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Abstract

The necessary of renewable energies as the replacement for fossil fuel such as fuel gas
from CO: or hydrogen from photoelectrochemical water splitting process are feasible by using
semiconductors as photocatalysts. Among many photocatalytic candidates, titanium dioxide
and zinc oxide are the most widely investigated and the most suitable for industrial scale
applications due to their attractive physical and chemical properties. In this work, we report the
synthesis and photocatalytic properties of silicon doped TiO2 nanotubes (TNTs) and the
composite of silicon dioxide and gold layer on ZnO nanorods arrays simply by hydrothermal
method.

The diameter of the TiO2 nanotubes is about 20 nm with several micrometers in length and
dopant (Si/(Si+Ti)) molar ratio in range of 1~30%. X-ray diffraction analysis verifies formation
of nanocrystalline anatase phase for both pristine and Si-doped TNTs. The light absorption
spectra of doped TNTSs exhibit red shift from 375 nm to 410 nm as compared with that of the
un-doped TNTSs. Photodegradation experiment shows that this red-shift of spectra absorption
is desirable for the redox reaction under relatively long wavelength light illumination.

The morphology of ZnO nanorods array is quite uniform with the rod length in range of 1-
2 micrometers and the rod diameter in range of several hundred micrometers. UV-vis
absorption spectra of SiO> coated ZnO nanorods performs the red shift and the results from
photodegradation test indicate a slight increase in the photocatalytic activity of SiO, coated
ZnO nanorods compared to the pristine one. When incorporating SiO2 onto Au-ZnO nanorods
plasmonic structure, a great enhancement in photocurrent and a rapid photoresponse were
observed. This unique structure is favorable for high performance of photoelectrochemical
water splitting.

This work elucidates the economic and efficient hydrothermal pathway to produce
nanostructure of photocatalyst. By further modification, both TiO. nanotubes and ZnO

nanorods array shows a promising potential as photocatalyst.
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CHAPTER 1. INTRODUCTION

In this chapter, renewable energy utilizing solar energy appears as the solution for the
current energy issues. Semiconductors are considered as the most promising photocatalyst for
solar energy to usable energy source conversion. Both basic large band gap semiconductors,
TiO2 and ZnO are introduced as the potential photocatalyst. The first look into this work is
summarized in the end of this chapter.

1.1 The necessary of renewable energy

The fossil fuel is considered as the most important source of energy in the world. According
to the US energy, the fossil fuel (natural gas, coal, petroleum and other liquids) accounts for
83 percent of the total primary energy consumption in 2013 [1]. High energy content, easy to
transport, abundant amount stored in nature, the availability are the advantages of this kind of
resources. This drives mankind on fossil fuel dependence [2]. However, the fossil fuel has its
limitations. The current prediction indicates that it will run out of oil in 50 to 75 years, natural
gas in twice of that of oil, coal in several hundred years. Hence, a mission has been set up to
find out an appropriate renewable energy sources. Among the major renewable energy systems
including photovoltaic (or solar cell), solar thermal, wind, biomass (plant and tree),
hydroelectric, ocean, and geothermal, solar cell appears to be the competitive candidate in
converting directly sun’s energy into electricity with no moving part [3].

1.2 Chemical energy conversion

What could the production and use of solar fuels look like?

Sunlight is used to split water

,\ into hydrogen and oxygen
N\

Sunlight is used to produce carbon-
based fuels from water and carbon
dioxide. A source of carbon
dioxide could be a
coal-burning power
station fitted with
carbon capture
technology

Hydrogen is used
as a transport fuel

Hydrogen and simple
carbon-based fuels are used
as raw materials (feedstocks)
by many industries

Solar fuels
% Hydrogen (Hy)
Carbon-based fuels such as
methane (CH,), carbon monoxide (CO)
and methanol (CH,OH)

© Royal Society of Chemistry

Fig 1.1. The general route for solar energy to fuel conversion. (Copy from Royal Society of Chemistry)
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There are three paths to solar fuels namely: Bio-routes, concentrated solar thermal and low
temperature conversion using semiconductor [4]. The complexity, high cost and lack of
robustness is the drawback of bio-routes. Besides, the operation at high temperature creating a
number of issues in term of materials and stability, cost effectiveness and productivity are the
disadvantages of the concentrated solar thermal path [5]. Thus, low temperature conversion
using semiconductor will be approached. The keys for the success of artificial photocatalytic
system are solar light absorption by the light harvesting agent, charge separation and electron
transport, and effective utilization of the generated redox potential to drive desired chemical
reactions [6]. Typically, solar energy is stored under the form of fuel gas or hydrogen gas by
using photochemical reduction as illustrated in Fig 1.1.

1.2.1 Producing hydrogen gas from water

Photocatalyst hydrogen production system utilizes the sunlight energy to decompose water
into hydrogen and oxygen. In the configuration of splitting of water experiment introduced by
Fujishima and Honda [7] , a working semiconductor electrode is deposited on a conductive
substrate and connected through an external circuit to a counter electrode (typically Pt) as
described in Fig 1.2. Base on the comparable band energy level with the oxidation potential of

H2/H20 in Fig 1.3, a suitable semiconductor could be selected.

External circuit @8-

¥

m
b e”
ACB <
: L
b ] ! Water
> (electralyte)
0, |
M- "B
o
H.O =y
z Counter-
Serr':cn:nduttch electrode

Current collector

Fig 1.2. Photoelectrochemical cell design for water splitting [8].

A source of photon illuminates on this substrate to create excitation electron-hole pair. For
n-type semiconductors, energetic holes will diffuse to the interface of semiconductor/liquid and
involve in oxygen evolution haft reaction and the energetic electrons will move to counter
electrode where they take part in hydrogen evolution haft reaction. The inverse order is
presented for p-type semiconductors. According to Linic et al, beside robustness and

affordability, an efficient photocatalyst has to (1) absorb photons across the UV-vis region of
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the solar spectrum and transform them into electron-hole pairs; (2) allow effectively separation
of electron-hole pairs and there transport to the liquid/semiconductor junction; (3) have
appropriate surface electronic structure facilitating the haft-reactions thermodynamically
feasible; (4) own high catalytic activity [8].

1.2.2 Producing fuel gas from CO:

An ideal that mimicks the ability of plant and other photosynthetic organism in their use of
CO. to make high energy compound has been investigated in last several years [5, 9].
Combining the availability of the sun’s energy as well as solar cell system to convert the CO»
into fuels which is possible for storage or transporting as needed is the major advantage of this
route [2].

20 ge
z= OF
] Z < -
cB z HCOOH/H,CO,
=1.! b
0 | Z° i HCHO/H,CO,
2 %2 WO, oo = n/Mmo
n
B | —— cH,0H/H,CO,
3.0 s B = CH/CO,
s 00 23 ca| c8 4
- ev 24
e i ov - 0, /H,0
[F}
S 10 P
w " - .
Z |7 s l
- 2= = | | 28 |
VB VB v
20 [ ev | 3.8 4 pH 5.0
r B e - Redox system
Z 2=
30 [ VB VB VB |
Semiconductors =

ve

Fig 1.3. The valence band and conduction band of some semiconductor compounds [2].

There are various semiconductor compounds used for CO> reduction such as SiC, GaP,
CdS, ZnO, TiO2, W03z, SnO2 which have different band gaps and band edges position as shown
in [2]. This band gap and band edge position plays a crucial role in product formation. For
instance, when WO3 was used as catalyst, the absent of methyl alcohol further indicating the
influence of band edge position on CO> reduction [2].

The mechanism of CO> reduction using water as a reductant is proposed by many published
literature. When receiving the light, photoexcited electrons and holes are generated and trapped
by suitable sites of catalyst to avoid recombination. The holes oxidize water and provide the
protons for reduction. Then, electrons transfer from conduction band create two species of
hydrogen radical (' H) and carbon dioxide anion radical (CO2) [5].

H,O+h" —>OH+H" (1-1)
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H" +e — «H (1-2)

CO, +& — «CO, (1-3)

These species above are the raw sources for hydrocarbon formation reaction.

Methane formation: CO, +8H+8h" —» CH, +2H,0 (1-4)
Methanol formation: CO, +6eH +6h" - CH,OH +H,O (1-5)
Carbon monoxide formation:  CO, +2eH +2h" — CO + H, (1-6)
Formic acid formation: CO, + 2¢H +2h" - HCOOH (1-7)
Formaldehyde formation: CO, +4eH +4h"™ —» HCHO + H,O (1-8)
Ethanol formation: CO, +12¢H+2h" —» C,H,OH + 3H,0 (1-9)

1.3 TiO2 photocatalyst approaching and modifying

Among many photocatalytic candidates, TiO: is the most widely investigated and the most
suitable for industrial scale applications in term of photoactivity efficiency, stability and cost
[10]. However, TiO2 only exhibits high reactivity and chemical stability under ultraviolet light
(A < 387 nm) because of its wide band gap 3.3 eV in the anatase crystal phase [11]. As a result,
various TiO2 modifications have been carried out including: metal ion implanted (Cu, Co, Ni,
Mn, Mo, Nb, Fe, Ru, Au, Ag, Pt ...) [12-14], TiOx photocatalyst reduced [15], non-metal
doped-TiO2 (N, S, C, B, P, I, F) [16, 17], or in composite with other low band gap compounds
[18], TiO2 sensitizing with dyes [19] and upconversion luminescence agent doped TiO2. These
modifications aim to narrow the TiO> band gap or create impurity level [20] or oxygen
vacancies [21] to have better photocatalytic performances.

It is known that TiO> has three polymorphs: anatase (tetragonal), brookite (orthorhombic)
and rutile (tetragonal) while anatase phase titania exhibits the highest photoactivity than others
[22]. Nevertheless, anatase and brookite phase are metastable generally formed at low
temperature which will transform to thermodynamically stable rutile phase by heating or even
by mechanical grinding [23]. Following this transformation is the rapid decrease in surface area
and porosity which causes the negative effect on photocatalytic activity [24]. Among various
additives, silica has been reported to have a significant stabilizing effect [24, 25] and

photocatalytic activity enhancing [25, 26]. However, the effects of silica additive are quite
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different depending on the doping process, the amount of additive [27]. The most widely
studied method is sol-gel [25, 26, 28-30] and some others are thermal plasma [31],
glycothermal [27], thin film coating [32], chemical vapor deposition to load TiO onto silica
gel [33] or sol-hydrothermal process [34-36]. Recently, some studies have reported that using
ammonia water as hydrolysis catalyst could suppress the phase transformation and enhance the
surface area [25].

Tetramethylammonium hydroxide has been recorded as a TiO2 structure, size, shape
controlling agent [37]. Nevertheless, the effects of basic template in photocatalytic activity of
titania-silica hydrothermal pathway have been less investigated. Thus, one of the aims in this
work is to carry out the characterization of silica doped-TiO2 using TMAH as template in
hydrothermal treatment which take advantage from waste in clean room.

In clean room, the lithography process often use TMAH as basic anisotropic etchant to etch
away the silicon to create a desired structure on silicon wafer [38]. The waste after etching

process is the mixture of TMAH and Silicon which exists as following [39]:

Si + 20H + 2H,0 — SiO,(OH), + 2H, (1-10)

This is an excellent starting point for hydrothermal treatment.

The second approach is to utilize NaOH as template in hydrothermal treatment. This is
conventional path way to organize tubular structure of titania [10].
1.4 ZnO photocatalyst approaching and modifying

Similar to TiO,, due to their attractive physical and chemical properties, ZnO
nanostructures become the most promising metal oxides especially their 1D structure such as
nanorods, nanowires, nanobelts and nanotubes [40]. The reasons for the great interest in 1-D
nanostructure include the direct electron transport, high surface to volume ratio, fast reaction
kinetic, high electronic conductance, simple preparation methods, and superior stability [41].
Also, compared to TiO2, ZnO is supposed to have higher efficiency in the photocatalytic
performance in many case due to its higher quantum efficiency [42]. However, as a wide band
gap semiconductor (3.37 eV), ZnO are only able to utilize 4% of the UV portion of solar energy
[43]. Therefore, considerable attempts have been applied to extend the photoresponse of ZnO
to visible light region. For photocatalytic applications, metal and non-metal doping are the most
well-known groups. Metal dopants could create charge carrier traps, create donor or acceptor
mid-gap level and increase the surface area and the crystal defects. Non-metal dopants could

increase the defect formation and shift the valance band upward [43].
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ZnO also has three polymorphs: wurtzite, rock-salt and zinc-blende crystal structures.
Nevertheless, the thermodynamically stable phase at ambient condition is wurtzite structure.
This structure will not be varied during the growth process such as hydrothermally growth of
nanorods [44]. The drawback of this semiconductor are the low quantum efficiency and
photocorrosion [45].

Thus, noble metals appear as the solution which promote the separation of photogenerated
charges in photocatalyst and improve the photocatalytic stability [45]. In recent years, localized
surface plasmon resonance created by doping with noble metal has become a hot topic [46].
This effect has been addressed to solar cells, surface-enhanced Raman spectra (SERS) and PEC
water splitting with substantially enhanced performances [47]. Au is the most intensified
investigated plasmonic metal which not only acts as effective surface passivation as well as
electric-field amplification effect in UV region but also acts as electron injection source upon
SPR excitation in visible region [48].

From many researches before, we know that the plasmon resonance frequency and intensity
strongly depend on the dielectric of surrounding medium [49]. Enhancing the refractive index
followed by the changing of dielectric circumstance would result in red-shift and intensified
plasmon resonance and these are highly expected to improve the overall PEC performance [50].
Besides, this dielectric layer can enhance the stability of nanostructures under corrosive
environment.

To clarify the dominant mechanism in different plasmonic configurations, a series of
composite nanostructures based anodic ZnO nanorods backbones coated with Au, SiO2 and
both of them in different orders, i.e., ZnO-SiO2, ZnO-Au, ZnO-SiO2-Au, ZnO-Au-SiO; have
been constructed.

1.5 Organization

This thesis is organized in six chapters. Each chapter has its own specific content.

The potentials of large band gap semiconductors TiO2 and ZnO as photocatalyst for sunlight
to fuel conversion are highlighted in chapter 1. The possibilities of modified TiO2 and ZnO for
higher photocatalytic activity are also introduced. Particularly, silicon doped TiO2 nanotubes
(TNTs) powder and SiO2, Au coated ZnO nanorods array will be investigated in this work.

In Chapter 2, the first part presents the overview on how researchers dope silicon in various
TiO2 morphology. The effects of silica on the photocatalytic properties of titania are also
discussed. All of possible formation mechanisms when using TMAH and NaOH as template

are reviewed. The second part summarizes the methods for ZnO nanorods, followed by the
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formation mechanism. The influences when incorporating with silicon and gold are proposed
based on previous studies.

Chapter 3 performs in detail how to fabricate the silicon doped TNTs as well as SiO2 and
Au coated ZnO nanorods. Chapter 4 shows the principle of each equipment for catalyst
characterization and measurements.

Chapter 5 is the most important section in this work with two main contents. Various
investigations about the morphology of TNTs as well as its ability to capture light at longer
wavelength after doping with silicon are discussed in the first content. In the second content,
many explanations based theory and previous works are made to understand the outstanding
photocurrent of ZnO-Au-SiO> configuration compared to others.

Chapter 6 highlights what this work has achieved and some more improvements in future to

obtain better properties of these modified semiconductor photocatalysts.



Fabrication and Properties of 1-Dimensional TiO, and ZnO Nanocomposites Prepared by Hydrothermal Method - Phuong Dao

CHAPTER 2. LITERATURE SURVEY OF 1D TiO2 AND
ZnO NANOMATERIALS

The first part of this chapter presents various methods for silicon modified titania synthesis.
The influences of silica on the properties of TiO; in this section point out the lack of discussion
about the band gap changing in many researches before. Many structure formation mechanisms
are proposed when using the TMAH and NaOH as template. In the second part, some well-
known methods for producing 1D ZnO nanostructure are reviewed. The surface plasmon
resonant and the effect of SiO2 on plasmonic struture would be the potential combination for
high photoelectrochemical (PEC) water splitting performance.

