duinedyana wirseMIndIRRTEN

SYNTHESIS OF NANO-SCALE OXIDE COMPOUND OF TITANIUM
AND VANADIUM APPLIED AS ENERGY STORAGE MATERIALS

e

54

CHOKCHAI KAHATTHA

.1 10! S 76’54‘5‘ D..eecccosecsccsosanse

LAUNSIDYU... yoeceneggessorronss
1

5 A AR ..

uidend)

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENT FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY IN NANOSCIENCE AND NANOTECHNOLOGY
COLLEGE OF NANOTECHNOLOGY
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG
2014
KMITL-2014-NT-D-001-002



COPYRIGHT 2014
COLLEGE OF NANOTECHNOLOGY
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG



o a

Py Jd o A
1S Inmnunut asduas e asiszasusen ledves lnmdlouuazn

~ o A o o o L= @
miRsuszaun Tumslszgnaniuiaad nuwasanu

HNANY wal¥ago avgy
stiardlsgddia 53670102
Yseyan Uiygngufiiuda
TVIN wnTudnowazur Tunalulad
N.A. 2556

Jq' a Py d a
219136 Ineninus TR.A3.THYY INFIM

UNAALD

a o o Y dy * Y [ o o LY a
Snorfinutatvijaniunsdunsedaslszneveen laaszauu Tuves Innution
~ & Jq ¥ g o v a o P dad A Y a
uazmigsuieyszgnd liutaedafundsau Tnmidlonlasen ludfidedsaninidon
= 9 ) ~ - o 4 v as
s oude35 s Te Tumiinsauazundovesn lsaa s ams oud033n1s lalas
d A 9 L= d Aacy c:‘ o 4
mesuea avianelassadrsvesaisdsensvesn lealinieHare3in15@0UUYR 5 Id
0% ndesganssmidianaseunpuidesunsiauazndesganssmisidnaseunuudensia
autamaaiivesarsUseneuiasigiarndinsswumdnlasa lnd ﬂﬁﬂgmmaﬂaé’u
sursusaamdnlasalnuazid adisd I ladiasumlnlasalnd autidnisuasves
r=y o d'i A Aaa o 1=y d g/ =]
a1sdszneudinneidionisgd-Ifiiaannlasiiimes nimiudnywansenuveanairly
o 9 d‘ =} a r=% A a 1 sy
msdudleatumileidos gamplilumsimuazlSnansiemnioudeauananonmu
a o 2 Aq
nazmanasvedinnitlon lasenlad AnukansenuvesszoznaniFlunszuiunslelas
Mmesuen qmﬁgﬁﬁ‘l‘ff"’lunizmuﬂn"laimmaé’uaauaz%ﬁmaaﬁaawau(Reductams)Gia
e a ¢ o A P
amfanemenimvesufousenles Saqlszasuvesnnuiion lasenledfiitedron
= Qs o d a ary a d’d‘ A9 =St
wiRsnfvmnRsuesn ledgaes sudio3tmswau Inmudion laeen lyafidedisnnunidon
a d Y & t d 9 A
nazundsueenlyagloinsesnrunuumiivanlaslfarsazarslslasnassauay
o d o =] o g o o o o a a [y
Tnsiadad 100 Hudadssaiu suvesTagdnfundsnuiiedsusinfaglszneuveslnm
P=1 ey MY =1 o a2 o oy Y any P
fiouleeen leandsdsnn@ousununfoussn lsagawisuaisiinsanaeuaiuy
] ¥
aszami1 il iueen ludfifediovgesiu nansnansstlditudmnsoduasizd lnm
Sonlasenleaniilaseadreuvuezununadaledinis v Tuiniinealao ludesriu
A52UIUNISET HansNAasdiarunszuUMswInY Innutionlasen ladiz mAans
3 < ) /=Y a
wagulassadrannezuimaiiug Indhgampivszunm 700 ssruzaBod uazinanis

waoundaslassadrailug Indedauysalilegam gl 800 esruzaiGoa ninmwaiodio



9/ da o d‘ v v =1 L=
adesganssmisidnassunuuieunsianasdesnsianuneyma lnnuiisnlasenlyadl
snyazfmssnavvadurugudnaiedssna 20-30 w1 Tumes tazanssndIiuves

o o o o 1 A
symannszav Tuwas HussauTu Inswasudsnnkunszuiunisminingumgil 500
= = a o e o aad Jd =) I A
14 1000 apusFoa MamsInsms@onuuvessididndves Innuiionlaeen lzavde
&rwmnidounuinoaiaves lnnufionleeen luagnifedronundsinifesninvinavesn

o

a =1 a 1 =1 o
unden'lessu (0.72 seaassw)iivinadnnii lnnutionlessu (0.75 sanasou) HANIS
1 4
Snscidromaiiagi-iddaanla lasa el liiunmsSedrsmndanildeymaunTu
=1 Jd Qr 1 ana A ydﬁ ] 1
Tanudlanlasenlsdmunsogadunaslugraifida lddyunazaimsoanyesdng
o b 9 =1 o A Jd
soundaaudesnveseymann Tulwnmudlon laeenlaa luvaziinszuoumslelasmes
weamusalFlunmsduasiziuvaun Tununaouleasen leanilassadrawy TuTuaddin
9 ] =1 = v a J& o =Y o
14 manisnaassnynanuiundauazglswvesnunionlasen ladtudusiiavesds
Aq 9 P ' ) da o
aanaunl¥lunszuiunislalasmesuea minnnawdrondsaganssmismnasesunyy
A .; Y o 1 P=} Jda a 1 9 1 5 aa 9/
eunsasdiuuudon laeen leatanvuzadiouns lu'lfuasunsvinadu Ridu
rimg{ur]'nma 80-100 w1 Tuwas uaziinnudszuim 2-10 lulaswas yirldnswi
P ' a a o
aszuauns lalasmesueamuisosislumsndsumavesnundoumunen leaidun
=3 1’:‘1 ] o an Qay =1
o laeen ledinzanvuiavesasasduleglusedu 1 {614 aui@msnulszques
Fagquszneulnnuilonlaeen lsdfiifedronundsusuiundousen ladmeldnisnie
a a A =1 dg s o 4
parseiadtadieudivsz AnEnmlumafvlszedduiieinsnlasunlasS e Innidion
Ja A Y a g A Vo ad X ~
laeen laadesisnuidsueen leatilason 185011 Iadid naseunindunin Inmidloula

I A a A 1 by o o A
aaﬂ"!‘mmﬂaﬁ'ammuﬂtmmaagma“lﬂumamﬂmﬁnau

ey : Innufionlaeenled 1ufoueen’lyd nszuoumslsTwalinea nszuIums

o o a o
lalasmefuea uag Jaasmaunaaau



Thesis Title SYNTHESIS OF NANO-SCALE OXIDE COMPOUND OF
TITANIUM AND VANADIUM APPLIED AS ENERGY

STORAGE MATERIALS
Student Mr. Chokchai Kahattha
Student ID 53670102
Degree Doctor of Philosophy
Program Nanoscience and Nanotechnology
Year 2013
Thesis Advisor Assoc. Prof. Dr. Wisanu Pecharapa

