate compound with
controlled doped amount. It has been demonstrated that Ti4NS:Rhx is a promising
photocatalyst for decomposing cationic organic dyes in aqueous media. Likewise, its
activity can be enhanced by Rh doping at Ti sites. The excellent MB degradation
performance of Ti4NS:Rhx was explained by the high adsorption capacity of this
catalyst for MB as well as by the synergistic effect of the Rh3*/4* redox cycle.
Importantly, the present study reveals the effectiveness of doping with metals
exhibiting multiple oxidations states, as demonstrated by the improved photocatalytic

decomposition activity of Ti4NS.
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Table 6.4. Quantum yield (¢p) of MB photodegradation.

Sample ¢p (%)

Ti4NS:RhO 0.27

Ti4NS:Rh0.04 0.96
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Chapter 7

Conclusion

7.1 Summary

In chapter 2, we were successful at synthesized Rh-doped titanate nanosheets
(Ti3NS:Rhx) with varied doped amount. The result of energy band structure showed
that Rh-doping caused valence band level of Ti3NS narrower without directly affected
the conduction band. Moreover, we found that Rh can be doped in two states which are
Rh3 and Rh*". The adsorption of methylene blue (MB) dye by Ti3NS was affected by
Rh being doped into the structure of Ti3NS. Nevertheless, Ti3NS:Rhx can slightly

adsorb MB dye. Meanwhile, Ti3NS:Rhx cannot methyl orange (MO) dye due to both



are in the anionic state. Therefore, MO was push away by the surface charge at the
surface of Ti3NS. The adsorption activity of Ti3NS:Rhx depends on the electrostatic
interaction between sheet and target molecules. When photocatalytic activity of
Ti3NS:Rhx was measured in the photocatalytic degradation reaction of MB and MO
dye, we found that only MB was degraded by Ti3NS:Rhx under UV irradiation . This
indicated that Ti3NS:Rhx can degrade MB dye by photogenerated hole in the valence
band to oxidize MB dye. In addition, when Rh was doped into the structure of Ti3NS
resulted in degradation efficiency increased. From this result, we can explain the
existence of Rh*" functions as hole pool. When the doped amount increased the more
Rh** would increase. As a result, it accelerated the phtocatalytic degradation of MB dye
easier. This denotes the capability of Rh doping method that it enhances the
photocatalyst ability for organic molecule degradation.

In chapter 4, we studied the properties of Ti3NS:Rhx as a photocatalyst for H»
production. Photocatalytic H> production was observed under UV and visible light by
triethylamine (TBA) as an electron donor in the system. The comparison study was
done by using cocatalyst loading to compare with TBA. We used photodeposition by
loading Rh203 on the surface of Ti3NS with the ratio similar to Rh-doped amount. The
result of Hz production evidently exhibited the differences between Rh doping, and
Rh203 cocatalyst loading. 1 In the case of Rh doping, the amount of H, production was
correlated with the amount of Rh doping, the ratio of Rh® to Rh**, and redox reaction of
Rh®" and Rh** under UV light irradiation.

When combining the result from previous chapter with this chapter, we found that
the hole pool of Rh** enhances the photocatalyst ability for photodegradation reaction,

and Rh®" as an electron pool. This makes the photo reduction of water molecule occurs



efficiently. However, the ratio of Rh®* to Rh** and redox reaction of Rh®* and Rh**are
also significant. Alternatively, visible light irradiated on Ti3NS:Rhx revealed that
Ti3NS:Rhx did not respond to visible light as a photocatalyst for H> production.
Although, the energy band gap of Ti3NS was narrowed when Rh was doped but it did
not activate Ti3NS:Rhx under visible light.