2.1 Literature review of silicon doped TiO2 nanotubes
2.1.1 Methods for producing Si-doped TiO2

2.1.1.1 Sol-gel technique

The basic technique to produce silica-titania mixture is sol-gel. This method is the most
widely used because of its ability in controlling the texture and surface properties of the mixed
oxide [51]. Kyeong et al. [28] embedded silica onto titania particle using Titanium ethoxide
(TEOT) and tetraethylorthosilicate (TEOS) as precursors of titania and silica. TEOS was
introduced in the pre-mixed solution including hydrochloric acid and ethanol before TEOT
because of its slow hydrolysis rate. The silica-titania particles were obtained after mixing for
24h, heating at 80°C for 5h, drying for 24h and calcining from 400-800°C. The final product
had pure anatase phase with the highest photoactivity collected at 30-silica/titania calcined at
700°C.

Chao et al. [25] also prepared titania-silica mixed oxide by using ammonia water as
hydrolysis catalyst. After slow dropping into beaker with anhydrous ethanol under stirring, the
mixture was aged for 72h and calcined at the same temperature above. The obtained silica-
titania mixed oxide had higher thermal stability, lower bulk defects, optimal Bronsted acidity
and highest photoactivity at TiO2-9.1% mol SiO2 because of sufficient active sites. An excellent
activity in destruction of R-6G of mixed oxide SiO> and TiO2 prepared by sol-gel route in
nearly the same procedure above [52]. The resulting solution was stirred in ice bath, aged for
1 week and heated at 200°C for 12h in vacuum. Calleja et al. [29] prepared mesostructured
Ti0,-Si02 in 20h synthesis time using triblock copolymer P-123 as structure-directing agent.
Then washing with ethanol and calcination at 300°C for 2h was carried out. The results show

that silicon atoms were highly dispersed and homogeneity in TiO, framework. There are still
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several works about doping silica on titania in approximately the same procedure such as co-
doping aluminum and silicon on titania [53], high temperature stable mesoporous anatase TiO>
[54], coating Si-doped TiO- on inorganic membrane [55], or on silicon wafer [32] or on soda-
lime silica glass substrate by dip-coating technique [56] but they mostly relied on basic
principle of sol-gel route.

Ying et al. [26] and Pitoniak [57] et al. synthesized SiO>-TiO2 nanocomposite, a distinct
structure, by sol-gel route without calcination. The final product was collected after heat
treatment at 103 °C in 18h and 180°C in 6h. This composite material contains high surface area
(~ 272 m?/g) nanostructured SiO, gel containing TiO2 nanoparticles with high adsorptive
capacity [57].

The morphology of titania also has significant effect on photocatalytic activity. Bao et al.
[30] doped silica on mesoporous TiO. continuous fibers by combining sol-gel and then
centrifugal spinning. The addition of silica enhanced the length of titanium fiber. With
appropriate amount of silica, it could improve the surface texture, thermal stability and crystal
stability.

2.1.1.2 Thermal plasma and oxide bath technique

According to thermal plasma technique, Si-doped TiO2 was synthesized from titanium
tetrachloride and silicon tetrachloride in plasma reactor. The precursors were injected into
plasma region by Ar carrier gas and the setting up pressure range was 700 to 760 Torr in 10
min [31]. With the appropriate amount of SiO> doping (< 2%), the photocatalytic activity of
modified TiOz is significantly improved [31].

Oxide bath is a simple technique for preparation of Si-doped TiO> thin film by thermal
treatment of titanium metal plate embedded in silicon dioxide powder [58]. In this method,
clean Ti sheets were partly embedded in SiO2 powder in porcelain crucible following by
thermal treatment in muffle furnace at atmospheric pressure in air at various times and
temperature (400-550°C) [58]. The result implies that the concentration of Silica in thin film
was proportional to thermal treatment time and temperature. By this treatment, the response in
visible light region, the negative flat band and the density of carrier were enhanced [58]. On
the other hand, these two methods require special equipment as well as high operation cost.

2.1.1.3 Chemical vapor deposition technique

In this field of technique, Ding et al. [59] chose tetra-isopropoxide to be a precursor because
of its evaporative. TTIP was introduced into chemical vapor deposition (CVD) reactor by the

carrier gas under vacuum after silica gel loaded. The reaction took place at 300°C then the
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sample was calcined at 500°C for 3h. CVD method offered uniform crystallite size and strong
adhesion of TiO> particle on silica gel but the best activity is only half of that of the commercial
one [59].

CVD method was also used to introduce silicon atoms into the TiO2 nanotube array which
was synthesized by anodization method [60] or into titanium sheet [61]. TEOS was admitted
into CVD reactor by Ar gas at 500°C for 15 min. The sample was then annealed at 650°C for
30 min [60]. This method gives highly ordered Si-doped TiO2 nanotubes array which performs
higher photo-response in UV spectrum, higher photocurrent density and photo-conversion
efficiency than those un-doped [60].

2.1.1.4 Impregnation, precipitation, co-precipitation technique

Long time ago, in 1989, precipitation method was carried out to form titania/silica [62].
Agueous ammonia was used as PH controlling agent in mixture of titanyl sulfate, silica sol in
sulfuric acid until pH was about 9.5. The precipitation was washed, dried overnight and
calcined at 550°C for 6h in air [62]. However, Khouw et al. [63] mentioned that co-precipitation
method for preparing TiO.-SiO2 mixed oxide showed bad performance on oxidation reaction.

Along with co-precipitation, impregnation is the basic method for preparing catalyst for
almost processes. Silica was also impregnated with a toluene solution of diisopropoxy-
dipivaroylmethanato-titanium (1V) (Ti(DPM)2(O-iPr). ) for 2h under reflux condition. The
filtrate was dried and calcined for 5h at 500°C [64]. These techniques are not preferable because
of its low efficient.

2.1.1.5 Hydrothermal technique

As an environment friendly technology, hydrothermal synthesis takes place in a closed
system under controlled temperature and pressure [65]. Hydrothermal is also considered as a
direct synthesis of a well-crystallized titania method which can improve the stability of titania
[27]. Hirano et al. [23] synthesized TiO2/SiO, composite nanoparticles with highly stable
crystallite at 1300°C. TiOSO4 and tetraethyl orthosilicate were injected in Teflon container of
a stainless steel vessel which was heated at 200°C for 24h with rotation at 1.5 rpm [23]. Some
studies modify the step before injecting into the autoclave to obtain different characteristic [27,
34, 36]. lwamoto et al. [27] added 1,4-butanediol in mixture of TIP and TEOS and this mixture
was placed in an autoclave for heating at 300°C for 2h. Yan et al. [34] used octadecylamine as
template for hydrothermal condensation of (Ti(OBu)s) and (TEOS). A white precipitate was
transferred to an autoclave and aging for 24h at room temperature, then heated at 353K for 1

day. This modification gives high specific area, photocatalytic activity and the optimum Silica
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content is in range 25-40% [34]. Recently, Jin at.al [36] prepared silica-doped TiO- in ethanol
solvent in stainless steel autoclave. The hydrothermal treatment was carried out at 473 K for
12h. In additional, hydrothermal treatment is economic, high efficient and the most feasible
method for creating 1D nanostructure.

During the hydrothermal treatment, temperature directly control the pressure inside the
chamber. Besides, filling factor is also considered in this method because the level of it is

equivalent with the pressure inside the reactor. This relation is shown in Fig 2.1.
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Fig 2.1. Pressure-Temperature diagram of pure water (molecular thermodynamics of Complex Systems).

All techniques are summarized in Table 2.1.

Table 2.1 Summarization of synthesis conditions for Silica modifying TiO-

TiO: Si precursor Method Condition Final References
precursor geometry
Titanium Tetraethylort  Anodization. Ti sheet: anode, Pt foil: cathode Si doped [60]
sheets hosilicate Doping by Electrolyte NH4F + (NH4)2SOs., TiO,
(TEOS) CVvD PH 5.5-6.5 nanotubes

CVD took place at 500°C for 15
min, annealing at 650°C for 30

min
Degussa TEOS Sol-gel Hydrolysis in ethanol + HNO3 + TiO2/SIO,;  [26, 57]
P25 TiO; HF, after gelation, the sol was composite

aged for 2 days at room nanopartic

temperature, then 2 day at 65°C. les
Heat treatment at 103 and 180°C.
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TiOSO4 TEOS Hydrotherm  Heating at 200°C for 24h with TiO2/SIO;  [23]
al rotation of 1.5 rpminan composite
autoclave. nanopartic
les
Titanium TEOS Sol-gel Mixture including HCI and Nano [28]
ethoxide ethanol with precursor in 24h was  phase
heated at 80°C for 5h. dryingand  silica-
calcining between 400 and 800°C  embedded
titania
particle
Titanium TEOS Base Using ammonia, dropping under Titania- [25]
tetrabutoxi hydrolysis stirring condition, aged for 72h silica
de followed by calcination from 400-  mixed
800°C for 2h oxides
TBOT TEOS Sol-gel Hydrolysis in ethanol and HCl at  Si-doped [55]
room temperature under stirring TiO;
condition. Ceramic membrane coating on
was immersed in the sol for inorganic
coating. membrane
Tinanyl TEOS Sol-gel Mixed at 70°C and calcined at Silica [29]
oxysulphat 500, 600, 700, 800, 900, 1000°C doped
e anatase
titania
TBOT TEOS Centrifugal Titania-silica sol was injected into  Long Si- [30]
spinning centrifugal tube at speed 6500 doped
combined rpm/min mesoporo
sol-gel us TiO:
fibers
Titanium Silicontrtrach ~ Thermal Ar carrier gas, pressure from 700-  Si doped [31]
tetrachlorid  loride plasma 760 Torr TiO,
e powder
TIP TEOS Glycotherm  Autoclave 300°C for 2h with 1,4-  Silica- [27]
al butanediol. Then calcined at modified
400°C titania
natase
phase
Titanium Silicon Thermal Atmospheric pressure, sample Silicon [58]
sheets dioxide treament was heated various time and doped
powder temperature (400-550)
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TiO; thin
film.
Titanium TEOS Chemical The CVD reaction took place at Si-doped [61]
sheets vapor 220°C TiO,
deposition Substrate was then anneal in air at  nanofilm
550°C for 1h
Rectangula  NaSiFs Anodization  Current density: 2.5 mA cm-2, Si doped
r piece of 20V in 30min, calcined at 400°C  TiO;
Ti nanotubes
film.
Tetrabutylti TEOS Hydrotherm  Age for 24h, heat 353K in 1 day.  Si-doped [34]
tanate al TiO,
condensatio mesoporo
n us
Tetrabutylti  Ethyl silicate  Hydrotherm 473K in 12h, separated by Si-doped [36]
tanate al process centrifugation, using ethanol TiO;
Tetraisopro TEOS Sol-gel Hydrolysis in anhydrous 2- Mixed [52]
pyl propanol and HCI. Stirring inice  oxide SiO»
othortitanat bath, aging in 1 week, heatingto  and TiO;
e 200°C under vacuum for 12h
TBOT TEOS Sol-gel Using Glacial acetic acid as Si-Al co- [53]
hydrolysis inhibitors. The doping of
colorless sol was heated at 100°C titania
for 24h nanopartic
les.
Tinanyl TEOS Sol-gel Silica sol is added into titania sol,  Silica- [54]
oxysulphat stirring for 2h, placing inoven at titania
e 70°C. The dried gel was mixed
calcinated at 500-1000°C oxide
TiO2 TEOS Sol-gel Hydrolysis in ethanol and HCI. TiO, [56]
dispersed Glass substrate was immersed in nanopartic
in sol to form the thin film layer. les doped
isopropanol The film was then aged for 10h, SiO; film

following by drying at 90°C for with
14h and heating at 350°C for 1h. ordered
mesopore

channels.
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TTIP Silica gel Chemical CVD reaction took place at 300°C  Silica gel [59]
vapor Sample was then calcined at supported
deposition 500°C for 3h TiO,

Tinanyl Silica sol Precipitation  NH3 was used to precipitate Titania/Sil  [62]

sulfate sample. The mixture was then ica

washed, dried and calcined at
550°C for 6h in air.

- - Co- The precipitate was dried inairat ~ TiO2-SiO;  [63]
precipitation  200°C for 24h oxide

(Ti(DMP)2(  Silicon Impregnatio  The filtrate was dried and D- [64]

O-iPr)y) tetraethoxide n calcined for 5h at 500°C TiO/SiO;

2.1.2  The influences of silica to TiO2 photochemical properties

Most of papers about silica incorporated TiO2 proved the positive effects on photoactivity.
Kyeong et al. confirmed that addition of silica suppresses the phase transformation of titania
from anatase to rutile which will increase the thermal stability of this catalyst [28]. He also
stated that higher crystallinity leads to higher photoactivity and the optimal composition of
Silica is 30% because of high surface area.

Chao et al. also observed that the addition of silica inhibited the growth of crystalline size
and suppress the phase transformation through XRD and TGA analysis. FT-IR spectra indicate
the Ti-O-Si linkages at 948 cm™ which is the evident of the interaction between titania and
silica [25]. This will enhance surface properties and photocatalytic activity.

A controversy involving the addition of silica narrows or extends the band gap of titania
which significantly relates to the atomic structure of silica-titania mixed oxide. FT-IR results
again imply that Ti atoms transform from octahedral environment to tetrahedral environment.
This transformation forms Bronsted acidity and it reaches maximum at 10% mol of silica.
Moreover, the experiment confirms the significant blue-shifted of silica-doped titania due to
well-known quantum size effect. On the other hand, the simulation and some other researchers
claimed the red-shift.

2.1.2.1 Band gap extension

Calleja et al. indicated that the interruption of silicon to TiO: structure leads to increase the
band gap (Ec). This interruption also hinders the phase segregation and delays the
crystallization over the calcination process [29].

Nan Bao et al. stated that a proper amount of silica might be dissolved in titania matrix

which suppresses the phase transformation [30]. The higher calcination temperature, the higher
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crystallization and formation of larger crystallites. The interaction between titania and silica
can be proved by the present of Ti-O-Si linkages. The amorphous silica forms a Si-O-Ti-O-Si
network which associated with the generation of Bronsted acidity. Blue shift is observed due
to doping which is attributed to a combined effect of the quantum size and the interface
interactions. The recombination rate is reduced because of this effect. A combination between
anatase phase and rutile phase produce better photoactivity.

Periyat [54] claimed that a suitable amount of silica can effectively suppress the phase
transformation. He also claims that the entering of silica atoms into the matrix increase the
defects in titania matrix thus increases the surface area. The increment in band gap energy
results in lowering the energy of valance band and an increase in the conduction band edge.

2.1.2.2 Band gap narrowing

However, according to first-principles calculation for geometrical structures and electronic
properties of Si-doped TiO., the substitution of Ti by Si results in band-gap narrowing about
0.25 eV which is responsible for visible light optical absorption [66]. But high level Si doped
anatase TiO- is limited because of high formation energy required [67]. There are also some
experimental works which are in good agreement with the simulation results. Oh et al. who
investigated thermal plasma method clarified that the exceed amount of Si-dopant (>2%)
reduces Ti atoms of the surface of catalyst. Sun et al. [58] observed an enhancement in
photochemical respond of the Si-doped TiO under visible light illumination. Recently, Asiah
et al. [68] have indicated the red-shift of the absorption spectrum when doped Si onto the TiO>
nanowire using hydrothermal method.

In conclusion, according to simulation and the nature band of of silicon (1.1 eV), truly
doping silicon into titania crystal structure, the band gap should be narrowed.