ABSTRACT

This thesis focuses on the synthesis of nano-scale oxide compound of titanium
and vanadium that can be applied as energy storage materials. The V-doped TiO;
nanoparticles and VO, were synthesized using sonochemical and hydrothermal
process, respectively. Structural properties of the compound materials were
characterized by X-ray diffraction technique, Scanning Electron Microscope and
Transmission Electron Microscope. Chemical properties of the nanocomposites were
investigated by Raman spectroscopy, Fourier Transform Infrared spectroscopy and X-
ray photoemission spectroscopy. Optical properties of the samples were studied using
UV-Vis spectrophotometer. The effects of sonication time, calcinations temperature
and vanadium doping content on physical and optical properties of TiO, were studied.
The influence of reaction time, reaction temperature and reducing agent types on the
physical properties of VO, were investigated. V-doped TiO»/V,0s nanocomposite
was prepared by mixing V-doped TiO, with V>0s using hydrochloric solution and
Triton-X 100 as the binder. Storage layers were spreaded onto F-doped tin oxide
(FTO) substrate using doctor-blade technique. The results revealed that the anatase
phase of TiO, nanoparticles can be synthesized by sonochemical process without
calcinations process. Post calcinations process results indicated that the
transformation of anatase to rutile phase initiated at 700 °C and completely
transformed into rutile phase initiated at 800 °C. The SEM and TEM images disclose
that the precipitated powders from sonochemical-assisted process have a quasi-

spherical structure with diameter 20-30 nm and aggregated form nanosize to

m



microsize after calcinations temperature elevates from 500 °C to 1000 °C. For doping
with V elements, the XRD results indicated that V ions can suitably be doped into
TiO, lattice due to the proper replacement of smaller ionic radius of V** (0.72 A) at
specific content on some of Ti** (0.75 A) sites. UV-Vis spectroscopy results indicated
that V doping could extend the visible light absorption and decrease optical band gap
of TiO, nanoparticles. Meanwhile, the monoclinic structure of VO, can be
synthesized using hydrothermal process. The crystalline structure and phase of the
VO, are highly dependent on the reductant types. The SEM images enclose that as-
prepared samples possess different morphologies consisted of rod-like, leaf-like and

short-rod like with a diameter of 80-100 nm and a length of 2-10 z m. The significant

variation of charge storage properties of the nanocomposites under solar irradiation
were obtained by varying V-doped TiO content in the composite. Corresponding
results suggest that V-doped TiO, can generate photoelectrons under solar irradiation,

which can effectively assist the storage performance of V20s.

Keywords: Titanium dioxide, Vanadium oxide, Sonochemical process,

Hydrothermal process and Energy storage material.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

In the past few decades, nanomatenials have received increasing attentions
because of their fascinating properties that can be enhanced when their dimensions are
in nanoscale. Numerous nanostructures including nanoparticles, nanosheets,
nanotubes, nanowires and nanodotshave been extensively investigated. Among
nanomaterials, Vanadium oxide (V,O,) has been intensively studied due to its
excellent properties for various applications such as sensors, catalysts, magnetic
materials, storage material and thermochromic applications [1]. Previously, many
methods have been developed to synthesize the VO, nanostructure such as ion beam
sputtering, atmospheric chemical vapour deposition, co-precipitation and
hydrothermal method [2]. Haihong Yin er al.[3] synthesized VO, by hydrothermal
process and studied field emission properties of the nanostructure. V,Os was selected
as source material and oxalic acid as reductant. The results indicated that the
nanostructure of this material can be changed by variation of oxalic acid concentration
and the nanobundles have the best field emission performance. P. Evans ef al. [4]
reported thermochromic properties of VO, thin films prepared by atmospheric
chemical vapour deposition and the corresponding results indicated that their
transmission spectra in infrared region drastically reduced up to 80% when the films
were heated at 65 °C. Graham Armstrong ef al. [5] reported on lithium intercalation
electrochemistry of VO, synthesized by hydrothermal process. The results indicated
that VO, nanowires were obtained after kept in stainless-steel autoclave at 180 °C for
48 h and had a capacity to intercalate lithium of 265 mAhg at a rate of 10 mAg™.
M.B. Sahana er al. [6] prepared V,0s by spin coating and observed electrochemical
properties of the thin films. Metal organic, organic and inorganic were selected as the
sol-gel precursors. The results indicated that the Li" intercalation capacity and Li*
diffusion coefficient was increased by an order of magnitude in the non-
stoichiometric films. A. Dhayal er al. [7] reported on gas sensing properties of V,0s
hollow spheres made up of self-assembled nanorods synthesized by solvothermal

method and the corresponding results indicated that V,Os nanorods had superior



sensing response against ethanol when compared to that of ammonia. Keng-Che et al.
[8] gave a report on electrochromic properties of V,0s nanowires using commercial
V.05 powder. The deposition of V.0s nanowires were carried out by thermal
evaporation onto ITO substrate and the results indicated that V.Os nanowires were
obtained after kept in a pressure of 8 x 10™ Torr and 650 °C. The transmittance
spectrum change of V;Os nanowires is 37.4% at 415 nm. From literatures, the
electrical and optical behaviors of these materials could be improved depending on
sample size and morphologies.

To enhance the properties of V,O,, the composites with functional materials
have been dramatically attended. Among many metal oxide compounds, TiO; has
been attracted numerous attentions due to its wide band gap about 3.20 eV and
excellent response in ultraviolet region. From this ability, TiO. can generate
photoelectrons under UV irradiation, which can effectively assist the electrochemical
performance of V Oy,. Due to the limitation of its properties such as rather high
recombination of photogenerated electron-hole pairs and the weak absorption in
visible region, the finding of study examining the doping with various elements such
as N, Cu, Ag and Pd could be the promising method for resolve these problems [9].
Among transition metal ions, vanadium (V) is attractively potential candidate as an
effective additive into TiO» due to the close ionic radius between these two elements.
Recently, there have been a number of research works focusing on the effective
techniques for synthesizing TiO, such as hydrothermal process [10], flame spray
pyrolysis [11], co-precipitation process [12] and sonochemical process [13]. Among
these techniques, the sonochemical process is well suited for the synthesis of these
materials because of its simplicity, low equipment cost, comfort of synthesis and
doping.

In this thesis, we focused on the improvement of charge storage properties of
V205 using V-doped TiO, nanoparticles in from of functional composite. The effect
of photoillumination of V-doped Ti0O,/V,Os on photo-electrochemical properties of

the products were studied and discussed.



1.2 Objective

This thesis is conducted in order to

1.2.1 Study the synthesis of V-doped Ti0; via the sonochemical process.

1.2.2 Study the synthesis of VO, via the hydrothermal process.

1.2.3 Study the storage properties of V,0s and V-doped Ti02/V,0s

nanocomposite.

1.3 Scope of Thesis

The scope of this thesis is as follows,

1.3.1 Characterize V-doped TiO,synthesized via the sonochemical process and
investigate the effect of sonication time, calcination temperature and
vanadium doping content on physical and optical properties of TiO».

1.3.2 Characterize VO, synthesized via hydrothermal process and study the
effects of reaction time, reaction temperature and type of reductant on
physical properties of the material.

1.3.3 Prove and analyze the storage properties of V,0s and V-doped

Ti10,/V,05 nanocomposite.
1.4 Expected Results

1.4.1 The relevant parameters of the synthesis such as sonication time,
calcinations temperature vanadium doping content, reaction time,
reaction temperature and type of reductant will be notified.

1.4.2 The meaning of charge storage mechanisms of the materials under
optical irradiation will be clearly understood.

1.4.2 The improvement of charge storage properties in the nanocomposite

material and the enhancement of the efficiency of device will be

clarified.
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CHAPTER 2

THEORETICAL BACKGROUND AND
LITERATURE REVIEWS

The objective of this chapter is to investigate the properties of titanium dioxide,
vanadium pentoxide and vanadium dioxide, the meaning of composite, the synthesis
techniques and application of energy storage. In this chapter, the relevant theories are

explained.

2.1 Nanostructure for high-performance electrochemical capacitor

The excited characteristic weather change, the limited reserves of fuels and
energy security concerns, have activated internationally unexpected interest in
developing renewable energy technologies from sustainable and renewable energy
resources. In fact, there is a rapid increasing in renewable energy productions from
solar energy, the most numerous and easily available resources [1,2]. Efficient energy
storage systems are critically needed to make the best of the electricity generated from
these sources since they can promote the effective using of the power system
(generation, transmission and distribution) by storing. Among various energy storage
systems, the most prominent is electrochemical energy storage (EES) system,
including batteries, electrochemical capacitors (ECs) and fuel cells [3,4]. These three
device systems share the “‘electrochemical similarities’” and common features that the
energy produced processes occur at the phase boundary at the electrode/electrolyte
interface. The performance of EES devices has been improved by developing new
materials and better understanding of the fundamental electrochemical processes at
the interface.