In chapter 5, we used the concept of dye-sensitizer by combining Ti3NS:Rhx with
photosensitizer dye. This is to make the Ti3NS:Rhx to respond to the visible light. Dyes
which were used in the experiments are inorganic dye, and organic dye. Inorganic dye
used in the research is Ir(ppy)2(bpy)*, and organic dye which is TMPyP porphyrin.
Ti3NS:Rhx could adsorb dye both dyes but the adsorption phenomenon was different.
Ir(ppy)2(bpy)” was adsorbed at the surface of Ti3NS:Rhx while TMPyP was
intercatalyted into the interspacing of Ti3NS:Rhx which restacked Ti3NS:Rhx by
TMPyP as a counter ion. Even though, Ir(ppy)2(bpy)” and TMPyP have LUMO level
higher than Ti3NS:Rhx but the measurement of H> production under visible light
irradiation (A=>350 nm) showed that only Ir(ppy)2(bpy)* dye-sensitized Ti3NS:Rhx can
produce H> by TEA as electron donor. From this, it states that electron injection
between TMPyP and Ti3NS:Rhx occurred inefficiently. The result of
photoluminescence revealed that TMPyP-dye-sensitzied Ti3NS:Rhx showed
fluorescence properties when it was irradiated at A=>400 nm. Electron injection did not
progress proficiently despite TMPyP intercalated in the interlayer spacing of
Ti3NS:Rhx. In this chapter, we showed that the possibility on developing dye-sensitized
photocatalyst under visible light irradiation without the help of cocatalyst. This is

another step for improving photocatalyst material.



In chapter 6, we found that Ti3NS:Rhx can incompetently adsorb organic dye from
chapter 3. Hence, Ti3NS:Rhx is still impractical for using as a photocatalyst for organic
molecule degradation. Additionally, the synthesis of Rh-doped titanate compound by
solid-state reaction that we presented in chapter 3 is hard to control the Rh doped
amount. In this chapter, we tried using polymerized complex for synthesizing Rh doped
potassium titanate and exfoliated to titanate nanosheet (Ti4NS:Rhx). The result denotes
that we can control the Rh-doped amount using polymerized complex. The adsorption
of MB dye presented that Ti4NS:Rhx showed adsorption capacity for MB dye relatively
higher than Ti3NS:Rhx. This can be elucidated by the fact that the particle size of
Ti4NS:Rhx is smaller than Ti3NS:Rhx, therefore, the adsorption surface area is higher
than Ti3NS:Rhx. When adsorption increased causing the photocatalytic activity for MB
degradation of Ti4NS:Rhx higher than Ti3NS:Rhx. Likewise, Rh doping also exhibited
similar result as Ti3NS:Rhx where Rh enhances the photocatalyst ability of Ti4NS. The
differences between them is that Rh** was not found in Ti4NS:Rhx from the
measurement of adsorption spectra of Ti4NS:Rhx. When Rh doped amount increased,
the photocatalytic oxidation occurred progressively. This signifies that Rh is formerly
Rh3" and is an electron pool in which it turns to Rh** as a hole pool.®1° This improves
the MB dye oxidize ability.

7.2 Conclusion

This research focuses on the development and improvement of titanate nanosheet as
a photocatalyst and sunlight energy exchange in the chemical reaction i.e. degradation
of organic compound or Hz production. In this research, we focus solely on the metal
doping. According to previous research, they showed that metal doping such as Rh

doping enhances the photocatalyst properties without using cocatalyst or aid in the



visible light adsorption. Our research used metal doping with titanate nanosheet in the
hope that it will improve the photocatalyst properties along with increasing
photoadsorption range of titanate nanosheet to visible light region. Inspte of Rh doping,
the enhancement of titanate nanosheet helps the photoadsorption due to the presence of
Rh3 and Rh*, however, Rh doped titanate nanosheets still did not active under visible
light. Nonetheless, Rh doping effect on photocatalytic activity of titanate nanosheet is
fascinating. Even though, it may not active under visible light but only under UV light
irradiation. Rh doping plays a key role in dominating Rh** which helps in photo-
reduction, while Rh** aids in photo-oxidation. Consequently, Rh®" acts as electron pool
along with Rh** as a hole pool, and we found the possible mechanism of Rh®* and Rh**
outcome on the improvement of photocatalytic activity of titanate nanohseets.

Besides the use of Rh doping, combining of titanate nanosheet with photosensitizer
was used with the hope of titanate nanosheet can be active under visible light. Moreover,
the combination of Rh doping with dye-sensitizer found to be a new promising

development of photocatalyst material with high efficiency, and visible light respond.
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