2.1.3 Proposed mechanism by using TMAH as template in hydrothermal pathway

From the beginning of the 21% century, researchers have used TMAH as capping agent for
controlling nanocrystal structure, size, shape and organization [37, 69]. By varying the
concentration of TMAH and the synthesis condition, Abdelkrim et al. [37] obtained different
morphology of titania as shown below in Fig 2.2.

The apparent preference for this variety is that the interaction between [101] surfaces and
MesN™ accounted for the differential velocity in the [101] and [001] directions [37]. The
directing ability of TMAH was also reported in the revealing cubic-like and truncated

tetragonal nanocrystals [69].
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In many systems especially hydrothermal system, TMAH plays a crucial role as a directing
agent. Dong et al. prepared controllable morphology, size and orientation of TiO2 nano-pillar
arrays by varying the TMAH concentration and hydrothermal temperature [70] which is
illustrated in Fig 2.3. TMAH was also used as mineralizer (pH-adjusting agent) for pure, stable
lead titanate (PbTiO3) particles synthesis [71].

Fig 2.2. a) Rod-like morphology of titania. b) Rectangular nanocrystal of uniform shape. c) Superlattice with

dimensions of the order of um. d) Polymers with a polydispersity in length [37].

TiO, ellipsoids-like crystal
[(CH3)aNIn' [HanTiO4]

Fig 2.3. Growth mechanism of TiO; nano-pillar crystals [70].

16



Fabrication and Properties of 1-Dimensional TiO, and ZnO Nanocomposites Prepared by Hydrothermal Method - Phuong Dao

Ooi et al. is one of the first researchers who investigated the intercalating ability of TMAH
[72]. The motivation for the intercalation is the distinct proton activity between the supernatant
solution and the interlayer [72]. Gao et al. [73] investigated continuously on the intercalating
ability of TMAH on preparing of nanometer-sized manganese oxides in a year later. TMAH
intercalated into the organic layer which led to larger distance between layers thus inducing
layer easier to break into smaller pieces [73]. Recently, layered nanostructured TiO2 has been
synthesized by hydrothermal method using TMAH [74]. The layered nanostructured TiOz is
supposed to be form in the initial stage of the hydrothermal treatment where TMAH acts as

capping agent to TiO> precursor [74]. The intercalating mechanism is shown in Fig 2.4.

g, P s

o 24 hours

> —

TiO, precursor

Fig 2.4. Proposed growth mechanism for layered nanostructured TiO; [74].
As discussed, TMAH has ability to create sheet nanostructure. It’s worth to try the

possibility of tube formation from these nanosheets.

2.1.4 Tubular formation mechanism using NaOH as template in hydrothermal

pathway

In the end of 20" century, simply via hydrothermal treatment of crystalline titanium dioxide

nanoparticle with highly concentrated sodium hydroxide, TiO2 nanotube with small diameter
are created [65, 75]. This is a cost-effectiveness, low energy consumption, mild reaction
condition and simple equipment requirement method [75]. Compared to the other forms of
titanium dioxide, titania nanotubes perform better physical and chemical properties in
photocatalysis [65]. Thus, one of the main purposes of this work is to produce the titania
nanotubes. For better controllable morphology, the comprehensive knowledge of the

mechanisms of titania nanotubes formation were proposed in various manners [10].
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2.1.4.1  Acid washing mechanism

Yang et al. [76] proposed a mechanism that the Ti-O bonds within the TiOs unit seem to
be divided under the concentrated NaOH which results in irregular swelling. The linear
fragments are then linked to each other by “O-Na*-O" bond. After the replacement of Na* by
H™ through acid washing, nanotubes are obtained through covalent bonding as demonstrated in

Fig 2.5.
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Fig 2.5. Formation process of NazTi,04(OH), [76].

This mechanism is in good agreement with the mechanism proposed by Kasuga et al.[77]
that washing with acid eliminates electrostatic repulsion and scrolls the lamellar sheets into
tubes during the hydrothermal process. The same idea offered by Tsai et al.[78] that
hydrothermal condition breaks Ti-O-Ti bonds into Ti-O-Na and Ti-OH bonds. The sheets are
formed by the rearrangement of Na* and H* which then scroll into tube by the variation of the
surface charge caused by ion exchange of Na™ and H".

2.1.4.2 Peeling-scrolling mechanism

In conflict with the idea above, Peng et al. [79] indicated that trititanate (TisO7)?" sheets
are established within the intermediate phase during the reaction of NaOH and TiO. The
growing of this nanosheets have tendency to curl leading to the formation of nanotubes. The
driving force for this curling is the hydrogen-deficiency on the surface of (TizO7)? (surface
tension) [79]. Most of researchers agreed that hydrothermal is a crucial step for the formation
of TNTs meanwhile washing with acid only produces protonated titanates and the formation
mechanism involves in four stages: (1) dissolution of TiO> precursor and breaking Ti-O-Ti in

alkaline solution, (2) growth of layered nanosheets of sodium titanates, (3) exfoliation of
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nanosheets and (4) growing of nanosheets with the tendency of curling to the formation of

nanotubes [10]. A typical example of trititanate tubes formation is demonstrated in Fig 2.6.

X -., i '. .‘.. A
{4'[001]
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Fig 2.6. Structure models of (a) 2 x 2 unit cells of H,TisO7 on the [010] projection and (b) a layer of H,TizO7 on
the (100) plane from which the nanotube is constructed. AA” and AA’’ indicate the chiral vectors. Schematic
diagrams show (c) the introduction of a displacement vector AA’ when wrapping up a sheet to form a scroll-

type nanotube and (d) the structure of the trititanate nanotube. The crystal orientations indicated are the

orientations according to the H,TizO- layer [80].

2.1.4.3 Seeding-oriented crystal growth mechanism

P
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anatase

Na,Ti,O, 5 E ’
Fig 2.7. The crystal growth theory [81].

Kukovecz et al. [81] observed that when subjected directly as-synthesis Na>TizO7 lamellar

structure (intermediate phase), the trititanate sheets were only cut into block of stripes but did

not roll up into nanotubes. The presented trititanate sheet rollup theory cannot explain their
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phenomenon. With further investigation, they suggested that rollup theory is in effect only
when the extreme conditions at the surface of nanoparticles are generated by local
concentration fluctuations. Then a small amount of material is removed from the surface of
anatase crystalline. This material recrystallizes into a trititanate sheets resulting in nanoloop of
single-spiral, multiple-spiral or onion-like cross-section. The rest of material is transformed
into nanotube by oriented crystal growth which is supplied with TiOs building blocks. The as-
prepared NayTizO7 is the most stable phase under hydrothermal reaction condition which
cannot be transformed further by NaOH. Thus, it does not roll up into nanotubes. Under mixed
autoclave, fewer and longer nanotubes are formed which can be well explained by this crystal

growth theory as shown in Fig 2.7. Until now, no researcher confirms the major mechanism in

nanotubes formation. Most of them agrees with peeling-scrolling mechanism.
2.2 Literature review of silicon dioxide and gold on ZnO nanorods array composite

nanostructures

2.2.1 Methods for producing ZnO nanorods

One-dimensional (1D) ZnO nanostructures have been investigated by a wide range of
synthesis techniques.

2.2.1.1 Physical vapor deposition

Pan et al. synthesized nanobelts of ZnO by thermal evaporation at 1400°C for 2h in an
alumina tube [82]. The nanobelts product performs well defined geometry and perfect
crystallinity which could be doped with different elements and used for fabricating nanosize
sensors. Huang et al. deposited ZnO nanowires on Au coated silicon substrate using vacuum
thermal evaporator [83]. The diameter of nanowires could be control by varying the Au layer
thickness. Yao et al. developed various nanostructures base on thermal evaporation process of
ZnO without the presence of a catalyst [84]. Starting from the source of ZnO and graphite, the
formation of distinct geometries depend on the temperature at open end of quartz tube. The
drawback of this method is the consuming of large energy for evaporation.

2.2.1.2 Metal-organic chemical vapor deposition

Typically in this method, a metal organic substance is used as precursor and the growth
take place at high temperature. Park et al. grew ZnO nanoneedles on Silicon substrate using
low pressure metal-organic chemical vapor deposition (MOCVD) system with dimethyl zinc
and oxygen as reactants [85]. This nanoneedles array exhibits high crystallinity and excellent
photoluminescent characteristic. In another work, Park also synthesized ZnO nanorods array
with almost the same method but the different is the thin buffer layer is formed before the
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growth of ZnO nanorods [86]. The advantages of this method include the feasibility of large
area growth as well as simple, accurate doping and thickness control.

2.2.1.3 Pulsed laser deposition

Sun et al. obtained ZnO nanorod arrays using Pulsed laser deposition (PLD) method

which are single synthesis process without doping, or use of catalyst or the need of any prior
templating [87]. This technique bombards the ceramis ZnO target by excimer laser and deposit
ZnO on substrate. The nanorods array synthesized by this way is suitable for application in
opto electronic nanodevice [87]. Hong et al. utilized PLD to deposit ZnO thin film and grew
ZnO nanowires on top of this thin film using vapor-solid-solid growth method [88]. The texture
of ZnO film can be controlled at room temperature via the control of the energy of the deposited
atoms.

2.2.1.4 Electrospinning

In this method, the precursor solution is contained in a standless steel needle under pumping
condition. A cathode electrode is placed under the needle tip. An electric field is applied to
accelerate the precursor toward the cathode accompanied with partial solvent evaporation. Lin
et al. produced aluminum-doped zinc oxide (AZO) nanofibers using electrospinning process
[89]. This AZO perform better field emission and conductance characteristics. Sui et al.
fabricated polyvinyl alcohol/ZnO hybrid nanofibers with diameter about 300nm which showed
strong white emission with three band [90].

2.2.1.5 Wet chemical method

Wet chemical is the most promising method which has been investigated by many
researchers until now [91]. In this route, hydrothermal treatment appears as a competitive
candidate because of low price and high efficiency. Zhang et al. synthesized tubular ZnO with
approximately 450 nm width and 4 um length by simple solution using ethanol solvent [92].
However, the nanopowder prepared by this method is only 20%. With template free
hydrothermal treatment, Wang et al. can easily control the ZnO nanotubes powder synthesis
process with high repeatability [93]. Recently, Nadia et al. have prepared ZnO nanotubes
powder with wurtzite structure from zinc nitrate, urea and KOH for the first time [94]. As
mention before, the nanopowder is hard to handle and recover after using. Thus, researchers
force the interested into nanostructure array. With only water [95] or NH3[96] or Zn(NOg)2 in
KOH [97] , many researchers deposited ZnO nanorods, nanoneedles directly on Zn foil by
hydrothermal treatment. Growing directly on Zn substrate is simpler than other substrates

which needs at least two steps, seed layer deposition and growth process. This however the
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most common procedure for growing nanostructure of ZnO [98]. Amine compounds are the
main reagent for direct grow in the c-direction of this two steps method [99, 100].

Anodization which is the most common method for producing TiO2 nanotubes array, is also
utilized to prepared the ZnO nanorods [101].

There was also some procedures which lasted for a long time 1-12 days [102], 0-60 days
[103] at room temp. Nevertheless, these methods are not applicable to industry due to time
consuming.

2.2.1.6 Others

HeO et al. utilized catalysis-driven molecular-beam epitaxy (MBE) to create the ZnO
nanorods [104]. This method is carried out in vacuum chamber with 0zone/oxygen as oxidizing
source, Zn metal as cation flux source. With only magnetron sputtering, Chiou et al. could grow
ZnO nanowires under controllable conditions [105]. He stated that to obtain the single crystal
whiskers the presence of electroless plated copper is necessary. Xu et al. prepared ZnO
nanorods using flux at very high temperature [106]. These prepared nanorods are uniformly
distributed and single crystalline. Wu et al. deposited ZnO films from evaporation the
precursors then etched these products with hydrogen stream to form ZnO nanorods [107].

2.2.2 The hydrothermal growth mechanism of ZnO nanorods

2.2.2.1 Inwater medium

From the point of chemistry view, water has the ability to oxidize Zn metal. Under
hydrothermal condition, water interacts with Zn foil as following reaction:

2Zn — 2Zn(H,0),*" +4e” (2-1)
2Zn(H,0),*" +4e” +0, —2Zn0O (2-2)

This two reactions take place at distinct regions over the surface of Zn foil which created
self-motivated cathode and anode system. Zn is oxidized at the anode into Zn?* with 2 electron
left behind and ZnO is deposited at the cathode forming the ZnO nanorods as presented in Fig
2.8 [95].
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Fig 2.8: Proposed mechanism of ZnO nanorods growth in water under hydrothermal condition [95].
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2.2.2.2 In alkali medium

The reaction in alkali medium mechanism is described in following equation:
Zn + 20H" +2H,0 — Zn(OH),* + 2H, (2-3)
Zn(OH),> — ZnO +20H" +H,0 (2-4)
The dissolution of Zn atoms into solution creates a concentration gradient of Zn?* and the
intrinsic electric field of polar ZnO lattice could be a motivation for further growth of ZnO

crystals along the c-axis [44]. The electrostatic interaction between the polar charges drives the

preferred c-axis orientation of ZnO nanostructure to minimize surface energy.
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Fig 2.9. Schematic view of the growth mechanism of the ZnO nano form [108].

Kar et al. reported that Zn-rich positive (0001) surface are more reactive than the oxygen-
rich negative (000-1) surface which attract new ZnO speicies to promote the anisotropic growth
along the (0001) direction [108]. The six side facets are indexed by (10-10) family as shown in
Fig 2.9 and it’s well known that the growth rate corresponds to the sequence (0001)>(10-
11)>(10-10). Normally, ZnO will grow in hexagonal structure along the (0001) direction but
in some circumstance, the growth in this way is inhibited the lower specific surface energy
such as (10-11) become preferred resulting in needle like ZnO array.

2.2.2.3 Inamine medium

It has been known that ammonia could react with Zn to form ammonia complex
[Zn(NHz3)4](OH)2 and under hydrothermal condition, this complex will be decomposed into
ZnO. At initial stage, spherical ZnO nanoparticles are formed on the surface of Zn foil from
reaction between Zn and ammonia. These nanoparticles will serve as seed for subsequent
growth of ZnO. Along with the growth in c-axis, the side facets could react with ammonia
which reduce the diameter of the nanorods as performed in Fig 2.10. When the reaction reaches

the equilibrium, the shape of ZnO nanorods will hardly be changed [109].
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Fig 2.10. Schematic illustration of growth mechanism of ZnO nanorods array [109].

Zn0) nanoparticles

0.5h

The most common reagent for ZnO nanorods growth is HMTA (Hexamethylenetetraamine)
which is hydrolyzed into formaldehyde and ammonia, acting as pH buffer by slowly
decomposing to provide a gradual and controlled supply of ammonia [110]. The reacting

process are described as equations below:

(CH,),N, +6H,0 <> 4NH, + 6HCHO (2-5)
NH, +H,0 <> NH,H,0 <>NH," + OH" (2-6)
Zn* +20H <> Zn(OH), <> ZnO +H,0 (2-7)

The dehydration of monomeric hydroxyl species creates solid ZnO nuclei at the surface
of the ZnO seed layer.

2.2.3 Silicon incorporation

The most common Si modified ZnO nanomaterial is about Si doped ZnO thin film [111,
112]. Incorporation with Si is a promising way to achieve low resistivity and high transmittance
ZnO thin film [113]. Wu et al. also indicated the reduction in ZnO band gap from 0.73 eV to
0.34 eV at 12.5 %Si composition.