The key parameters to evaluate the performance of EES systems and their
potential for applications include energy density (Wh/kg or Wh/L: energy storage per
unit weight and volume), power density (W/kg or W/L), specific capacitance (F/g):
specific capacity (mAh/g) and cycle life, meanwhile cost and environmental safety
[5,6]. To compare the power and energy capabilities, Figure 1 shows the Ragone plot
of specific power versus specific energy for the most important EES systems. Fuel

cells and batteries are considered to be high-energy systems, while ECs



(supercapacitors) and conventional electrostatic capacitors are considered to be high-
power systems. Among these various energy storage systems, batteries and ECs are
two significant technological systems that have found a broad range of applications.
Typically batteries are designed to take high energy density by storing charge in bulk
electrodes (bulk storage) through faradaic reactions and they have been the
technology for many applications with all portable electronics on energy stored
chemically in them. However, due to physical changes in materials/structures between
the charge state and the discharge state, current battery technologies have
performance limitations such as short cycle life and slow charge/discharge rates
(limited power capability) [7]. In the other hand, ECs are designed to take advantage
of near-surface charge storage mechanisms (based on electrochemical doublelayer
capacitance or redox pseudocapacitance) to realize much greater power density at
some spending of their energy density. Alth'ough limited in specific energy, ECs can
provide the capability to store and release the energy within time frame of a few
seconds compared to tens of minutes or more needed to charge/discharge for batteries.
In addition, ECs exhibit better cycle life that is measured in hundreds of thousands to
millions of cycles, better than batteries. Moreover, ECs also offer high confidence and
better safety versus batteries, leading to a much lower maintenance cost [8,9]. With
high power ability, extraordinary cycle life and reliability, ECs have been used in a
variety of applications ranging from portable electronics, computer memory backup
systems, to hybrid electric vehicles and all-electric vehicles, and to large industrial

scale power and energy management [10].
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Liying Liang et al. fabricated VO,(B) hybrid with multiwalled carbon
nanotubes (MWCNT) is synthesized by sol-gel method assisted with freeze-drying
process. The VO,(B)/CNTs composite exhibits far better rate capability and charge
storage compared to VO,(B) electrode which does not contain MWCNT. Particularly,
a highest specific capacitance of 250 Fg' obtained on MWCNT:VO,(B) is 0.25:1
composite material under 0.5 Ag™' charge—discharge test [16].

Jeliza S. Bonso e al. fabricated exfoliated graphite nanoplatelet (xGnP) and
V205 nanotube (VNT) composite electrode by sol-gel technique using commercial
XGnP and ammonium metavanadate as the starting materials. Specific capacitance
value of 226 Fg' was measured in 1 M LiTFSI in acetonitrile for the xGnP-VNT
composite. Meanwhile, the specific capacitance of bare VNT was 70 Fg' and bare
xGnP was 42.5 Fg'', demonstrating the helping effect of combining the two materials
[17].
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Figure 2.6 Specific capacitance plots of VO,-MWCNT composites hybrid electrode

with different MWCNT content at various current densities [17].

2.2 Supercapacitor parameters

The specific stored energy and the specific power that can be delivered to the
load are the crucial characteristics of a super capacitor device along with others, such
as its cycling life, self discharge current and efficiency. The double layer capacitance

Ca at each electrode interface is given by:
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gA
Cdl - 27_1'; (2 1)
Where ¢ is the dielectric constant of the electrical double layer region, A4 is the surface
area of the electrode and ¢ is the thickness of the electrical double layer. The specific

energy £ and specific power P of supercapacitors are calculated according to

E=2CV? (2.2)
VZ
p=L (2.3)

Where C is the dc capacitance in Farads, ¥ the nominal voltage and R is the
equivalent series resistance (ESR) in ohms. The average capacitance C is calculated

from C-V plot using the following relation as,

C = I(dV/dt) (2.4)

Where I is the average current in ampere and dV/dr is the voltage scanning rate. The

interfacial capacitance C, is calculated using the relation,

C;=C/A (2.5)

Where A4 is the area of active material dipped in the electrolyte. The specific

capacttance Cgc is given by the equation,
Csce =C/W (2.6)
Where W is the weight of active material on the substrate. The capacitance of a device

is largely dependent on the characteristics of the electrode material particularly, the

surface area and the pore-size distribution [18]
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2.3 Metal oxide based supercapacitor

Literature reviews of supercapacitors show that varieties of metal oxide have

been employed. These materials include of RuO,, MnO,, NiQ, V;0;s, etc.

2.3.1 Ruthenium Oxide based supercapacitor

Among numerous transition metal oxides, RuO, has been attracted great
attention using as an electrode materials for supercapacitors due to its advantages of a
wide potential window of highly reversible redox reactions, high specific capacitance
and long cycle life [19].

In recent years [19] the use of ruthenium oxide as an electrode material was
investigated. It was found that hydrous ruthenium oxide film deposited by the
galvanostatic method was a promising for electrochemical capacitor with high power
density and energy density. A specific capacitance of 276 F/g has been obtained from
an amorphous hydrous ruthenium oxide prepared by this method [20].
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Figure 2.7 Specific capacitance versus charge—discharge current density for
RuQ;/Stainless steel electrodes prepared in (a) 0.01 M RuCl;+ 0.1 M
HCI electrolyte at (1)15, (2) 20, (3) 25, (4) 30 and (5) 35 mA/cm? [20].
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In thin film form, T.P. Gujar et al. [19] have successfully employed spray
deposited ruthenium oxide thin film for electrochemical supercapacitors with specific
capacitance of 551 F/g). Fang et al. [21] have prepared ruthenium oxide film
electrode by organic precursor method and obtained maximum specific capacitance of
593 F/g and interfacial capacitance of 4 F/cm® Kim et al. [22] have prepared
ruthenium oxide film electrode with an average specific capacitance of 863 F/g and
good high rate capability by colloidal method. Though the hydrous ruthenium oxide
exhibits excellent pseudocapacitive behavior with large specific capacitance and good
reversibility, the low abundance and high cost of the precious metal are major

limitations to commercial application [23].
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Figure 2.8 Specific capacitance variation of ruthenium oxide electrode at different

scan rate with concentration of H,SO, electrolyte was 0.5 M [19].
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Figure 2.18 XRD pattems of TiO; NBs without and with calcination at different

temperatures [52].

Phase composition and crystallite size of TiO, nanobelts could be calculated from

Spurr equation and Scherrer equation as following:

1
= X
14+0.8[1 g¢101)/1R(110)]

Fq 100 (2.10)

Where Fp, is the mass fraction of rutile, Lye101) and Irg,q) are the integrated intensities

of anatase (101) and rutile (110) peaks, respectively.

.
PcosbO

2.11)

Where D is average crystalline size, K is the shape factor, 1 is the wavelength of Cu
Ka radiation (0.15418 nm), B is the full-width at half -maximum (FWHM) of main
intensity peak and 6 is the diffraction angle peak. The energetics of the two
polymorphs are sufficiently close, they can be reversed by small differences in surface
energy. Once rutile crystallite is formed, it grows much faster than anatase. Thus, it is

reasonable to conclude that under calcination treatment at 650 °C the anatase



27

crystallites first turn into rutile phase, leading to the decrease of average crystallite
size of anatase. Moreover, once the formation of rutile crystallite is excited, crystallite
size of rutile increases sharply, which can be confirmed by the results of crystalline
rutile grew from 28.02 to 106.33 nm at 750 °C (as shown in Table 1.).