Beside silicon, silicon oxide is also utilized as stabilizer, protecting layer, passive layer and
dielectric layer because of its inertness and transparency. To reduce immunogenic response
when using implant devices, Chu et al. coated on ZnO nanorods a thin layer of SiO2 using
chemical vapor deposition [114]. Ranjbar et al. used SiO2 as hydrophobic layer on ZnO for
antifogging, self-cleaning, tribological and micro fluidics applications [115]. Thick silica shell,
which quantum dots can be stabilized against photochemical degradation through, acts as
stabilize metal clusters [50]. The key role of the silica shell is the retardation interaction with

oxygen. Without the sufficient oxygen, direct electron-hole recombination dominates and the
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material is photochemically stable [50]. By modifying the matrix refractive indices the position
of the Au SPR band in the visible wavelength region can be controlled easily and systematically
[49]. To be more specific, Medda et al. coated gold with different SiO2 to TiO2 mole ratio layer
to obtain the distinct refractive indices. The higher the refractive index the higher gold surface
plasmon resonance position [49]. In this work various thickness of SiO2 layer on ZnO nanorods
array will be investigated to test the effect of SiO, on ZnO nanorods.
2.2.4 Gold incorporation

2.2.4.1 Electron trap sites and spatial electricfield enhancement

When a semiconductor and a noble metal are brought into contact, the photocatalytic
activity will increase. Due to the different Fermi level, work function of metal and band
structure of semiconductor, a Schottky barrier is established at band interface, leading to a
charge rectification [116]. Particularly, the work function of gold is 5.1 eV and the electron
affinity of ZnO is 4.35 eV. Thus the Schottky barrier is approximately 0.75 eV in the case of
gold in contact with ZnO. Under UV excitation, excited electron from ZnQO is drived into the
gold metal by the energetic different at the interface [117]. For balancing, gold automatically
donates the electron for the acceptors in surrounding environment. In the other word, gold
particles play a role as electron trap sites which promote the hole and electron separation. The

process is described in Fig 2.11.
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Fig 2.11. Electron transfer and Fermi level shift at a metal/semiconductor interface [117].

E E
/
E cB sa T
S AT RS———— cB
Eca
Eg ........ Ef':"' [UUVORTIS SOV IR
Eredax Eredux
E,,. & |
VB ; /
Eun A4 ‘
Ti0, | Electrolyte VB | TiO, | Electrolyte

Fig 2.12. Energy band for n-type semiconductor and the formation of space charge area [116].
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In photoelectrochemical measurement, semiconductors are dipped into the electrolyte. The
difference in redox potential of electrolyte and fermi level of semiconductor leads to band
bending at equilibrium to have the flow of charge from electrolyte to semiconductor [118]. The
region where the band bending is, is called space charge layer (SCL). The process is shown in
Fig 2.12

When applying the bias, fermi level also can be controlled [118]. At the initial, band edge
is flat because the potential drop between the interfaces is zero which is called flat band
potential. Applying the bias greater than flat band potential will result in band bending. Under
light irradiation, the excited electron will flow via the external circuit to counter electrode. The

greater band bending, the faster electron/hole separation takes place [116]. The whole process

is illustrated in Fig 2.13.
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Fig 2.13. Band diagram when V=Vfb, V> Vfb and V>Vfb when irradiated [116].

By Au loading, a lot of Schottky barrier juntions are formed which enhance the surface
band bending significantly. This leads to a stronger spatial electric field which efficiently
reduces the electron-hole pair recombination [119].

2.2.4.2 Surface plasmon resonance (SPR)

SPR which is defined as the resonant photon-induced collective oscillation of valance
electrons, is established when the frequency of the photo matches the natural frequency of
surface electrons oscillating against the restoring force of positive nuclei [8]. Gold, silver and
copper nanostructure perform the resonant when contacting with large fraction of abundant
solar flux including UV-vis photon. Controlling the nature, size and shape of these metallic
structures offers the desirable resonant wavelength and SPR intensity in area of interest, solar
energy [120]. SPR effect promotes the rates of photocatalyst reactions by concentration of
charge carriers through three non-mutually exclusive energy-transfer mechanisms, SPR-
mediated charge injection from metal to semiconductor, near-field electromagnetic and

scattering mechanisms.
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Charge injection mechanism imitates the dye sensitizer where a dye molecule absorbs light
and transfer energetic charge carriers, created in the process of the SPR excitation to the nearby
semiconductor [121]. As a result, charge injection should play an important role in water
splitting process mainly in visible region because of its plasmon band [122]. The schematic of

this mechanism is illustrated on NHE scale in Fig 2.14.

Semi-
conductor

Energy (V vs NHE)
T

Semi- Plasmonic

conductor meta
3r |vs

Fig 2.14. Mechanism of charge transfer from SPR band under visible light [8].
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Fig 2.15. Electric field intensity at the interface of Au — TiO; calculated using FDTD

The near-field electromagnetic mechanism is described as the interaction of the
semiconductor with the strong SPR-induced electric field localized nearby at the metallic
nanostructure [8]. This electric field is spatially non-homogeneous with highest distributed at
the surface and dramatically reduced throughout the depth. When a semiconductor is in contact
with photo-excited plasmonic structure, the intense field will accelerate the rate of electron-

hole pair formation. The formation of electron-hole pair at surface is beneficial for the
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separation and short migration distance to the reagent of these charge carriers which is meaning
full in water splitting reaction [123]. The simulated electric field distribution is displayed in
Fig 2.15.

Additionally to the local electric fields, scattering of resonant photons are considered for
large plasmonic structure (larger than 50 nm in diameter) [124]. This mechanism indicates the
increase of average photon path length in plasmonic nanostructures and semiconductor
composites which enhances the possibility of electron-hole pair formation. If the resonant
photons are not absorbed on the first pass by semiconductor, the plasmonic nanostructures
cause these photons to scatter many time in the system. A schematic about this mechanism is
shown in Fig 2.16.
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Fig 2.16. Schematic illustrating the scattering mechanism [8].

These three mechanisms are the main reasons explaining for SPR effect in composite

materials. Depending on each condition, one of these mechanism will dominate the others.
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CHAPTER 3. MATERIALS FABRICATION

This chapter shows in detail the method to dope silicon directly on TNTs by hydrothermal
method and the method to synthesize ZnO nanorods then coating it with gold and silicon
dioxide in different orders.

3.1 Si doped TiO2 nanotubes synthesis
3.1.1 Hydrothermal reaction using TMAH as reagent

All chemicals were used as received without further purification. An amount of P25 powder
(anatase, 99.7 %, Sigma-Aldrich) was placed in the Teflon tube together with different amount
of TMAH 25%. Two main ratios TI/TMAH = 0.81 and Ti/TMAH = 2.4 were investigated [69].
The Teflon tube was then heated at 125°C at various time under stirring condition. The white
precipitates were washed with distilled water and HCI 0.01 M many times and separated using
centrifugation (10 min, 22°C, 1800 rpm). The final product was dried at 80°C for 8h in electric
oven.

3.1.2 Hydrothermal reaction using NaOH as reagent

This work induces Si element into TNTs structure directly by hydrothermal method. TNTs
were prepared using hydrothermal method proposed by Kasuga et.al [75]. Typically, 1.6 g TiO>
(anatase, 99.7 %, Sigma-Aldrich) were mixed with different amounts of Si powder and 75 ml
of NaOH 10 M in a 100 ml Teflon tube which was then heated at 150°C in 24h under stirring
condition on a heater. The Si/(Si+Ti) mol ratio is varied from 0.01 to 0.3. After reaction, the
white precipitates were filtered and washed several time with water and HCI 0.1 M until pH of
washing solution approached 7.0. Finally, the sediment was dried at 80°C overnight and
calcined at 450°C for 1h. The as synthesis samples were labelled as X-TNTs (X = the Si/(Si+Ti)
mole ratio).

3.2 SiO2 and Au layer on ZnO nanorods array synthesis
3.2.1 Hydrothermal growth of ZnO nanorods directly on Zn metal using DI water

All chemicals were used as received without further purification. Surface treatment of Zinc
foils (99.9%, Sigma-aldrich) with a thickness of 250 um were carried out under ultrasonic
conditions with absolute ethanol. Then a piece of Zn foil (10 x 20 x 0.25) was placed upside
down at the bottom of a Teflon tube (capacity, 100 ml). 80 ml of deionized water (pH = 6-8)
was added in this tube as oxidation reagent. After sealing, the Teflon tube was put into an
electric oven at 95°C in 24h. Finally, the Zn foil was taken out, rinsed with water, absolute

alcohol and rinsed in air.
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3.2.2 Hydrothermal growth of ZnO nanorods directly on Zn metal using KOH
The same process above was repeated. Instead of using DI water, 0.18 M KOH was used
as nanorods growing reagent. The hydrothermal reaction was carried out at 95°C in 21h30 to
obtain the homogeneous morphology. The sample was then anneal at 350°C in 2 hours to get
better crystallinity of ZnO.

2cm
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lcm o
a) b)

Fig 3.1. Image of ZnO nanorods array on Zn foil a) using water b) using KOH after hydrothermal treatment.

3.2.3 Two steps hydrothermal growth of ZnO nanorods on ITO glass
ZnO nanorods were deposited on ITO glass via two steps. A seed layer was created on the
surface of ITO glass using dip coating method in the first step. In the second step, ZnO
nanorods were grown on this seed layer using hydrothermal method.
0.22 g of zinc acetate powder were mixed with 10 ml of ethanol in a small jar in 2 hours
until a clear and homogeneous solution was obtained. A piece of ITO glass (12 x 25 x 1 mm)

was ultrasonically washed with acetone and ethanol respectively in 20 min.

-

Fig 3.2. 3D schematic of hydrothermal treatment a) on Zn foil b) on ITO glass.

This piece of glass was dipped in the as prepared solution within 20 sec and withdrawn at

a slow, constant speed to maintain a uniform and thin layer of liquid. The process is displayed
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in Fig 3.2. After annealing at 90°C in 30 min, dip coating and annealing steps were repeated

several times to achieve the desired thickness.

Fig 3.3. Image of dip coating process.

Before hydrothermal treating, the 1TO glass with seed layer was annealed in air at 200°C
for 1 hour and clamped upside down in the Teflon tube containing 60 ml of 0.025 M zinc nitrate
and hexamethylenetetramine. The hydrothermal treatment was conducted at 90°C in 4 hours in
an electric oven. Finally, the ITO glass was rinsed several times with water and ethanol, dried
at room temperature and calcined at 450°C in 30 min.

3.2.4 Deposition of the silicon oxide and gold layer

Gold thin film layer was deposited using Au sputter VG Microtech SC500 machine. Ar gas
is pursed into the chamber of this machine as the bombard reagent. To sputter approximately 5
nm of Au, the current is maintain at 10 mA in 110 sec. SiO thin film layer was deposited using
AJA sputtering machine.

b)

Fig 3.4. a) Au sputter VG Microtech SC500 machine b) AJA Sputtering.

As can be seen from Fig 3.5, sputtering is a physical vapor deposition process. The main

principle can be explained in three main steps: The bombardment of sufficiently energetic
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particles (Ar*) on target surface, the ejection of the atom from the surface of the sputtering
target and the ejected target atoms transferred to substrate. There are different types depending
upon process conditions: RF sputtering, DC sputtering, Magnetron Sputtering and Reactive

sputtering. Here in, the sputtering condition is the RF Magnetron sputtering.
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Fig 3.5. lllustration of sputtering process.

3.24.1  Deposition of SiO2 on ZnO nanorods array synthesized by using KOH

To investigate the effect of SiOz layer, 4 samples of ZnO nanorods array on Zn foil were
prepared. 5, 10, 15 nm SiO> layer were sputtered on these samples. There are almost no visual
differences in these samples after sputtering.

3.24.2  Deposition of SiO2 and Au on ZnO nanorods array on ITO glass
As discussed above, to investigate different plasmonic configurations, 5 labeled samples

(1,2,3,4,5) were coated with nothing, SiO, Au, SiO2 then Au and Au then SiO- respectively as
sketched in Fig 3.6. To be more specific, sample 3 and 5 were covered by 5 nm gold using VG
sputtering. Then, sample 2, 4 and 5 were covered with 5 nm SiO using AJA sputtering. Finally,
sample 4 was covered with 5 nm gold in the same condition with sample 3 and 5.

The general conditions for sputtering SiO2 and gold are recorded in Table 3.1 and Table

3.2 respectively.
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Fig 3.6. The schematic of fabrication process.
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Fig 3.7. Picture of 5 samples after sputtering.

Table 3.1 SiO; Sputtering condition

Element Pressure (mT) Power (W) Rate (A/s) Ramp (s) Thickness (hm) Gas (sccm)
SiO, 3.3 130 0.1 10 5 5

Table 3.2 Au Sputtering condition

Element Pressure (bar) Time (s) Current (mA)
Au 0.08 110 10
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CHAPTER 4. MATERIALS CHARACTERIZATION
AND MEASUREMENTS

In this part, the principle of the equipment for characterization and measurements will be
investigated. The morphology of the nanostructure of the as prepared materials was revealed
using scanning electron microscopy transmission electron microscope. The crystal structure
and the absorption ability were tested using X-ray diffraction and Uv-vis spectroscopy
respectively. Methylene blue (MB) degradation test and PEC test were also utilized.

4.1 Hydrothermal equipment

The schematic of hydrothermal equipment is illustrated in Fig 4.1. This equipment includes
two part: the outside stand-less steel tube and the inside Teflon tube with the total reaction
volume around 100 ml. The maximum working temperature and pressure are 220°C and 3-4
MPa respectively. There is a special rubber ring inside the Teflon tube to guarantee the sealing

during hydrothermal reaction.

k‘—/

Fig 4.1. 3D schematic of hydrothermal reactor.
4.2 Materials characterization
4.2.1 Scanning electron microscopy (SEM), Energy-dispersive X-ray spectroscopy
(EDX) and Mapping
The morphology and composition of catalyst were characterized using scanning electron
microscopy (SEM, Hitachi 1081) with accelerating voltage is 30 kV. An Energy-dispersive X-
ray spectroscopy (EDX) is integrated in the SEM machine which is used to determine the
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component proportion. The distribution of each component can also be tested using mapping

mode in EDX operation.
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Fig 4.2. The schematic of SEM working principle.

By the bombardment of the electron beam on the specimen, three main type of signals are
secondary electron (SE), reflected or back scattering electron (BSE) and photons of
characteristic X-rays as shown in Fig 4.2. Depending on the acceleration voltage, the depth of
field will be varied. SE contrast depends mainly on work function and topography while BSE
is in proportional with the average atomic number of the sample. The characteristic X-rays is
used to define which element presented in the specimen.

The sample preparation for SEM is quite simple for conductive materials, in this case,
Zn foil and ITO glass while TNTs powder is more complicated. TiO, oxide is a very weak
conductive material which is needed to be dispersed carefully on the two sides copper
conductive tape for the observation. The charge accumulation is therefore reduced which

produces better topology image.
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4.2.2 X-ray diffraction (XRD)
The crystallinity of TNTs was recorded by X-ray diffraction (XRD) using a diffractometer
with Cu Ka radition with A = 0.156 nm (Bruker AXS D8 Discover). Using some relevant

figures and equations, the crystal size can be estimated based on the XRD pattern.

________
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Fig 4.3. Hlustration of XRD working principle.

Fig 4.3 performs the X-rays path from the source to sample and then to X-ray detector. This
X-ray beam hits a sample and is diffracted, the distances between the planes of the atoms that
constitute the sample by applying Bragg's Law, named after William, can be measured.
According to Bragg's Law: n\ =2d sin6, where the integer n is the order of the diffracted beam,
is the wavelength of the incident X-ray beam, d is the distance between adjacent planes of
atoms (the d-spacings), and is the angle of incidence of the X-ray beam, various crystal
information can be extracted.

In this work, only crystal structure of TNTs is needed to be identified because it relates
directly to the photocatalytic performance. About ZnO, the major structure at the processing
condition is hexagonal wurtzite and hardly changed. Thus, the XRD measurement is not
necessary.