Table 2.1 Phase composition and crystallite size of TiO, nanobelts as a function of

various calcinations temperature [52].

Calcination Phase content (%) Crystallite size (nm)

temperature Anatase Rutile Anatase Rutile
C)
350 100 - 32.12 -
450 100 - 33.51 -
550 100 - 33.78 -
650 95.18 4.82 23.32 28.02
750 88.08 11.92 47.16 106.33

In the other hand, the transition temperature from anatase to rutile phase
depends on process condition and materials used in process. Dong Jin Kim et al. used
hydrochloric acid as a catalyst to prepared titania sols and TiO; thin films in the sol-
gel process. They found that the transition temperature from anatase to rutile phase is
1000 °C for 1 h in air. While, the transition temperature of TiO, thin films were
prepared by sol-gel process using diethanolamine (DEA), nitric acid and sulfuric acid
as the catalyst started at 500 °C in air that reported by Mehdi Alzamani and his group
[54].

2.4.3 Effect of doping with metal on physical and optical
properties

Due to the limitation of absorption only in ultraviolet region, the doping with
various elements such as Ag, Fe, N, Mo and V [55,56] could be the promising method
for effective extension of the optical absorption toward the visible region. Doping
with transition elements are attractively potential candidate as an effective additive
into TiO; due to the close ionic radius between these two elements and the appropriate
formation of a trap energy level within the forbidden band gap of TiO; induced by
proper substitution of Ti by these ions [57].
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Figure 2.19 The energy band diagram of V-doped TiO, nanofiber that purpose by
Zhenyi Zhang and his group [57].

Recently, there have been a number of research works focusing on the
effective technique for doping with transiton ions into TiO,. A.H. Ghanbari Niaki et
al. [58] synthesized Zn-doped TiO, thin films with Zn dopant contents 0-10% they
found that neither zinc oxide and zinc titanates were detected for Zn-doped TiO, thin
films due to low concentration of dopant and XRD patterns showed slight shift to
lower angle with Zn incorporation since the ionic radius of Zn?* (0.074 nm) is higher
than Ti*" (0.061 nm). It indicates that Zn could incorporate into TiO, lattice and can
be observed that the phase composition of Zn-doped TiO, films depends on dopant

concentration.
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Figure 2.31 UV-Vis diffuse reflectance spectra of bare TiO,, V-doped T10,, C-doped
T10, and C-V-doped Ti0; [59].
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X. Yang e al. [59] employed sol-gel technique to synthesize C- and V-doped
TiO, with visible-light enhancement for acetaldehyde degradation. As was
demonstrated in Fig. 2.31, C—doped TiO, exhibited absorption in visible light region
and its absorption edge was around 550 nm, which had a red-shift compared with
Ti0,. This phenomenon may be due to that the doped elemental carbon acted as a
photosensitizer and caused a significant decrease in the overall energy gap of anatase
TiO,. For V-doped TiO, case, the spectra of V-doped TiO, showed a red-shift of the
band-gap. The absorption enhancement in the visible light region was ascribed to the
3d-orbital of vanadium which may change the band-gap of TiO,. The visible
absorption of Ti0, doped with metals was caused by the formation of a dopant energy
level within the band-gap of TiO,. For C-V—doped TiO; case, owing to the combined
effect of carbon species acting as a photosensitizer and vanadium species forming a
dopant energy level, the absorption curve of the co-doped TiO, extended to 700 nm.
This absorption was attributed to the charge transfer between the valence band and the
ty, level of vanadium, which lied just below the conduction band. The electronic
transitions from the valence band to dopant level or from the dopant level to the

conduction band can cause an effectively red-shift of the absorption edge threshold.

2.5 Vanadium oxide

Vanadium dioxide (VO,) is a traditional binary compound with different
polymorphs. The allotropic phases in this system include VO,(R), VO,(M), VO,(B),
VO,(A) and VO,(C). VO, undergoes the evident transition material from a
semiconductor to a metal around 70 °C, accompanied by a structural change [60].
Above this temperature, VO, exhibits the tetragonal rutile structure with typical lattice
constant a =b = 4.55 A and ¢ = 2.85 A, which is metallic [61]. Below the transition
temperature, VO, is monoclinic structure with typical lattice constanta =12.09 A, b =
3.702 A, ¢ = 6.433 A and B = 106.6°, because of the pairing of V atoms (seen in Fig.
2.32), and this is associated with semiconducting behavior, with a band gap ~0.7 eV.
The resistivity of VO, in its metallic state is in the range of 2 x 10 to 5 x 10 Q-cm®
and displays a sudden and large increase when cooled below the transition
temperature. Changes in electrical properties drive large changes in optical properties
between the low- and high-temperature phases; the low-temperature monoclinic
structure is somewhat infrared (IR)-transparent, whereas the tetragonal phase is

opaque.
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Figure 2.32 Structure of (a) tetragonal rutile form of VO, and (b) monoclinic form,
showing alternating short (indicated by bonds) and long V-V distances.
The large dark spheres are vanadium atoms and the small lighter spheres

are oxygen atoms [62].

VO, has been considered as a smart material for many applications due to its
fascinating structure that can be transformed from a semiconductor to a metal at
modurate transition temperature at about 70 °C. Above this transition temperature, it
adopts the tetragonal rutile structure and is typically metallic. On contrary, it is in
semiconductor behavior with monoclinic structure at below transition temperature.
Conversion in electrical properties pushes large changes in optical properties. At
lower transition-temperature the monoclinic structure is transparent in infrared region,
whereas the tetragonal rutile structure is reflective at higher transition temperature.
Because of this interesting property, it has been widely utilized in many applications
such as humidity sensor [63], thermochromic window [64] and optical switching
devices [65]. More recently, there have been a number of research works focusing on
the effective techniques for synthysizing VO, such as radio frequency sputtering [66],
thermal reduction [67], ion beam sputtering [68], atmospheric pressure chemical

vapor deposition [69 ] and hydrothermal process [70].
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2.12 Optical band gap measurement

The measurement of the optical band gap of materials is important in the
semiconductor, nanomaterial and solar applications. This section demonstrates how
the optical band gap of a material can be determined from its ultraviolet-visible (UV-
Vis) absorption spectrum. The term “optical band gap” refers to the energy difference
between the top of the valence band to the bottom of the conduction band (as shown
in Fig. 2.66); electrons are able to jump from one band to another. In order for an
electron to jump from a valence band to a conduction band, it requires a specific
minimum amount of energy for the transition. A diagram illustrating the optical band
gap is shown in Fig. 2.66. The optical band gap is a major factor determining the
electrical conductivity of a solid. Substances with large band gaps are generally
insulators, those with smaller band gaps are semiconductors, while conductors or
metal either have very small band gaps or no band gap (because the valence and

conduction bands overlap as shown in Fig. 2.66).

Conduction Band
(Empty)

i 0000

Energy gap

(E, > 4.00 eV)

h 4

©®©®®®| [ —he

Valence Band
(Full)

Insulator Semiconductor Metal

Figure 2.66 Electronic band diagrams in solid [100].
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A semiconductor is characterized by a valence band that is filled by electrons
and a conduction band that is separated in energy by an amount of forbidden (energy
gab) energy from the upper edge of the valence band.

Semiconductors are transparent to photons whose energies lie below their
band gap energy and are strongly absorbing for photons whose energies matched or
exceed the band gap energy. Band-to-band absorption involves excitation of an
electron from the valence band to the conduction band, resulting in creation of
electron-hole pair.

The band gap energy of a semiconductor may be determined by observing the
transmission or absorption of light of various wavelengths. Because of absorption the
light intensity decreases through the sample as the photons are absorbed. The
dependence of light transmitted through the sample is:

I=Ie" (2.21)

Where [ is the intensity of transmitted light through the sample of thicknessd
and I,1s the incident light intensity. The absorption coefficient « strongly depends on
wavelength. Semiconductors can have high absorption up to 10° for photons with
energies match or exceed the band gap energy, and very low absorption for photons
having energy below the band gap energy. It is also convenient to define a

transmittance as:

T= L (2.22)
IO

Absorbance is then given by:

A=ad =-In(T) (2.23)

The absorbance spectrum of a semiconductor may be observed carrier out of
monochromatic light (Fig. 2.67). Light from the lamp passing through the
monochromator will be reflected at different angles for different wavelengths by a
grating inside the monochromator. By rotating the grating it is possible to tune the

wavelength of transmitted light through the exit slit of monochromator.
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Figure 2.67 Optical instruments for absorption spectrum measurement.
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Figure 2.68 Absorption spectra of P25 and prepared N-doped TiO, nanopowders
[101].

The optical absorption edge of a parabolic band bulk semiconductor with
allowed direct transitions can be fit using Tauc equation where the absorption

coefficient is described by;
ahv = A(hv —Eg)" (2.24)

Where
a is the absorption coefficient measured as a function of photon energy Av

hv is the photon energy in eV unit defined by 1240/ A(nm)

A is a constant factor determined by the transition probability
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E, 1s the band gap energy

n is a number that depends on the type of transition process where

1/2,2,3/2o0r 3for allowed direct, allowed indirect, forbidden direct and

forbidden indirect electronic transition, respectively

Since the transitions in semiconductors are allowed direct, the Tauc equation requires
n=1/2 for calculations. Therefore, a straight line fit to a plot of (ahv)*versus hv

gives a linear proportion of the Tauc equation;
2 _
(ahv)” =(hv—-E,) (2.25)

The x-intercept of the line fit to the data corresponds to the optical band gap energy.

2.0
1.6
3
. 12
0.8
0.4
3.00 3.20 3.40 '8.60 8.80

hv {eV)

Figure 2.69 Tauc’s plot of sheet likes T10, nanoparticles for DSSC application [102].

In the limiting case of an infinitely thick sample, thickness and sample holder
have no influence on the value of reflectance (R). In this case, the Kubelka-Munk

equation at any wavelength can be employed:

K _ (1-Rw)?
S 2R

= F(R.) (2.26)



66

F (R.) is the so-called remission or Kubelka-Munk function, where R, =
Riampte/Rstandard. In the parabolic energy band structure, the optical band gap E; and
absorption coefficient o of a direct band gap semiconductor are related through the

well known equation:
ahv=C (hv-E,)" (2.27)

Where « is the linear absorption coefficient of the material, Av is the photon
energy and C,; is a proportionality constant. When the material scatters in perfectly
diffused manner (or when it is illuminated at 60° incidence), the K-M absorption
coefficient K becomes equal to 2o (K=2a). In this case, considering the K-M
scattering coefficient S as constant vs{ith respect to wavelength and using the remission

function in Eq. (2.27) we obtain the expression:
[F(R)WT =Cy(hv—E,) (2.28)

The band gap energy can be measured by the Kubelka-Munk plots of (1-
R.)*/2R,, versus photon energy, where the x-axis intercepted value is the optical band
gap energy [103].

50
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Figure 2.70 Kubelka—Munk plots and band gap energy estimation for
Zng.97.xAlcCro,03S nanoparticles [103].
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CHAPTER 3

EXPERIMENTS

This chapter explains the preparations of V-TiO, nanoparticles and VO,
nanorods using sonochemical process and hydrothermal synthesis, respectively. The
fabrication of charges storage devices using V-Ti0,/V,0s nanocomposites via doctor

blade technique is preliminarily.

3.1 Preparation of V-TiO, nanoparticles via the sonochemical

process

V-doped TiO, with various vanadium contents were synthesized by
sonochemical-assisted process. Titanium isopropoxide [Ti(CsH;40,);] and vanadyl
acetylacetonate [VO(CsHsO,)], were used as starting source materials for Ti and V,

respectively
3.1.1 Materials and equipment

1) Titanium isopropoxide [Ti(C¢H1402)2]
2) Vanadyl acetylacetonate [VO(CsHsO,)],
3) Sodium hydroxide (NaOH)

4) Deionized water

5) Absolute ethanol

6) Magnetic bar and magnetic stirrer

7) Ultrasonic hom (VCX 750)

8) Calcination oven
3.1.2 Experimental details

1) 14.21 mL of titanium isopropoxide was dissolved into designated solution
of 49 mlL-absolute ethanol and 1 mL-acetylacetone and then stirred at room
temperature for 1 h.
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7) Charges storage device was designed in the sandwich structure with V-doped
T10,/V,0s working electrode and platinum film coated on FTO counter electrode.
The parapolymer film was inserted between both electrodes to prevent short circuit of

the device.

8) Liquid electrolyte consisting of 0.1 M of LiClO4 and 0.5 M of (COOH); in
methanol was finally filled in the device.

Glass slide

FTO

Pt film

Electrolyte of LiClO4 and (COOH), in methanol

V-doped Ti0O,/V,0s nanocomposite film

FTO

Glass slide

Figure 3.4 The schematic of V-doped TiO,/V,0s nanocomposite films for charges

storage aplication.
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3.4 Characterization

The crystal structure and phase identification of the samples were investigated

by X-ray diffraction with a monochromatic source of Cu K, (A=0.15405 nm).

Raman spectroscopy (Thermo Scientific DXR Raman Microscope with 532
nm DPSS laser) was employed to verify the substitution of the Ti sites with V in the
T10, lattice.

X-ray photoelectron spectroscopy (AXIS Ultra DLD with dual anode Mg and
Al K, X-ray source) was applied to verify the chemical states of Ti and V.

Their morphologies were monitored with JEOL JSM-6340F field emission

scanning electron microscope with an accelerating voltage of 5.0 kV.

Transmission electron microscopy images and selected area -electron
diffraction (SAED) pattemns were taken with TECNAI G2 20 transmission electron

microscope, using an accelerating voltage of 200 kV.

Chemical bonding of the materials was characterized by Fourier transform
infrared spectroscopy (FTIR). FTIR studies were carried out in the range of 400-4000

cm’! in the transmittance mode.

Photoelectrochemical measurement was conducted using Autolab
PGSTAT302 with V-doped Ti0,/V,0s nanocomposite film as the working electrode
and Pt films as the counter electrode. Photocurrent measurement was carried out in
the electrolyte of 0.1 M of LiClO4 and 0.5 M of (COOH), in methanol at room
temperature. The current-potential curves were measured at a potential sweep rate of
20 mV/s in dark and under sun light irradiated by solar simulator lamp and Halogen

lamp whose spectrum shown in Fig. 3.5.
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Figure 3.5 Spectrum of Halogen lamp.
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CHAPTER 4

Results and Discussion

4.1 V-doped TiO; nanoparticles via the sonochemical process

In this sections, the results on the simple synthesis of V-doped TiO,
nanoparticles by sonochemical precipitation process are reported. The effects of
calcination temperature and vanadium content on crucial structural, physical and

optical properties of as-prepared products were extensively scrutinized.

4.1.1 Effect of sonication time on physical properties of TiO;

nanoparticles

(101)

(220)(215)

As-synthesized 30 min

Intensity (a.u.)

As-synthesized 20 min

As-synthesized 10 min

10 20 30 40 50 60 70 80
26 (Degrees)

Figure 4.1 XRD patterns of the as-synthesized TiO; nanopowder irradiated with

direct immersion of high intensity ultrasound titanium hom (750 W 20

kHz) with various sonication times 10-30 min.