4.2.3 Uv-vis absorption

The absorption spectra were recorded on a spectrophotometer (SHIMADZU, UV-2600
with ISR-2600 intergrating Sphere Attachment) in range of 220-830 nm with fine BaSO4
powder as reference. This is utilized to measure the absorption ability of the substances.

This is the measurement based Beer-Lawbert law of attenuation of a light after passing

through a sample (Fig 4.5) or after reflection from a sample surface (Fig 4.4). The working
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principle of UV-vis absorption bases on the fact that molecular can absorb energy in form of

ultraviolet or visible light to excite the internal electron to higher energy level.

To test the absorption ability of TNTs powder, it must be mounted on a glass piece by

doctor blade method. Then this piece of glass with the thin film of TNTs on top is placed in the

sample holder of the machine. This process is much easier for ZnO nanorod arrays on Zn foil

or ITO glass. For photodegradation test, the reference sample was DI water contained in quartz
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Fig 4.4. Schematic of UV-vis machine and measurement for solid sample.
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Fig 4.5. Schematic of UV-vis measurement for liquid sample.

4.2.4 Transmission electron microscopy (TEM)
The TEM operates on the same basic principles as the light microscope but uses electrons

instead of light. Because the wavelength of electrons is much smaller than that of light, the
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optimal resolution attainable for TEM images is many orders of magnitude better than that
from a light microscope. Thus, TEMs can reveal the finest details of internal structure. It can
be seen from Fig 4.6 that the beam of electrons from the electron gun is focused into a small,
thin, coherent beam by the use of the condenser lens. This beam is restricted by the condenser
aperture, which excludes high angle electrons. The beam then strikes the specimen and parts
of it are transmitted depending upon the thickness and electron transparency of the specimen.
This transmitted portion is focused by the objective lens into an image on phosphor screen or
charge coupled device (CCD) camera. Using this technique, the hollow structure of TNTs can
be revealed.
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Fig 4.6. Schematic of TEM working principle.

4.3 Measurements
4.3.1 Methylene blue (MB) degradation test of Si doped TNTSs

To evaluate the photocatalytic performance of TNTs and modified TNTSs, the degradation
of aqueous solution of methylene blue was carried out. 20 mg of catalyst powder was placed
into 50 ml of 25 ppm methylene blue solution under stirring condition in dark for 30 min. After
that, the photocatalytic reaction was taken place under ultraviolet ray, UV-LED illumination
(HAMAMATSU L10561) with the maximum irradiance of 14000mW/cm? @ 365 nm and
15000 mW/cm? @ 385 nm and with wavelength 365 nm. The duration of irradiation were 10,
15, 30, 45 and 60 min. Finally, the adsorption spectra of solution were recorded by UV-vis

spectrophotometer.
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4.3.2 Methylene blue degradation test of ZnO nanorods array on Zn metal
To evaluate the photocatalytic performance of pure ZnO nanorods array and SiO, modified
ZnO nanorods array, the degradation of aqueous solution of methylene blue was conducted. A
piece of ZnO nanorods array (10 x 20 x 0.25 mm) was clamped and dipped in 50 ml solution
of 6.25 ppm methylene blue. After that, the photocatalytic reaction was taken place under white
light source using halogen lamp 15V/150W. The duration of irradiation were 30, 60, 90, 120,
150 and 180 min. Finally, the adsorption spectra of solution were recorded by UV-vis

spectrophotometer.

Fig 4.7. Methylene blue degradation setup.

4.3.3 Photoelectrochemical (PEC) measurement of ZnO nanorods array on ITO glass

The electrochemical characterization was conducted using three electrode-based methods
with a standard electrochemical workstation (Zahner electrik IM6). The ITO glass with
difference coating layer on ZnO nanorods (effective layer 1 cm?) was the working electrode
following by Ag/AgCl and Pt electrode as the reference and counter electrode respectively. 0.5
M Na2SO4 (pH= 6.8) solution was the supporting electrolyte for all measurement. The light
sources, white light source (halogen lamp 15V/150W) is utilized to test the photoelectrode
current of sample in visible region.

4.3.3.1 Steady state measurement

I/E scanning mode was used to carry out the steady state measurement. The voltage varied
in range of -0.3 V to 1 V. There are two testing conditions for each sample, dark and white
light illumination. The changing of current corresponding to voltage was recorded.

4.3.3.2 Transient photoresponse

To evaluate the response ability to the light in white light, the transient photocurrent
responses were conducted. POL setup was choosen with the bias voltage fixed at 0.5V. The
sample first was remained in dark for 30s then exposed to the light for 40s. The response was

recorded as light on and light off.
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Fig 4.8. POL setup for transient photoresponse measurement.
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CHAPTER 5. RESULTS AND DISCUSSION

Various morphology of TiO2 and ZnO synthesized by using different templates are
compared. The reasons for the enhancement in photocatalytic performance of these modified
catalysts are proposed strictly based on theory and the other works.

5.1 Silicon doped TiO2 nanotubes
5.1.1 Morphology of titania using TMAH as reagent
The first observation was about the size of the precipitates. The nano size of the particles
did not allow it to be separated by using normal filter paper with micro pores. Thus,
centrifugation was utilized leading to low yield. Some of products were characterized under

SEM machine which are shown in Fig 5.1.

5.00pm

SU3500 15.0kV 9.6mm x16.0k BSE-3D 30Pa

Fig 5.1. Titania morphology from reaction with a) TMAH 5 wt.% b) TMAH 8.3 wt.% c) TMAH 25wt. %
Different concentrations of TMAH were conducted with the same Ti/TMAH ratio. The

morphology of Fig 5.1a) is unidentified because of the non-uniform of the catalyst. The sample
with TMAH 8.3 wt.% shows the porous surface with various pore sizes. The final sample is
the agglomeration of various particle sizes. By controlling the concentration of the TMAH, we
could synthesize various morphology of titania [37]. However, no specific structure of titania

was observed, especially nanotubes. According to nanotubes formation mechanism, this is due
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to the large size of MesN™ compared to Na* which inhibits the scrolling mechanism. Therefore,
no further investigations about TMAH are made.
5.1.2 Morphology of titania nanotubes using NaOH as reagent
Most of nanofibers or nanotubes are in cluster form which make the imaging of individual
component by SEM become difficult. There are two main modes which are backscattering
electron (BSE) and secondary electron (SE). BSE mode offers better contrast while SE mode
offer better surface topology.

5.1.2.1  Backscattering electron

SU3500 15.0kV 7.4mm x14.0k BSE-COMP 30Pa. ~ 4.00pm

Fig 5.2. SEM image of TiO2 nanotube a) at 5 hours reaction time b) at 24 hours reaction time c) after doping

with small amount of Si.

Fig 5.2 illustrates the nanofibers or nanotubes of TiO. with different reaction time and
reagents. The first figure proves that nanofibers or nanotubes were established from very
beginning of the reaction stage. The overall morphology seem to be lower in amount and
shorter in dimension compared to longer time reaction. This is in good agreement with Thu et
al. group [125]. After doping with silica, the morphology of TiO2 did not change much which
implies that silica did not inhibit the formation of tubes [75]. The structure of doped sample is

still nanofibers or nanotubes.
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5.1.2.2 Secondary electron

Fig 5.3 shows clearer the topology of TNTs with low and high amount of Si doping. The
higher resolution could reveal more details. It’s obviously that at high amount of Si doping the
structure of fibers is much smaller and the overall morphology is just like flowers. This is due
to the pressure variation proportionally with the amount of doped silica. When silica powder
reacts with NaOH, hydrogen will be released which increases the pressure in the whole system.

At low dope level, the tubes appear to be thin and long in dimension.

.

8A4 15.0kV 8.0mmx21.0k SE 11/16/2015%

Fig 5.3. SEM image of TiO; nanotubes using secondary electron mode a) 0.01 Si doping b) 0.3 Si doping.
For better visualization, the nanotubes powder is dispersed in isopropanol under ultrasonic

condition. Some of tubes were detached from the clusters which are easier for observing the
individual tube. Fig 5.4 performs the dimension of individual tube. The dimension of these
tubes are not uniform. Most of them are in range of 5 nm to 30 nm in diameter and several

micrometers in length.

3.00kV 8.8mm x32.0k SE 01/04/2016 15:17 1.00pm 3.00kV 8.7mm x32.0k SE 01/05/2016 14:13 1.00pm

Fig 5.4. High resolution SEM image of a) undoped TiO; nanotubes b) doped TiO nanotubes.

5.1.3 Tranmission electron microscopy (TEM)
Fig 5.5(a) shows the TEM images which confirm the hollow structure of TNTs. A single

tube with diameter of 7 nm and lattice fringes which represents for crystal structure of TNTs

after heat treatment is revealed in Fig 5.5(b). It has clearly been seen that the morphology of
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TNTs was not deformed after heat treatment at 450°C. Furthermore, there are no significant
differences in the physical appearance of TNTs before and after doping. This observation is in
good agreement with Kasuga et al. result [75] that SiO> does not affect the formation of TiO>

nanotubes by chemical treatment method.

Fig 5.5. TEM image of titania nanotubes a) Individual tube b) Numerous tubes.
5.1.4 Composition of TiO2 nanotubes
In spite of high silica doping amount, hydrothermal treatment is an effective method for
removing all amorphous Silica [75]. The same observation under EDS method is indicated in
table 5.1. Very small amount of silica remains in the TNTs after hydrothermal treatment [68].
The amount of silica are varied from sample to sample but the exact value is unknown because

of the uncertainty of EDS results.
Table 5.1 The composition of Si doped TiO2 samples

Amount of Silicon (% mol)  Si actually doped (%mol)  Amount of TNTs (%mol)

1 0.17 99.83
5 0.20 99.80
10 1.18 98.80
30 0.73 99.27

Utilizing the mapping technique in EDS, the distributions of each component are illustrated
in Fig 5.6. According to this results, the distribution of silica over titania is very uniform.

However, because of low signal (dope level), this result is not so reliable.
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Fig 5.6. Mapping profile of a) Titanium b) Silica and c) the SEM image of 0.1 Si doped sample.
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Fig 5.7. EDS spectra of 0.1 silica doped sample.
The EDS spectra (Fig 5.7) reflect the composition ratio of the sample. In this 0.1 silica

doped TNTs, The mole ratio between titania and oxide is equal to 2 which is compatible with
the compound TiO,. Beside a small amount of silica, there are also some impurities from

incomplete washing process such as sodium and chloride.
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5.1.5 Crystal structure of TiO2 nanotubes

T T T T T T
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Fig 5.8. XRD pattern of a) Standard anatase crystal b) TiO, nanotubes ¢) 0.1 Si doped TNTs d) 0.3 Si doped
TNTs.

The crystalline structure of doped and undoped samples were followed by employing XRD
analysis techniques, as shown in Fig 5.9. The significant peaks at 26 values 25.3, 37.8, 48,
53.9, 55.17 correspond to plane (101), (004), (200), (105), (211) respectively according to
JCPDS-21-1272 standard. No trace of peak proves the existence of rutile or any titanate phases
which denotes that there is no phase transformation and titanate has been decomposed into pure
anatase phase at 450°C. The same results were reported by Natarajan et al. [126]. The different
point between doped and undoped sample is the crystallinity. Pure TNTs sample performs poor
crystallization. Introducing silicon supports the growth of anatase crystal which is chemically
and optically active and widely used as catalysts and supports [127]. The crystal characteristics
and size which was calculated based on the Scherrer’s equation are illustrated in the table 5.2.
The lattice spacing of plane (101) is quite close to that of anatase crystal [128]. Compared to
the crystal size of precursor 25 nm, TNTs have smaller average size. Doping with silicon could
associate with a small substitution of Si into TiO> lattice which leads to increase in the crystal
size. The same size of different Si doping levels relates directly to formation energy [67]. No
matter how much Si presents, only small amount of it is able to be doped into the TiO> lattice.

This is in consistent with EDS results.
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Table 5.2 XRD results of doped and undoped samples

Sample  Crystalsize (nm) Lattice spacing, a for (101) plane Interplanar spacing

TNTs 11.08 3.53 2.496
TNTs-0.1 24.02 3.52 2.489
TNTs-0.3 24.02 3.52 2.491

5.1.6 UV-visible absorption test
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Fig 5.9. UV-vis absorption spectra of titania nanoparticles and titania nanotubes with the amount of Si doping in
range of 0.01-0.3.

Fig 5.9 performs the UV-vis diffuse reflectance spectroscopy of undoped TiO> nanotubes
and Si-doped TiO2 nanotubes. It can be seen that there are two main groups with the band gap
absorption edges at around 375 and 400 nm. The calculated band gap energies using the
equation, E(eV) = 1239.95/A (nm) [129] are listed in Table 5.3 and plotted in Fig 5.10.
According to calculation, the band gap of TNPs is 3.22 eV which are typical for anatase TiO>
photocatalytic band gap energy 3.2 eV [130]. After transformation into titania nanotubes, the
band gap energy increases to the value of 3.26 eV. This blue shift could be attributed to
quantum size effect of TiO2 semiconductor in TNTs [131] due to very thin nanotube wall
thickness. In the doped Si range of 0 to 0.1, the band gap energy of the TNTs decreases
compared to TNPs and 0-TNTSs. As reported by Yang et al., the substitutional Si to Ti-doped
anatase results in the band gap narrowing about 0.25 eV [66]. Band gap reduction proves the

interruption of Si to TNTSs lattice. The red shift which is beneficial for visible light absorption
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[132] could be achieved at the silicon doped lower amount than 0.1. Nevertheless, with large
amount of Si in precursor, the band gap of photon excitation has no further narrowing but

increasing. This is in good agreement with the simulation results of Shi et al [67].

Table 5.3 Band gap of the calcined samples at 450°C

Sample  Band gap energy (eV)

TNPs 3.22
0-TNTs 3.26
0.05-TNTs 3.15
0.1-TNTs 3.04
0.3-TNTs 3.24
3.30 T T T T T T T T
]
3.25
. -
g 3.20
g _
D
L 3154 &l
[(h]
o
= _
o
= 3104
c
[1%]
m
3.05 i
n
3.00

T T T T T T T T T T T T T T T
-0.05 0.00 0.05 0.10 015 020 0.25 0.30 0.35
Amount of doped silicon (Si/(Si+Ti) mole ratio)

Fig 5.10. Band gap energy of different doped silicon amount

Introducing more Si into hydrothermal reactor would be a disadvantage because of high
pressure released from the reaction between Si powder and NaOH. Too high pressure will
suppress the dilution of Si. Thus, fewer amount of Si is successfully doped. Even if more silicon
could be doped into titania, the band gap still increases corresponding to the simulation results
of Shietal [67]. Itis expected that low amount of doped Si could exhibit a higher photocatalytic

activity.
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5.1.7 Methylene blue degradation test
For photocatalytic performance, undoped TNTs and doped TNTs were utilized to study the
degradation of methylene blue (MB) absorption spectra. Based on the UV-vis absorption

spectrum, the wavelength was chosen at 365 nm to define the distinctions between samples.
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Fig 5.11. Photodegradation of MB using undoped TNTs and doped TNTSs.