The structural properties of as-synthesized TiO, nanopowders synthesized by

sonochemical method with different sonication times were investigated by XRD
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patterns as shown in Fig. 4.1. The XRD pattemns of the products obtained with
sonication times for 10 and 20 min do not show any sharp diffraction peaks with
characteristics of crystalline phase. When the sonication time rises to 30 min, the
sample shows prominent diffraction peaks situated at 26 = 25.3°, 37.8°, 48.1°, 55.2°,
62.8°, 70.5° and 75.2°, which correspond to (101), (004), (200), (211), (204), (220)
and (215) orientation plane with tetragonal structure of anatase phase (JCPDS File
No. 89-4921), respectively. This result implies that as-sonochemically synthesized
powder in anatase phase of TiO; can be produced by one-step sonochemical process

using sonication time above 30 min without the heat treatment process [1].

D
(32
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1 ©
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(321
- 30 min
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g" .
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500 1000 1500 2000

Raman shift (cm'1)

Figure 4.2 Raman spectra of the as-synthesized TiO, nanopowder irradiated with
direct immersion of high intensity ultrasound titanium horn (750 W 20

kHz) with various sonication time 10-30 min.

Raman spectra of the samples synthesized at different sonication times are
illustrated in Fig. 4.2. In Fig. 4.2, there is no characteristic peak of TiO; in Raman
spectra of as-sonochemically obtained powder with sonication times for 10 and 20
min. Meanwhile, the samples sonicated with high intensity ultrasound for 30 min, the
characteristic peaks at around 399, 516 and 639 cm™ are attributed to By, Ajq and E,

mode of anatase phase, respectively [2]. These results are in agreement with the
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4.1.3 Effects of vanadium doping content on physical and optical

properties of V-doped TiO, nanoparticles

R calcined at 1000°C
5 mol%
—_ 3 mol%
= 1 mol%
‘; 0 mol% R
- As-synthesized
g
£ R
)
¥ ! ¥ 1 ¥ 1 ¥ v A Y ' '
20 25 30 35 40 45 50 55 60

20 (Degrees)

Figure 4.9 XRD pattens of the V-doped TiO, nanoparticles synthesized by

sonochemical-assisted process with different vanadium doping contents.

Fig. 4.9 exhibits the XRD patterns of the V-doped TiO, with different V doping
contents. As observed in all doped samples, the intense and sharp diffraction peaks
situated at 260 = 27.49°, 36.12°, 39.26°, 41.29°, 44.12°, 54.40° and 56.73° are assigned
to (110), (101), (200), (111), (210), (211) and (220) plane of rutile phase [JCPDS89-
4920]. No characteristic peaks ascribed to vanadium oxides (such as V,0s or VO,)
were detected, indicating that the V ions can suitably be doped into TiO; lattice [6].
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Figure 4.10 An enlargement of the rutile (200) peaks for undoped and V-doped TiO,

nanoparticles synthesized by sonochemical process.

In addition, the significant shifts of peak positions to higher angle are observed
(Fig. 4.10) as V doping content increases up to 3 mol% thereafter shifts back to lower
angle, indicating the alternation of d-spacing of TiO, with specific V doping content.
The inteplanar spacing (d-spacing) and crystallite size of the V-doped TiO, could be
determined by Bragg’s law and Scherrer equation as shown in Fig. 4.11. This
alternation in d-spacing may attributable to the proper replacement of smaller ionic
radius of V** (0.72 A) at specific content on some of Ti** (0.75 A) sites leading to the

noticeable spacing shrinkage in TiO; [7].
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Figure 4.11 The
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effect of vanadium doping in the interplanar d-spacing and

crystalline size of V-doped TiO; (5 % of vanadium) nanoparticles

synthesized by sonochemical process.

Table 4.1 Characteristics of V-doped TiO, with different condition.

V-contents Temperature d-spacing Crystallite size
(mol%) 49 A) (nm)
0 1000 3.24% 51.57%
1 1000 3.23% 67.31%
3 1000 3.228 57.358
5 1000 3.24% 67.25%

2 calculated from (101) orientation plane of anatase.

R calculated from (110) orientation plane of rutile.
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Figure 4.12 Raman spectra of the V-doped TiO, nanparticles synthesized by

sonochemical process with different vanadium contents (calcined at
1000 °C for 4 h).

Fig. 4.12 displays the Raman scattering of the V-doped TiO, with different V
doping contents and calcined at 1000 °C for 4 h. All results indicate the scattering
peaks around 235, 447 and 612 cm™ corresponded to the characteristic peaks of
anatase phase and the intensities of all characteristic peaks decrease with increasing
doping content. Furthermore, the scattering peaks associated to the V-O compounds
were undetectable. These results also imply the suitable doping of vanadium into

anatase Ti10, [8], which well agreeable to the presumption from XRD results.
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Figure 4.13 XPS spectra of the V-doped TiO; 5 mol% calcined at 1000 °C for 4 hr
synthesized by sonochemical process in (a) the T1 2p regime and (b) the
V 2p regime.

Additionally, the chemical composition of V-doped TiO, nanoparticle was
analyzed by XPS as shown in Fig. 4.13. The peaks appearing at 458.7 and 464.3 eV
are associated to Ti*" 2p** and Ti*" 2p"?, respectively [9]. It is an indication of the
existence of Ti** ions in the sample. For V-doped TiO,, The peak positions of Ti 2p
slightly shift to high binding energies, suggesting that V ions are incorporated into
Ti0; lattice [10]. In Fig. 4.13 (b), the peaks appearing at binding energies of 517.2 eV
could be ascribed to the V¥ 2p*? [11]. It is confirmed that the V** jons exist in the V-
doped TiO; but the vanishment of V 2p’” binding energy due to the low of V doping
[11]. This result strongly confirmed that the V** were appropriately incorporated into
TiO, lattice and substituted to Ti** site due to its close ionic radius (Ti** = 0.75 A and
v*=0.72 A)[12].
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revealing the decrease of interplanar spacing of TiO, due to V dopant is in good

accordance with the values calculated from XRD patterns.

0.10
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Figure 4.15 UV-Vis diffuse reflectance (DR) spectra of TiO, and V-doped TiO,
nanoparticles with difference V doping of 0-5 mol%.

The UV-vis. absorption spectra of pure and V-doped TiO, with different V
doping concentration were evaluated to investigate the shift of the light absorption
edge after V doping in TiO,. The obtained results are displayed in Fig. 4.15. Pure
Ti0O, shows strong UV light absorption with absorption edge located at 375 nm but no
visible light absorption is found. All the doped samples shifted their light absorption
edges towards visible light region. In V-doped TiO, samples, along with visible light
absorption, no decrease in UV light absorption was observed compared with that of
pure TiO,. V doping effectively narrows the band gap of TiO,, which leads to the
enhanced visible light absorption. The 5 mol% V-doped TiO, sample shows the
highest absorption in the visible light range with absorption edge located at 450 nm.
The effective visible light absorption of V-doped TiO, samples is mainly attributed to
the existence of impurity states in the band gap of TiO, due to V doping, which

narrows the band gap and then the electrons can be shifted from the valence band to
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the conduction band excited by the visible light photons. With the increase of V
doping concentration, the light absorption edges were shifted well to the visible light

region [12].
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Figure 4.16 (a) Kubelka-Munk transformed reflectance spectra of V-doped TiO,
nanoparticles with difference V doping 0-5 mol%. (b) Band gap as a
function of V doping of V-doped TiO; nanoparticles.
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Fig. 4.16 (a) illustrates the plot of Kubelka-Munk function as a function of
photon energy of V-doped TiO, nanoparticles with difference V doping contents.
Optical band gap can be calculated from the absorption spectrum. The Kubelka-Munk

equation [13] for an “infinitely thick™ layer is shown in equation (4.3);

K _ Q-Ro)” _ F(R,) (4.3)

S 2R,

Where R, is the absolute reflectance of the layer, S is the scattering coefficient
and K is the molar absorption coefficient. The band gap energy can be measured by
the Kubelka—Munk plots of (1-R.)*/2R., versus photon energy, where the x-axis
intercepted value is the optical band gap energy. The measured band gap energies of
V-doped TiO, nanoparticles are shown in the insert image. Undoped TiO, gives a
optical band gap value of 3.50 eV, which is higher than the typical value of bulk TiO,
(3.20 eV) due to the quantum size effect of the sample on the optical band gap energy
[14].

undoped —-Ti0O, V doped —TiO,
Ti 3d‘ . ‘ Ti 3d (Ti)
V 3d (V)
hv hv
hv .
VB VB
O2p 02p

Figure 4.17 The suggested energy band structure of undoped and V-doped Ti0,.

Doping of 1-5 mol% V induces a decreasing of optical band gap energy to
3.49 ~ 3.10 eV. It is also worth to notice that for 1-5 mol% V-doped TiO, the light
absorption in both UV and visible regions are greatly increased. The effective red
shift of band gap and the evidently enhanced light absorption in UV—Visible region
are beneficial to the photo-induced activity of V-doped TiO,. Furthermore, the red
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shift of the absorption edge and the light absorption in the visible light region
increased with increasing the V-doping content in TiO, nanoparticles. It has been
studied that the red shift of absorption edge for the sampless might be attributed to the
electron transition from the valence band (O 2p) to the V 3d orbit and the visible light
absorption might be related to the d-d transition of vanadium (as shown in Fig. 4.17).
As observed Fig. 4.16 (b), the band gaps of V-doped TiO, nanoparticles decreased
from 3.49 to 3.10 eV when the V doping contents of V-doped TiO; nanoparticles
increased from 0 to 5 mol%. It was revealed that V doping could effectively extend

the light absorption of Ti0; into the visible region [15].
4.2 VO, nanostructures via the hydrothermal synthesis

This section reports the results on the synthesis of VO, nanostructures using
hydrothermal method. The effects of types of reductant agents, reaction temperature,
reaction time and thermal temperature on crucial structural and physical properties of

as-prepared products were investigated.

4.2.1 Effects of types of reductant agents on the formation of VO,

nanorods

. VO, (B)
VO, (R)
AV,0g
BU.+AcAc

Intensity (a.u.)

20 30 40 50 60
20 (Degrees)

Figure 4.18 XRD patterns of the commercial V,0s powders and VO, synthesized by
hydrothermal method at 120 °C for 48 h using different reducing agents.
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XRD patterns of as-synthesized vanadium oxide via the hydrothermal process
at 120 °C for 48 h using different reductant agents are shown in Fig. 4.18. In the case
of n-butanol as the reductant agent, the XRD pattern displays multi-diffraction peaks
of mixed structures. The diffraction peaks positioned at 26 = 26.1° and 47.3° are
attributed to (110) and (600) orientation plane of orthorhombic structure of V,Os
[JCPDS file No. 89-2482]. This result suggests that the complete transformation of
VO, phase could not be carried out by only n#-butanol reducing agent. In contrast, the
diffraction peaks of VO, are appeared in the XRD pattern of the as-synthesized
product from process using acetylacetone as the reductant agent. The disappearance of
diffraction peaks of V,0s indicates that the starting material can be completely
transformed into VO, with hydrothermal process using acetylacetone as the reductant
agent. However, the diffraction peaks reveal the mixture phases of VO, (B) and VO,
(R) with the monoclinic structures [16,17]. In the case of dual reductants of #-butanol
and acetylacetone, the prominent diffraction peaks situated at around 26 = 28.0°, 44.0°
and 53.0° are assigned to (011), (021)/(012) and (102) orientation plane of VO, (R),
respectively. In addition, a noticeable peak at around 26= 25.4° is attributable to (110)
orientation plane of VO, (B). Based on XRD results, it can be deduced that #-butanol,
acetylacetone and temperature are the important factors in the transformation of V05
to VO..

BU+AcAc

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm '1)
Figure 4.19 FTIR spectra of the commercial V,0s powders and VO, powders
synthesized by hydrothermal method at 120 °C for 48 h using dual

reducing agents.



104

The chemical bonding of the starting materials and as-synthesized VO,
nanorods carried out by hydrothermal process at 120 °C for 48 h using dual reductant
agents are shown in Fig. 4.19. The prominent band situated at about 3460 and 1650
cm’ are associated to the stretching and bending vibration mode of absorbed H,0 and
O-H groups by KBr molecules, respectively [18]. The characteristic peaks of V205 are
identified at around 1025, 830, 598 and 480 cm’. The peak at 1025 cm relates to
V=0 stretching vibration mode, while the broad peak at around 830 cm™ is attributed
to coupled vibration mode between V=0 and V-O-V [19]. The 1000 cm peak
observed in VO, which generally exists in many vanadium oxide compounds
corresponds to another mediate oxidation state between V**in V,05 and V* in VOs.
It is attributed to the stretching mode of short V=0 bonds that are also presented in
VO, [20]. The signal peak positioned at around 540 cm™ in the FTIR spectrum of
VO, is assigned to the vibrational bending mode of V-O-V [21], These FTIR results
are in good accordance with the presumption from XRD results.

Meanwhile the possible mechanisms responsible for the formation of V,0s
nanorods via hydrothermal process are suggested. First, the starting V,0s powders
were dissolved and the oxidation state +5 of vanadium is reduced to +4 by the
presence of n-butanol and acetylacetone acting as reducing agents. Possible reaction

process demonstrating the synthesis of VO, nanorods can be proposed;

n-butanol as the reductant

V,05 + CHy(CH,);0H— 2VO, + CH3(CHy),CHO + H,0 (4.4)
V,0s+ CH;(CH,),CHO + 2H,0 — 2VO,H;0 + CH;(CH,),COOH (4.5)
VOszO - V02 + H20 (46)

Acetylacetone as the reductant

V205 + CH;COCH,COCH; — CH3:COCHO + CH;COOH + 2VO, 4.7
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Figure 4.29 Optical absorption spectra of TiO, nanoparticles and V,Os nanorods

synthesized by sonochemical and hydrothermal method, respectively.

The optical absorption of TiO, and V,0s was investigated by UV-Vis
spectroscopy and the corresponding spectra are shown in Fig. 4.29. It clearly seen that
the UV light in range 300-400 nm was absorbed by TiO, nanoparticle due to its
typical optical band gap of TiO; [24]. Meanwhile, V205 can absorb light with photon
energy in the range 450-470 nm. This characteristic feature was also observed in
previous report [25]. From the result, the absorption in UV region of TiO,

nanoparticles can initiate the generation of photoelectron under illumination, which

support the photoelectrochemical process of V20s.
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Figure 4.30 Cyclic voltammograms of Ti0,/V,Os nanocomposites with different

weight ratio at scan rate 20 mV/s. (Electrode area was 0.5x0.5 cm?).
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Figure 4.30 (cont.) Cyclic voltammograms of TiO,/V,Osnanocomposites with
different weight ratio at scan rate 20 mV/s. (Electrode area

was 0.5x0.5 cm?).

The photoelectrochemical properties of TiO,/V,0s nanocomposites with
different weight ratio are shown in Fig. 4.30. For bare V,0s case, it is noticed that the

current density of the film increases when illuminated by solar simulator light due to
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its absorption properties in the visible region of this material [26]. For all samples,
both oxidation and reduction peak are observed in cyclic voltammogram revealing
that the V,0s nanorods exhibit charge capacitive behavior owing to
intercalation/deintercalation of Li" in V,0s matrix [25]. Furthermore, the changing of
color on the V,05 nanorods working electrode from brown to dark grey associated
with the reduction of oxidation number of V°* to V*" is observed [27]. These
phenomena allow us to conclude that electrons can accumulate in the V2Os nanorods

through intercalation of Li* and H' ions, as shown in Eq. (4.8).