Fig 5.11 shows the variation of the MB concentration over the time under dark and UV
illumination condition. The blank curve proves that without catalysts, methylene blue is barely
degraded under UV-light. Dark absorption region is where the catalyst performs the ability to
capture methylene blue without the energy from the light. Both catalytic activity and absorption
ability are based on the particle size or surface area. Small particle size or high surface area
would be beneficial for photodegradation of MB [133]. This is in good agreement with the
XRD result that TNPs size is larger than 0.1, 0.3-TNTs and larger than O-TNTs. The
degradation ability also follows this order respectively. However, a suitable low amount doped
Si could increase the photoactivity [30, 31]. According to XRD result and UV-vis spectrum,
introducing Si enhances the crystallinity of anatase phase and the ability to absorb longer
wavelength light which generate more electron and hole pairs for the oxidation of MB. The
increase of hydroxyl group amount when doped with Si supports the dispersion of TiO> into
water. As a result, dope with appropriate low amount of Si offers the highest photodegradation

rate.
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5.2 Composite of SiO2 and Au on ZnO nanorods array

5.2.1 Morphology of ZnO nanorods on Zn foil using water

Fig 5.12. Different morphologies of nanorods on Zn foil using water

Fig 5.12 presents different morphologies of ZnO nanorods at distinct positions on Zn foil.
According to the measurement by SEM, the nanorods array synthesized by using water is not
uniform. Some areas on the foil have no formation of nanorods which means that DI water did
not provide a homogeneous oxidation reagent. As observing from Fig 5.12, some rods are self-
etched to form the nanotubes with different rates. The average length of the rods is
approximately 1 micron and the diameter of the rods is about several nanometers. The non-
uniform of this array is not preferable for the photocatalytic activity.

5.2.2 Investigating the optical properties of various SiOz2 layer thickness incorporating
ZnO nanorods on Zn foil using KOH

5.2.2.1 Morphology of ZnO nanorods on Zn foil using KOH

Fig 5.13 performs the morphology of ZnO nanorod arrays synthesized by using KOH
before and after sputtering with SiO2. With more uniform nanorods everywhere on the Zn foil
as visualized in Fig 5.13(a), hydrothermal treatment using KOH is a promising pathway to

create the nanorods structure. The length and diameter of individual rods are several
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micrometers and several hundred nanometers respectively. After depositing with thin SiO>

layer on top, there was nothing changed in morphology as shown in Fig 5.14(b) because of the
transparent characteristic of SiO> layer.

5 "
DOKV 6.6mm x21.0k SE 01/30/2016

Fig 5.13. SEM image of a) Pure ZnO nanorods array on Zn foil b) ZnO nanorods array with SiO; thin layer on
top

5.2.2.2 The Uv-vis absorption test

The UV-vis absorption spectra were recorded on four samples with different SiO thickness
as shown in Fig 5.14.

Zn0O
Zn0-0.05 .
Zn0-0.10
Zn0-0.15

Absorbance (a.u)

T T T T T T T T T T
300 400 500 600 700 800
Weavelength (nm)
Fig 5.14. Uv-vis absorption spectra of ZnO nanorods with different SiO, thickness coating
According to literature review, SiOz layer is used for protection, passivation or dielectric
layer with no obvious effect on absorption. However, there is a significant difference between
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samples in our data points. Comparing to pristine ZnO nanorods, coating with SiO, layer
induces the red shift from 400 nm to 430 nm. The absorption at 400-500 nm has trend to
increase with the increase of SiO> thickness. This is due to the contribution of the dielectric
properties of SiO» (refractive index n ~ 1.45 larger than air). The efficiency of light absorption
is enhanced as light has more chances to reflect back into the structure as sketched in Fig 5.15.

hv

Air,n=1
SiOz, n~ 1.45
Zn0

Fig 5.15. llustration of light trap structure of SiO, coated sample.

5.2.2.3 Methylene blue degradation test
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Fig 5.16. Methylene blue degradation under white light illumination of SiO; coated ZnO nanorods
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Fig 5.16 illustrates degradation rate of pure ZnO and ZnO with different SiO thickness on
top under white light illumination. Basing on the Uv-vis absorption spectra in Fig 5.16, the
difference at 400-500 nm leads to the choice of white light source. The aim of this test is to
evaluate the photocatalytic activity of various SiO» thickness coated on ZnO nanorods.
Although, there are not so much distinguishes between samples, but there is still a
specialization for each sample. Obviously, pure ZnO nanorods is the least performance among
samples after 180 illumination min. At the initial, pure ZnO nanorods show the highest
degradation ability due to the fast electron to the interface of ZnO and methylene blue solution.
However, after a period the rods got into contamination and corrosion resulting in the
degradation over the time of photocatalyst. Three samples with SiO2 coating exhibit a stable
activity over the time. The lower degradation ability at the initial is because stimulated
electrons have to tunnel through the SiO: layer to reach the methylene blue solution. Over the
time, the degradation rate is still linear. This can be explained by the SiO> protection ability.
On the other hand, in range of 5-10 nm, SiO> coated samples have better photoactivity. With
too thick layer, energetic electrons from ZnO nanorods get harder to enter the methylene blue
thus reduce the degradation ability.

5.2.3 Investigation the photocurrent properties of difference plasmonic configurations

5.2.3.1  Morphology of ZnO nanorods before and after sputtering

Fig 5.17. The SEM image of a) pure ZnO nanorods b) ZnO nanorods with SiO2 and Au on top ¢) Mapping
profile of ZnO-Au-SiO; sample on single rod.
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Fig 5.17 shows the morphology of ZnO nanorods before and after sputtering along with
mapping profile of single ZnO nanorod. In Fig 5.17(a), the SEM image collected for pure ZnO
nanorods reveals that the length and the diameter of the rods are 1-2 micrometers and several
hundred nanometers respectively. After sputtering with gold and silicon oxide as displayed in
Fig 5.17(b), the SEM image of the sample is sharper than the pure one because of the
conductive gold and transparent SiO». A single horizontal ZnO nanorod on the ZnO-Au-SiO>
sample was analyzed using EDS and mapping to detect the individual elements as shown in
Fig 5.17 (c) and Fig 5.18. The ratio between Zn and O is roughly unity presenting for ZnO with
small amount of gold (0.7 %.at) uniformly distribution (mapping). Nevertheless, the silicon
and indium amount mostly come from the background ITO glass. Due to the nature and thin

layer of silicon oxide (~5nm), it is hard to be detected through EDS.
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Fig 5.18. The EDS profiles of ZnO-Au-SiO, sample.

5.2.3.2 The UV-vis absorption test

Fig 5.19 displays the absorption profile of the samples before and after sputtering. In Fig
5.19(a), the absorption spectra of five as-prepared ZnO nanorods samples with the labels of
future configuration have almost the same absorption in visible range. After sputtering (Fig
5.19(b)), the gold decorated samples exhibit strong absorption in visible light compared to
pristine ZnO and ZnO-SiO; because of surface resonant plasmonic (SPR) effect. Depending on
size and shape of the plasmonic structure, the SPR will have various behaviors [134]. The
maximum peak is approximately 620 nm and there was no significant difference with the SiO>

coated samples.
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Fig 5.19. UV-VIS absorption spectra of a) 5 pure ZnO nanorods arrays b) after coating with different
configurations.

5.2.3.3 PEC measurement
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Fig 5.20. 1-V curves of the samples under white light illumination
Fig 5.20 displays the photocurrent corresponding to bias voltage of the samples under white
light illumination. Fig 5.21 shows the transient photocurrent of the samples at 0.5 V bias under
white light illumination. Fig 5.22 performs the transient photocurrent of sample ZnO-Au-SiO;
under 0.3, 0.5, 0.7 V bias under white light illumination.
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Fig 5.21. Transient photocurrent of the samples at 0.5V biasing under white light illumination.
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Fig 5.22. The transient photoresponse of ZnO-Au-SI0; sample at 0.3, 0.5, 0.7 V bias.

Due to the inertness and transparency, silicon oxide is utilized as a stabilizer, protecting
layer, passive layer and dielectric layer. In the role of protecting layer, SiO, retards the
interaction with oxygen resulting in the domination of electron-hole recombination [50]. This

recombination significantly reduces the photocurrent. The same observation in our PEC
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measurement is that the photoresponse of SiO coated ZnO nanorods is lower than the pristine
ZnO nanorods.

Gold nanoparticles coated ZnO nanorods is a well known plasmonic structure under visible
irradiation. In UV, gold plays a role of electron trap which promotes the electron-hole pair
separation [117]. Thus, gold incorporation increases the photocurrent significantly in sunlight
region. Normally, when in touch with electrolyte, the difference in fermi level of semiconductor
and electrolyte redox potential enables the band bending at the equilibrium where the space
charge layer (SCL) is established [118]. In this space charge area, there would be a spatial
electric field, which enhances the separation of charge carriers under light exciting. In
additional to the bias voltage, incorporating metal, particularly gold with semiconductor like
ZnO resulting in the Schottky barrier at the interface of contact causes the greater band bending
[119]. Consequently, stronger spatial electric field is beneficial for electron-hole separation.

Because of the small portion of UV in white light and sunlight, the main attribution for the
enhancement of photoresponse is the visible region where the surface plasmonic resonant effect
(SPR) dominates. SPR effect promotes the rates of photocatalyst reactions by concentration of
charge carriers through three non-mutually exclusive energy-transfer mechanisms, SPR-
mediated charge injection from metal to semiconductor, near-field electromagnetic and
scattering mechanisms. However, scattering mechanism can be ruled out of this discussion
because it only affects if the structure of plasmonic metal is larger than 50 nm [124]. The charge
injection mechanism is definitely the key for the effective water splitting process. As observed
in Fig 5.19(b), the maximum absorption of gold decorated ZnO nanorods is approximately 620
nm, which stimulates the resonant electron up to 2eV. The electron affinity of ZnO and work
function of Au are 4.35 eV and 5.1 eV respectively resulting in the Schottky barrier at 0.75 eV
as shown in Fig 5.23. The energetic electrons have more than enough potential to jump up
through Schottky barrier into ZnO conduction band. The near-field electromagnetic mechanism
is described as the interaction of the semiconductor with the strong SPR-induced electric field
localized nearby at the metallic nanostructure [8]. When a semiconductor is in contact with
photo-excited plasmonic structure, the intense field will accelerate the rate of electron-hole pair
formation. All superior effects of gold nanoparticles loading contributed for the great
enhancement in photocurrent under white light irradiation compared to pristine ZnO nanorods

as presented in Fig 5.20.
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Fig 5.23. Band diagram of ZnO-Au sample.

In ZnO-SiO2-Au configuration, SiO; layer acts as insulator between gold nanoparticles and
ZnO nanorods. The SCL is therefore, narrowed leading to less intensive spatial electric field.
This insulator also weakens the near field electromagnetic, which significantly depresses the
electron-hole separation. On the other hand, under visible light irradiation, the energetic
electron still can tunnel through the SiOz layer to inject in to the ZnO nanorods as illustrated in
Fig 5.24. These are reasons for the lower photocurrent of ZnO-SiO2-Au than only gold

decorated ZnO nanorods but still higher than pristine ZnO nanorods.
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Fig 5.24. Band diagram of ZnO-SiO,-Au sample.
Interestingly, ZnO-Au-SiO> configuration performed an outstanding photoresponse

compared to the others. This configuration is simply ZnO-Au with a thin layer of dielectric as
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outer shell. Beside the positive effects of gold nanoparticles decorated ZnO nanorods, there are
several factors contributing for the high photocurrent density of ZnO-Au-SiO2. The gold
plasmonic structure alone has the possibility to interact with the electrolyte components that
decreases the amount of energetic electrons into the ZnO nanorods. SiO- layer is able to inhibit
the electron in conduction state interacting with the electrolyte components. Thus, SiO2 not
only increases the injection efficiency but the presence of negative charge localized in SiO>
film also creates an effective electron transport channel in the ZnO backbone to suppress the
carriers recombination by inducing a formation of electron depletion layer and band up bending
at the nanorod surface [47] as shown in Fig 5.25. Using the same plasmonic configuration, the
simulation results of Xu et al. group indicated that semiconductor-plasmonic metal-dielectric
layer exhibits more intensive electric field at the semiconductor/plasmonic metal interface and
deeper penetration into the semiconductor than the others [47]. Furthermore, the higher
refractive index of dielectric layer than that of electrolyte establishes a light trap structure (Fig
5.15) which lengthens the pathway of incoming light. Therefore, it enhances the absorption

opportunities of semiconductor and plasmonic metal leading to better electron-hole separation.
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- - ﬁ\
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Fig 5.25. Band diagram of ZnO-Au-SiO, sample.

It’s meaningful to have the fast photoresponse in some applications [135]. It can be seen
from Fig 5.26 that ZnO-Au rising and decaying time is very large compared to ZnO-SiO2-Au
and ZnO-Au-SiO>. This delaying is due to the recombination of photoexcited holes recombine
with electrons in traps states [48]. In the experiment of Murphy et al, the extremely deep hole
trap in wide band gap semiconductor such as ZnO attributes for slow photoresponse [136].

59



Fabrication and Properties of 1-Dimensional TiO, and ZnO Nanocomposites Prepared by Hydrothermal Method - Phuong Dao

They also pointed out that the passivation with SiO> significantly depresses the density of deep
traps at the ZnO surface. This is in good agreement with our data point that the sample with

SiO» passivation layer perform very sharp response to light.
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Fig 5.26. The photoresponse time of five samples in term of decaying and rising time

nd diagram of ZnO-Au-SiO, sample.

In conclusion, ZnO-Au-SiO, configuration exhibits an excellent photocurrent, fast
photoresponse and highly stable during PEC measurement at different voltage biases as
illustrated in Fig 5.22.
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CHAPTER 6. CONCLUSIONS AND PROSPECTS

All the modified catalysts have the positive effect on the photocatalytic performance.
Though there are some limitations needed to avoid in next catalytic processing, these catalysts
are promising for the reality photocatalytic application.

6.1 Achievements
6.1.1 TiO2 approach

In this study, silicon was in-situ doped on TiO. nanotubes by a simple hydrothermal
method. Various amount of Si doping have been investigated. XRD results indicate that the
size between undoped and doped sample varies from 11.08 nm to 24.02 nm. Higher
crystallinity of anatase TiO2 is observed after introducing Si. Especially, red shift in UV-
absorption spectrum clarified the interruption of Si into TiO; lattice. The band gap energy
decreases significantly from 3.26 eV (undope) to 3.04 eV (dope). The photodegradation result
is consistent with XRD and UV-vis absorption test that low amount of doped Si (<5%) is
beneficial for photocatalytic activity. The large surface area and high activity of the Si modified
titania nanotubes powder attributed for the efficient degradation of methylene blue.

6.1.2 ZnO approach

By simple hydrothermal and sputtering method, the effect of SiO. layer on the
photocatalytic performance of ZnO nanorods was evaluated. An increase in absorption spectra
was observed when increased the thickness of SiO.. Though, the improvement was not
considerable, SiOz layer’s function suggests a new role when it is reasonably integrated into
other structure (plasmonic structure).

In this work, almost every possible photocatalytic enhancing mechanisms of gold decorated
ZnO nanorods have been successfully reviewed in both uv and visible region such as (1) acting
as electron trap site in Uv region, (2) enhancing the band bending resulting in the strong spatial
electric field, (3) SPR-mediated charge injection from metal to semiconductor, (4) near-field
electromagnetic and (5) scattering mechanisms. The presence of thin dielectric layer between
gold and ZnO nanorods depresses the response to visible light owning to the near field magnetic
inhibition induced by passivation effect. Among those configurations, ZnO-Au-SiO- exhibits
superior photoresponse ascribed to (1) SiO; intensified SPR-mediated hot electron injection
due to its higher dielectric index, (2) light trapping structure, (3) effective electron
transportation channel through ZnO backbone. Additionally, SiO2 passivates the trap site at the

surface of semiconductor resulting in faster photoresponse. By using solar water splitting as
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platform to elucidate the influences of gold and SiO> layer on 1D semiconductor, this work
strengthens the understanding on the design engineering for high performance photocatalysts
of solar to fuel energy conversion.
6.2 Prospects

6.2.1 TiO2 approach

Though only small amount of silicon could be doped into titania lattice no matter how much
it presents, the performance TNTs after doping with Si was improved. If more time is spent,
the optimal amount of silicon could be found which will enhance the photocatalytic properties
significantly. One more possibility is the balance between the doping amount and the level of
liquid inside the thermal chamber. Higher amount of silicon contributes the higher pressure
which can be reduced by decreasing the level of the liquid. The amount of Si doping therefore
could be increased.

Handling nanopowder as well as using it is not simple. But, this material is suitable for
conversion at gas phase and pollutant degradation because of its high surface area and the
exposing of active sites.

6.2.2 ZnO approach

If the synthesis condition is strictly followed, the repeatability is very high. More time need
to be spent for the optimization the fabrication process for this ZnO nanorods array which
should be uniform.

Synthesis ZnO nanorods on Zn foil is simpler than on ITO glass because of the seed layer
step. Nevertheless, the inertness of ITO glass enables more application of ZnO nanorods than
Zn foil.

The coating of SiO2 and Au layer on ZnO opened a premise for tailoring technique on 1D

nanostructure enhancing the desired effect for a specific process.
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Synthesis and photocatalytic properties of silicon doped TiO2 nanotubes
Phuong Dao?, Kang Du?, Guohua Liu?, Gang Li?, Muhammad Tayyib! and Kaiying Wang*
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Abstract: In this paper, we report the synthesis and photocatalytic properties of silicon
doped TiO2 nanotubes (TNTSs) through hydrothermal method, which the starting materials are
crystal silicon and TiO, powders. The diameter of the TiO2 nanotubes is about 20 nm with
several micrometers in length and dopant (Si/(Si+Ti)) molar ratio in range of 1~30%. X-ray
diffraction analysis verifies formation of nanocrystalline anatase phase for both pristine and Si-
doped TNTs. The light absorption spectra of doped TNTs exhibit red shift from 375 nm to 410
nm as compared with that of the un-doped TNTSs. Photodegradation experiment shows that this
red-shift of spectra absorption is desirable for the redox reaction under relatively long
wavelength light illumination.

Key words: TiO2 nanotubes, Silicon dope TNTSs, photoresponsivity.

1. Introduction
Titanium dioxide (TiO) are attractive materials due to their commercial availability,
suitable optical/electronic qualities and chemical stability [1]. Compared to other forms of
titanium dioxide nanomaterials, titania nanotubes exhibit better physical and chemical

properties in photocatalysis [2]. However, because of large energy band gap ~3.87 eV for
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anatase titanate nanotubes, 3.2 eV for nanoparticles, considerable attempts have been paid to
narrow the band gap of TiO2 by doping [3].

Silicon modified TiO> have been made in past few years. Introducing element Si into
TiO> matrix enables higher photoactivity, quantum sized crystalline and good surface
wettability [4-7]. Kyeong et al. reported that addition of silica suppresses the phase
transformation from anatase to rutile, resulting in high thermal stability [8]. Chao et.al indicated
that there is a strong interaction among the Ti-O-Si linkages according to FT-IR spectra (948
cmt from) [9]. This interaction between titania and silica boosts up the surface properties and
photocatalytic activity. An appropriate amount of the doped silica can generate positive
influences [4] while the exceed amount of Si-dopant (>2%) reduces Ti atoms of the surface of
catalyst [10]. Chao et al. synthesized higher thermal stability, lower bulk defects, optimal
Bronsted acidity and highest photoactivity at TiO2-9.1% mol SiO2[9]. Jin et al. proved that the
highest efficiency of photo-degradation of gas NO was obtained by using 0.03 Si doped TiO>
[11]. There are also studies about doping silicon on nanotubes by depositing silicon onto self-
ordered TiO2 nanotube arrays using chemical vapor deposition and anodization method
respectively [6, 12]. However, these studies focus on the photocatlytic performance of silicon
doped-TNTs, lacking of discussion on band gap modification when introducing silicon.

Calleja et al. found that the introducing silicon to TiO> structure leads to increase of the
band gap (Ec) [13]. Bao et al. observed the blue shift in UV-spectra due to the quantum size
and the interface interactions [4]. The increment in band gap energy results in lowering the
energy of valance band and increasing in the conduction band edge [14]. However, first
principles calculations points out that incorporation of Si element into the crystal structure of
TiO2, especially TNTs would narrow down the band gap of TiO2 [15, 16]. Thus, the red shifts
in UV absorption spectrum are assumed for introducing silicon into TiO> crystal.

In this paper, silicon is introduced directly on TiO2 nanotubes by using hydrothermal
method from TiO, powder and Silicon powder. Different amounts of silicon are investigated
and compared to the un-doped sample. Nanotubes morphology is characterized by SEM and
TEM. It was found that Si doping would not affect the structure of TiO2 nanotubes. UV-vis
spectra indicates the red shift that effectively extends its optical absorption edges. This red shift
is beneficial for photodegradation of methylene blue in long wavelength light illumination

2. Experimental details

TNTs was prepared by using hydrothermal condition proposed by Kasuga et.al [17].

Typically, 1.6 g TiO2 (anatase, 99.7 %, Sigma-Aldrich) were mixed with different amounts of
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Si powder and 75 ml of NaOH 10 M in a 100 ml Teflon tube which was then heated at 150°C
in 24h under stirring condition on a heater. The Si/(Si+Ti) mole ratios were varied from 0.01
to 0.3. After reaction, the white precipitates were filtered and washed several time with water
and HCI 0.1 M until pH of washing solution approached 7.0. Finally, the sediment was dried
at 80°C overnight and calcined at 450°C for 1h. The as synthesis samples were labelled as X-
TNTs (X equals to the Si/(Si+Ti) mole ratio).

The morphology and composition of catalyst were characterized by using scanning
electron microscopy (SEM, Hitachi 1081) with accelerating voltage at 30 kV and TEM (TEM
LIBRA 120) operating at 120 kV. An Energy-dispersive X-ray spectroscopy (EDX) is
integrated in the SEM machine to determine the composition of the catalyst. The crystallinity
of TNTs was recorded by X-ray diffraction (XRD) using a diffractometer with Cu Ko radiation
= 0.154 nm (Bruker AXS D8 Discover). The absorption spectra was recorded on a
spectrophotometer (SHIMADZU, UV-2600 with ISR-2600 integrating Sphere Attachment) in
range of 220-830 nm with fine BaSO4 powder as reference.

To evaluate the photocatalytic performance of TNTs and modified TNTs, the
degradation of aqueous solution of methylene blue was carried out. 20 mg of catalyst powder
were placed into 50 ml of 25 ppm methylene blue solution under stirring condition in dark for
30 min. After that, the photocatalytic reaction was taken place under ultraviolet ray with
wavelength 365 nm. The durations of irradiation were 10, 15, 30, 45 and 60 min following by
recording the adsorption spectra of each sample using a UV-vis spectrophotometer.

3. Results and Discussion

Titania nanotubes were hydrothermally synthesized at 150°C in 24 h using TiO2
nanopowders (TNPs) as precursor with an average diameter of 25 nm. Fig. 1 illustrates the
electron microscopy images, transmission electron microscopy and energy dispersive
spectroscopy of the pure TNTs and doped TNTs. The as-prepared TNTs before calcining in Fig.
1(a) appears in shape of nanowires clusters at low magnification. Higher magnification clarifies
the shape of individual wire with the diameter of 10 to 20 nm. The length of each nanotube is
varied from hundred nanometers to several micrometers. Besides, only a certain small amount
of silicon remained in 0.1-TNTs sample according to EDX result shown in Fig. 1(b). The
amount of doped silicon did not change much despite the increase of initial doped amount. Fig.
1(c) shows the TEM images which confirm the hollow structure of TNTs. A single tube with
diameter of 7 nm with lattice fringes, which represents for crystal structure of TNTs after heat

treatment, is revealed in Fig. 1(d). It has clearly been seen that the morphology of TNTs was
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not deformed after heat treatment at 450°C. Furthermore, there is no significant difference in
the physical appearance of TNTs before and after doping. This observation is in good
agreement with Kasuga et al. result [17] that SiO2 does not interfere the formation of TiO>
nanotubes by chemical treatment method.

The phase compositions of doped and non-doped samples were analyzed by XRD
techniques, as shown in Fig. 2. The significant peaks at 26 values 25.3, 37.8, 48, 53.9, 55.17
correspond to plane (101), (004), (200), (105), (211) respectively corresponding to JCPDS-21-
1272 standard. No trace of peak proves the existence of rutile or any titanate phases which
means that there is no phase transformation and titanate has been decomposed into pure anatase
phase at 450°C. The similar results were reported by Natarajan et al. [18]. The distinct point
between doped and undoped sample is the crystallinity. The pure TNTs sample performs poor
crystallization while introducing silicon supports the growth of anatase crystal which is
chemically and optically active and widely used as catalysts and supports [19]. The crystal
characteristics and the calculated crystal size based on the Scherrer’s equation are illustrated in
the table 1. The lattice spacing of plane (101) is quite close to that of anatase crystal [20].
Comparing to the crystal size of precursor 25 nm, TNTs have smaller average size since doping
with silicon could associate with a small substitution of Si into TiO- lattice which leads to an
increase of the crystal size. The same crystal size of 0.1-TNTs and 0.3 TNTs is due to the
requirement of large formation energy [16]. Thus, no matter how much Si presents, only small
amount of it is able to be doped into the TiO: lattice. This is however consistent with EDS
results.

Fig. 3 performs the UV-vis diffuse reflectance spectroscopy of undoped TiO2 nanotubes
and Si-doped TiO2 nanotubes. It can be seen that there are two main groups with the band gap
absorption edges at around 375 and 410 nm. The calculated band gap energies using the
equation, E(eV) = 1239.95/) (nm) [21] are listed in table 2 and plotted in Fig. 4. According to
calculation, the band gap of TNPs is 3.22 eV which are typical for anatase TiO, photocatalytic
band gap energy 3.2 eV [22]. After transformation into titania nanotubes, the band gap energy
increases to the value of 3.26 eV. This blue shift could be attributed to quantum size effect of
TiO, semiconductor in TNTs [23] due to very thin nanotube wall thickness. In the Si-doped
range of 0 to 0.1, the band gap energy of the TNTs decreases compared to TNPs and 0-TNTs.
As reported by Yang et al., the substitutional Si to Ti-doped anatase results in the band gap
narrowing about 0.25 eV [15] and this band gap reduction proves the interruption of Si to TNTs

lattice. The red shift which is beneficial for visible light absorption [24] could be achieved at
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the doped silicon amount lower than 0.1. Nevertheless, with large amount of Si in precursor,
the band gap of photon excitation has no further narrowing but increasing which is in good
agreement with the simulation results of Shi et al [16]. Introducing more Si into hydrothermal
reactor would be a disadvantage because of the released hydrogen from the reaction between
Si powder and NaOH causing high pressure. Too high pressure will suppress the dilution of Si.
Hence, fewer amount of Si is successfully doped. Even if more silicon could be doped into
titania, the band gap still increases corresponding to the simulation results of Shi et al [16].

For photocatalytic performance, undoped TNTs and doped TNTSs were utilized to study
the degradation of methylene blue (MB) absorption spectra. Base on the UV-vis absorption
spectrum, the wavelength of the light source was chosen at 365 nm to determine the distinctions
between samples. Fig. 5 shows the variation of the MB concentration over the time under dark
and UV illumination condition. The blank curve proves that without catalysts, methylene blue
is barely degraded under UV-light. Dark absorption region is where the catalyst performs the
ability to capture methylene blue without the energy from the light. Both photocatalytic activity
and absorption ability depend on the particle size or surface area. Small particle size or high
surface area would be beneficial for photodegradation of MB [25]. This is in good agreement
with the XRD result that TNPs size is larger than 0.1, 0.3-TNTs and larger than O-TNTs. The
degradation ability also follows this order respectively. However, only a suitable low amount
doped Si could increase the photoactivity [4, 10]. Moreover, according to XRD result and UV-
vis spectrum, introducing Si enhances the crystallinity of anatase phase and the ability to absorb
longer wavelength light which generates more electron and hole pairs for the oxidation of MB.
It also increases the hydroxyl group amount supporting the dispersion of TiO; into water. As a
result, doping with appropriate low amount of Si results in the highest photodegradation rate.

4. Conclusion

In this study, silicon was in-situ doped on TiO2 nanotubes by a simple hydrothermal
method. The morphology of TNTs was successfully revealed by TEM and SEM. The hollow
structure of TNTs remains unchanged after modifying with silicon. XRD results indicate that
the size between undoped and doped sample varies from 11.08 nm to 24.02 nm. Higher
crystallinity of anatase TiO. is observed after introducing Si. Especially, red shift in UV-
absorption spectrum clarified the interruption of Si into TiO: lattice. The band gap energy
decreases significantly from 3.26 eV (undope) to 3.04 eV (dope). The photodegradation result
is consistent with XRD and UV-vis absorption test that low amount of doped Si (<5%) is

beneficial for photocatalytic activity.
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Figure

Figure 1. (a) SEM images of hydrothermal product of pure TNTSs after calcining (b) EDX
spectrum of TNTs after introducing Silicon. (¢) TEM image of pure TNTs after calcining (d)

TEM image of individual tube.

Figure 2. XRD pattern of calcined (a) 0.3 mol ratio silicon doped TiO2 nanotubes (or
nanowire), (b) 0.1 mol ratio of silicon doped TiO2 nanotubes (or nanowires), (c) Pure TiO-

nanotubes (or nanowires), (d) Anatase-JCPDS-21-1272 standard.

Figure 3. UV-vis absorption spectra of (a) 0-TNTs (b) 0.1-TNTs (c) 0.3-TNTs

Figure 4. Band gap energy of different doped silicon amount

Figure 5. Photodegradation of MB using undoped TNTs and doped TNTSs.

Table

Table 1: XRD results of doped and undoped sample.

Table 2: Band gap of the sample calcined at 450°C
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Figure 1.
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Figure 3.
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Figure 4.
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Figure 5.
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Table 1

Sample  Crystalsize (nm) Lattice spacing, a, for (101) plane Interplanar spacing

TNTs 11.08 3.53 2.496
TNTs-0.1 24.02 3.52 2.489
TNTs-0.3 24.02 3.52 2.491

Table 2

Sample  Band gap energy (eV)

TNPs 3.22
0-TNTs 3.26
0.05-TNTs 3.15
0.1-TNTs 3.04
0.3-TNTs 3.24
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PAPER 2
Modulation of surface plasmon in gold decorated ZnO nanorods by

dielectric silicon oxide
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Abstract: The noble metal nanoparticles show active absorption in visible region due to the
existence of the unique feature known as surface plasmon resonance (SPR). On a fundamental
aspect, it will be interest to explore how to modulate of surface plasmons by capitalizing on the
advances in metamaterial science and nanosynthesis. In this paper, we combine self-
assembling hydrothermal synthesis and magnetron sputtering deposition to tune the effective
optical properties of a plasmonic array at atomic scale. Particularly, a series of composite
photoelectrode based ZnO nanorods backbone coated by SiO2 and Au with different orders are
well prepared and characterized. The photoelectrical behavior of SPR effect in gold decorated
ZnO nanorods are tested after tailoring the dielectric of surrounding environment. Among
those, the sample ZnO-SiO2-Au with spacer in middle inhibits the SPR effect, while the ZnO-
Au-SiO2 configuration produces an outstanding photocurrent enhancement. Moreover,
compared to gold decorated ZnO nanorods, the coating of SiO» dielectric layer onto the
plasmonic ZnO-Au structure results in fast photoresponse in both rising and decaying time.
These findings provide a unique mechanism for controlling the plasmonic properties of small

metal nanoparticles.

Keywords: ZnO nanotubes, surface plasmon resonant, dielectric layer, photoresponse.
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Highlights:

(1) Sputtering an Au-nanoparticle array on the surface of semiconductor ZnO nanorods
induces strong surface plasmon resonant.

(2) The SiO- dielectric layer enhances light absorption by light trapping structure.

(3) The SPR effect can be modulation through rational design of the plasmonic
configurations.

(4) The ZnO NRs-Au-SiO2 and ZnO NRs-SiO2-Au configuration result in fast and strong
photoresponse.
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1. Introduction
One dimensional nanostructure (1D) ZnO have been attracting considerable attention owning
to the high ratio length to width, larger specific surface area, higher light photons capture
efficiency as well as higher photo induced charges generation and transfer rate than ZnO
nanoparticles [2]. Because of its wide band gap (3.37 eV), a great of endeavors have been
conducted by coupling semiconductor photocatalysts, semiconductor quantum dot, metal
nanostructure, band gap narrowing and defect creation [4] to improve the visible light
absorption ability and prominent charge recombination [5].
Surface plasmon resonant (SPR) effect has been widely investigated because of the drastic
enhancement of photocurrent generation under visible light illumination. Among them,
nanostructures of noble metals are rising a considerable concern due to its strong interaction
with incoming photon through excitation of localized surface plasmon resonance (LSPR) [6,
7]. SPR can be defined as the resonant photo-induced collective oscillation of valence electrons
when there is a match between photon frequency and the natural frequency of surface electron
of the noble metal, typically gold [8]. Under visible light illumination, the continuously injected
hot electrons from gold nanostructure into conduction band of semiconductor and the formation
of Schottky barrier facilitates electron-hole separation thus promoting the photoelectrical
performance [9, 10]. Although, tuning SPR by size, shape and distribution of noble metal has
been widely studied, the dependence of SPR on the surrounding environment dielectric
properties is seldom mentioned.
For smaller particles, the dielectric constant of surrounding environment becomes an important
impact factor [12]. It has been reported that the plasmon resonant frequency and intensity
intimately relate to the dielectric of surrounding environment [15]. Moreover, due to the fact
that semiconductors suffer the anodic corrosion during PEC process [13], the presence of gold
metal nanoparticles and dielectric layer such as silicon dioxide could possibly improve the
photocatalytic stability [2, 14]. Coating with SiO> as dielectric circumstance enables higher
refractive index resulting in the red shift and stronger localization of plasmonic near-field [16,
17]. However, such combination of both gold and silicon dioxide coating has been rarely
studied for photocurrent enhancement [7].
Here in, we successfully tuned the surface plasmon resonant by dielectric silicon dioxide by
elaborating the fabrication of composite photoelectrodes. Specifically, ZnO nanorods array was
hydrothermally synthesized on ITO glass by two steps fabrication. To study the influence of

LSPR and dielectric layer on photoelectrical properties of ZnO, gold and SiO2 were sputtered
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in different orders. The physic mechanism as well as the advantages that arise from the unique
structure-property relationship are highlighted.

2. Experimental
Chemical and substrate: Zinc nitrate [Zn(NOz)s], absolute ethanol, zinc acetate
[Zn(CH3CO:»)2], hexamethylenetetramine (HMT) were purchsased from Sigma-Aldrich. All of
chemical were used as received without further purification. Indium tin oxide (ITO) coated
glasses were purchased from Sigma-Aldrich.
ZnO nanorods array fabrication: ZnO nanorods were synthesized on ITO glass via two steps
process. Particularly, ITO glass was under surface treatment by ultrasonic agitation in acetone
and absolute ethanol respectively for 10 min. To prepare the seeding solution, 10 ml of zinc
acetate 0.08 M in absolute ethanol with addition of 0.25 ml water were stirred in 2 hours. The
ITO substrate was dipped into zinc acetate solution for 20 s with a fixed withdrawing speed
and then dried in oven at 75°C for 35 min. This process was repeated four times. The seeded
substrate was then annealed in air at 220°C for 1 hour and immersed up side down in the
solution of 0.025 M zinc nitrate and hexamethylenetetramine. The hydrothermal treatment was
conducted at 90°C in 4 hours in an electric oven. Finally, the ITO glass was rinsed several times
with water and ethanol, dried at room temperature and calcined at 450 °C in 30 min.
Deposition of Au and SiOz: Five different configurations including ZnO, ZnO-SiO2, ZnO-Au,
Zn0O-Si02-Au, ZnO-Au-SiO: were fabricated by using magnetron sputtering on ZnO nanorods
array as illustrated in Fig. 1. The Au sputter coater (VG Microtech SC500) was operated at 10
mA for 110 s with the vaccum pressure of Argon process level at 102 mbar to produce
approximately 5 nm of Au thin film. In the SiO2 sputtering process using AJA sputter, the
substrate was fixed at room temperature, the Ar flow at 5sccm, the power applied to the ZnO
target at 130W and the pressure at 3.3 mT. By employing the above sputtering process with
various orders, a series of nanostructures has been conducted.
Materials characterization: The morphology of ZnO nanorod array before and after
sputtering were elucidated with scanning electron microscope (SEM, Hitachi 1081) at 30kV
accelerating voltage. The elements detection and elemental maps were revealed by employing
energy dispersive x-ray (EDX) and mapping integrated in SEM. The absorption spectra were
recorded on a spectrophotometer (SHIMADZU, UV-2600 with ISR-2600 intergrating Sphere
Attachment) in range of 220-830 nm with fine BaSO4 powder as reference.
Photoelectrochemical characterization: The electrochemical characterization was conducted

using three electrode-based methods with a standard electrochemical workstation (Zahner
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electrik IM6). The ITO glass with difference coating layer on ZnO nanorods (effective layer 1
cm?) was the working electrode following by Ag/AgCl and Pt electrode as the reference and
counter electrode respectively. 0.5 M Na2SO4 (pH= 6.8) solution was the supporting electrolyte
for all measurement. The light sources, white light source (halogen lamp 15V/150W) is utilized
to test the photoelectrode current of sample in visible region with bias of +0.3, +0.5 and +0.7
V.

3. Results and discussion (Different plamonic strutures)
The morphology of ZnO nanorods after sputtering with gold and silicon oxide (Fig. 2a) reveals
that the length and the diameter of the rods are 1-2 micrometers and several hundred
nanometers, respectively. The SEM image of this sample is sharper than the pure one because
of the conductive gold and transparent SiO>. A single horizontal ZnO nanorod on the ZnO-Au-
SiO2 sample was analyzed using EDX mapping to detect the individual element (Fig. 2b and
Fig. 2c). The ratio between Zn and O is roughly unity presenting for ZnO with small amount
of gold (0.7 %.at) that uniformly distribution. Nevertheless, the silicon and indium amount
mostly come from the ITO background. Due to the nature and thin layer of silicon oxide
(~5nm), it is hard to be detected through EDX.
Fig. 3 shows the absorption spectra of the five as-prepared ZnO nanorods samples after
sputtering. The gold decorated samples exhibit strong absorption in visible light compared to
pristine ZnO and ZnO-SiO- because of surface plasmon resonant (SPR) effect. Depending on
size and shape of the plasmonic structure, the SPR will have various behaviors [18]. The
maximum peak is approximately 620 nm while there was no significant difference between Au
coated samples. Sample with only SiO2 on top of ZnO performs stronger light absorption than
pure ZnO which could be explained by the higher refractive index properties of SiOa.
Fig. 4(a) plots the I-V curves of ZnO, ZnO-SiO2, ZnO-Au, ZnO-SiO2-Au, ZnO-Au-SiO;
sample under white light illumination at the potential from 0 to 0.8V. For ZnO and ZnO-SiO>
sample, the photocurrent are very low (in range of nanoampere). However, this value of the
others are much higher (in range of microampere) and distinguished to each other. Particularly,
Zn0-Au-SiO2 configuration performs the highest photocurrent value meanwhile ZnO-SiO2-Au
exhibits the lower value than gold decorated ZnO. Fig. 4(b) presents the photoresponse of the
samples at 0.5 V bias under while light illumination. Most of the responses appear in square
pulses shape corresponding to light excitation. The maximum photocurrent reaches 0.86

pA/cm? on ZnO-Au-SiO2 sample, which is much larger than that of ZnO-Au (0.20 pA/cm?),
Zn0-SiO2-Au (0.09 pA/cm?), ZnO (0.05 pA/cm?) and ZnO-SiO; (0.03 pA/cm?). In addition,

94



Fabrication and Properties of 1-Dimensional TiO, and ZnO Nanocomposites Prepared by Hydrothermal Method - Phuong Dao

it can be seen from Fig. 4(b) that the photoresponse time of ZnO-SiO2-Au and ZnO-Au-SiO>
are much smaller than that of ZnO-Au. Fig. 4(c) shows the transient photoresponse of ZnO-
Au-SiO2 sample which is stable over the times at different bias.

Fig. 5(a-e) illustrates the band gap and electron hole pathway of the samples. Fig. 5(f) sketches
the light trapping structure. Due to the inertness and transparency, silicon oxide is utilized as a
stabilizer, protecting layer, passive layer and dielectric layer. In the role of protecting layer,
SiO retards the interaction with oxygen that resulting in domination of electron-hole
recombination [14]. This recombination significantly reduces the photocurrent. The
observation in our PEC measurement (Fig. 4b) is in good agreement with this assumption. Gold
nanoparticles coated ZnO nanorods is a well-known plasmonic structure under visible light
irradiation. The behavior of this plasmonic structure in electrolyte is well understood in
previous studies. Typically, when contact with electrolyte, the difference in fermi level of
semiconductor and electrolyte redox potential leads to the band bending at the equilibrium
where the space charge layer (SCL) is established [19]. In this space charge area, there would
be a spatial electric field, which enhances the separation of charge carriers under light exciting.
In additional to the bias voltage, incorporating metal, particularly gold with semiconductor
such as ZnO results in the Schottky barrier at the interface of contact causing the greater band
bending [10]. Consequently, stronger spatial electric field is beneficial for electron-hole
separation. Because of the small portion of UV in white light and sunlight, the main attribution
for the enhancement of photoresponse is the visible region where the surface plasmonic
resonant effect (SPR) dominates. SPR effect promotes the photocurrent by enhancing the
concentration of charge carriers via three non-mutually exclusive energy-transfer mechanisms,
SPR-mediated charge injection from metal to semiconductor, near-field electromagnetic and
scattering mechanisms. However, scattering mechanism can be ruled out of this discussion
because the influence is considerable only when the structure of plasmonic metal is larger than
50 nm [11]. As observed in Fig. 3, the maximum absorption of gold decorated ZnO nanorods
is approximately 620 nm, which stimulates the resonant electron up to 2 eV. The electron
affinity of ZnO and work function of Au are 4.35 eV and 5.1 eV respectively resulting in the
Schottky barrier at 0.75 eV as shown in Fig. 5¢c. The energetic electrons have more than enough
potential to jump up through Schottky barrier into ZnO conduction band. The near-field
electromagnetic mechanism is described as the interaction of the semiconductor with the strong
SPR-induced electric field localized nearby at the metallic nanostructure [8]. When a

semiconductor is in contact with photo-excited plasmonic structure, the intense field will
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accelerate the rate of electron-hole pair formation. All superior effects of gold nanoparticles
loading contributed for the great enhancement in photocurrent under white light irradiation
compared to pristine ZnO nanorods as presented in Fig. 4a and Fig. 4b.

In ZnO-SiO2-Au configuration, SiO> layer acts as insulator between gold nanoparticles and
ZnO nanorods. The SCL is therefore, narrowed leading to less intensive spatial electric field.
This insulator also weakens the near field electromagnetic, which significantly depresses the
electron-hole separation. On the other hand, under visible light irradiation, the energetic
electron can tunnel through the SiO2 layer to inject in to the ZnO nanorods (Fig. 5d). These are
reasons for the lower photocurrent of ZnO-SiO2-Au than only gold decorated ZnO nanorods
but still higher than pristine ZnO nanorods (Fig. 4a).

Interestingly, ZnO-Au-SiO> configuration performed an outstanding photoresponse compared
to that of the others. This configuration is simply ZnO-Au with a thin layer of dielectric as
outer shell. Beside the positive effects of gold nanoparticles decorated ZnO nanorods, there are
several factors contributing for the high photocurrent density. The gold plasmonic structure
alone has the possibility to interact with the electrolyte components that decreases the amount
of energetic electrons into the ZnO nanorods. SiO> layer is able to inhibit the electron in
conduction state interacting with the electrolyte components. Thus, SiO2 not only increases the
injection efficiency but the presence of negative charge localized in SiO> film also creates an
effective electron transport channel in the ZnO backbone to suppress the carriers recombination
by inducing a formation of electron depletion layer and band up bending at the nanorod surface
[7] as shown in Fig. 5e. Using the same plasmonic configuration, the simulation results of Xu
et al. group indicated that semiconductor-plasmonic metal-dielectric layer exhibits more
intensive electric field at the semiconductor/plasmonic metal interface and deeper penetration
into the semiconductor than the others [7]. Furthermore, the higher refractive index of dielectric
layer than that of electrolyte establishes a light trap structure (Fig. 5f) which lengthens the
pathway of incoming light. Hence, SiO> layer enhances the absorption opportunities of
semiconductor and plasmonic metal leading to better electron-hole separation.

It’s meaningful to have the fast photoresponse in some applications [20]. It can be seen from
Fig. 4(b) that the SiO, coated sample without the interaction with plasmonic structure
performed the longest photoresponse time in both rising and decaying term which are not
desirable for many applications. On the other hand, when combining with plasmonic structure,
SiO; and Au coated samples show a rapid photoresponse compared to gold decorated ZnO

alone .The delaying of photoresponse is due to the recombination of photoexcited holes
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recombine with electrons in traps states [13]. In the experiment of Murphy et al, the extremely
deep holes trap in wide band gap semiconductor such as ZnO attributes for slow photoresponse
[21]. They also pointed out the passivation with SiO; significantly depress the density of deep
traps at the ZnO surface. This is in good agreement with our data point that the plamonic sample
with SiO> passivation layer performed rapid response to light.

4. Conclusions
In this work, plasmonic enhancement of the photoelectrical performance of gold decorated ZnO
nanorods have been observed in visible region. The function and role of plasmonic Au are
identified as: (1) enhancing the band bending resulting in the strong spatial electric field, (2)
SPR-mediated charge injection from metal to semiconductor, (3) near-field electromagnetic.
The presence of thin dielectric layer between gold and ZnO nanorods weaken the response to
visible light owning to the near field magnetic inhibition induced by passivation effect. The
ZnO-Au-SiO2 exhibits superior photoresponse which is four times higher than ZnO-Au. This
is ascribed to (1) SiO: intensified SPR-mediated hot electron injection due to its higher
dielectric index, (2) light trapping structure, (3) effective electron transportation channel
through ZnO backbone. Additionally, SiO. passivates the trap site at the surface of
semiconductor resulting in fast photoresponse. This work strengthens the understanding on the
design engineering for high performance photocatalysts of solar to fuel energy conversion. The
findings from this study will be informative for the design of plasmonic photocatalysts or
optoelectronic devices, such as photovoltaic and water-splitting cells.
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Figure

Figure 1. The schematic of fabrication process.

Figure 2. The SEM image of a) ZnO nanorods with Au and SiO> deposition b) The EDS

profiles of ZnO-Au-SiO> sample.c) Mapping profile of the sample on single rod.

Figure 3. UV-VIS absorption spectra of the different configurations of ZnO nanorods with

and without coating.

Figure 4. a) I-V curves of the samples under white light illumination b) Photoresponses of the
samples at 0.5 V bias under white light illumination c) The transient photoresponse of the ZnO-

Au-SI10, sample at 0.3, 0.5, 0.7 V bias.

Figure 5. Band diagrams of a) the ZnO sample, b) the ZnO-SiO, sample, c) the ZnO-Au
sample, d) the ZnO-SiO.-Au sample, and e) of the ZnO-Au-SiO, sample, f) lllustration of

light trapping in the sample with SiO> coating.
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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