V,05 + xe~™ + xM* & M VAV 0
(M* = H* or Li'*) (4.8)

The increasing of current density in the composites used as working electrode
is probably proceeded following the relative energies of the conduction bands of TiO-
and V,0s. Under illumination, photo-generated electrons can easily be transferred
from Ti(3d) to V(3d) orbitals, supporting the charges transfer and leading to the
higher current density of the device. This presumption is supported by previous work
that the performance of NyTiO,«/NiO bilayer thin film electrodes was investigated
[28]. It was found that the efficient separation of photogenerated charge carriers
occurs in the interconnected N,TiO,.x and NiO thin film. This phenomenon implies
that the enhancement in light-induced photoelectron generation can be achieved by
the incorporation of TiO, into V,0Os due to the photoelectron generated by TiO,
during illumination. The optimized weight ratio of V,0s/TiO; for superiority in
current density is found to be 0.7:0.3. From the previous literatures, the photocurrents
are produced not only from the band gap excitation in the TiO, nanoparticles, as
revealed in Eq.(4.9), but also from the photo-anodic oxidation by holes injected into
the electrolyte solution, according to the band bending for an n-type semiconductor
[29]. In our work, the photo-oxidation of methanol or oxalic acid produces electrons,
as Egs.(4.10) and (4.11) show, and injection of these electrons into the TiO,

nanoparticles gives rise to an increase in photocurrent, as following;
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Figure 4.31 Schematic band energy diagram for the TiO2/V,Os nanocomposites

(C<H, 0, define as a methanol and carboxylic group).
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Figure 4.32 Cyclic voltammograms of V-doped TiOz /V20s nanocomposites at weight
ratio 0.3:0.7 with different V doping contents at scan rate 20 mV/s in the
electrolyte solution of 0.1 M LiClO4 and 0.1 M (COOH), in CH;0H

(Electrode area was 1.0x1.0 cm®).
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The photoelectrochemical properties of V-doped TiO,/V,0s nanocomposites
at weight ratio 0.3:0.7 with difference V doping contents are shown in Fig. 4.32. From
previous results, all samples, both oxidation and reduction peak are observed in cyclic
voltammogram revealing that the V,0s nanorods exhibit charge capacitive behavior
owing to intercalation/deintercalation of Li" in V,0s matrix. By Eq. (4.8)-(4.11), two
main reasons of the increasing of current density in the V doped TiOz compared with
undoped TiO, nanocomposites used as working electrode under illumination caused
by; (1) After illumination by light, V-doped T10; nanoparticles could absorb a greater
number photons in visible region and generate the electron-hole greater than undoped
TiO,. (2) The reducing of recombination rate of electron-hole pairs by traps level
inside forbidden energy gap which generated by doping with V ions into TiO,
nanoparticles (described in V-doped TiO, section). The specific capacitance of

samples is shown in Table 4.2.

Table 4.2 Specific capacitance of samples.

[llumination Specific capacitance
Samples

(On/Off) (F/g)
V205 Off 12.10
V20s On 15.67
V-doped Ti0,/V,0s On 16.12
1% V-doped Ti0,/V,0s On 20.92
3% V-doped Ti0,/V,0s On 14.82
5% V-doped Ti0,/V,0s On 16.06
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CHAPTERS§

CONCLUSIONS

In summary, TiO, nanoparticles were successfully synthesized by
sonochemical-assisted process. The XRD and Raman results revealed that as-
synthesized powder has an anatase phase of TiO, after sonication for 30 min.
Furthermore, the calcinations temperature has significant influence on crystalline size
and phase transformation. SEM and TEM results indicated that the quasi-spherical
polycrystalline nanopowder with diameter 20-30 nm can be produced by
sonochemical-assisted process and calcination at 600 °C.

V-doped TiO, nanoparticles were synthesized by sonochemical-assisted
processs in combination with calcinations process in temperature range of 300-1000
°C. The XRD result disclosed that as-synthesized powder has an anatase phase of
TiO,. Tt was further notified that the calcinations temperature and the incorporation of
V dopant have significant influence on physical properties of the powders. XRD and
Raman spectra acknowledged that the transformation of anatase to rutile phase was
activated after the calcinations was over 500 °C. The amelioration in crystallinity was
achieved with increasing calcinations temperature accompanying XRD and SEM
results. XPS results revealed that the existence of V ion incorporated into the TiO
lattice due to the close ionic radius between V** and Ti*". The noticeable interplanar
spacing alternation was observed as the V doping content increased. UV-Vis
spectroscopy revealed that the absorption activity in visible region can be improved
by V doping.

VO, nanorods were successfully synthesized by facile hydrothermal method at
100-140 °C for 12-48 h using n-butanol and acetylacetone as the reductant. The XRD
results revealed that the as-synthesized nanorods have the mixed phase VO, (B) and
VO, (R) monoclinic structure when used single butanol and acetylacetone as a
reductant. SEM and TEM results shown that the morphology of the as-synthesized
VO, nanorods depend on the type of reductant agents, reaction temperature and
reaction time.

Ti0,/V,0s nanocomposites were successfully prepared by mechanical mixing
method. The XRD results revealed that the diffraction spectrum of nanocomposites
film consist of dual diffraction peaks of orthorhombicV,0Os and anatase TiO,
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structures. SEM results indicated that the TiO, nanoparticles are well-dispersed in
V,0s nanorodhost matrix. The photoelectrochemical results suggest that the
performance of nanocomposite films utilized as working electrode can be enhanced
by mixing V.05 with TiO; nanorods and the maximum current is about 22 pA at the
weight ratio is 0.3:0.7 The amelioration in their performance may due to the higher of
charge transfer in the device with the presence of TiO; in the V,05 matnx. For V-
doped Ti0»/V,0s nanocomposites, the photoelectrochemical results revealed that V-
doped TiO; nanoparticles can enhance the photoelectrochimical properties of the

device.
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Abstract

V-doped TiO, nanoparticles were synthesized by sonochemical process using titanium isopropoxide as a titanium source, vanady!l
acetylacetonate as a dopant source. Sonication was conducted using sonic horn operated at 20 kHz for 20 min until the completely
precipitated product was reached. The as-synthesized precipitates with various vanadium dopant (1-5 mol %) were calcined at 500—
1000 °C for 4 h. The relevant physical properties of the nanoparticles were characterized by X-ray diffraction (XRD), Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS), scanning electron microscope (SEM) and transmission electron microscope
(TEM). The anatase phase TiO, nanoparticles can be synthesized by sonochemical process. Post calcinations process results in the
anatase-to-rutile phase transformation and the enhancement in crystallinity with increasing temperature. The results also indicate good
incorporation of V ions in TiO, lattices and significant effect of V dopant on alternation of interplanar spacing of TiO,.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

In recent years, titanium dioxide (TiOz) has attracted
considerable interest due to their promising applications in
many areas such as smart window, buffer layer in dye-
sensitized solar cell, self-cleaning materials, UV-detector,
photodegradation and gas sensor. Due to the limitation of
its properties such as rather high recombination of photo-
generated electron-hole pairs, weak absorption in the
visible region and weak magnetic property, the findings
of a study examining doping with various elements such as
Fe, N, Cu, Ag and Pd could indicate a promising method
to resolve these problems [1]. Among transition metal ions,
vanadium (V) is an attractive potential candidate as an
effective additive into TiO, due to the close ionic radius
between these two elements. Recently, there have been a
number of research works focusing on effective techniques
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for synthysizing TiO, such as hydrothermal process [2],
flame spray pyrolysis [3], co-precipitation process [4] and
sonochemical process [5]. Among these techniques, the
sonochemical process is well suited for the synthesis of
these materials because of its simplicity, low equipment
cost, ease of synthesis and doping. To our best knowledge,
the synthesis of V-doped TiO, via sonochemical process in
combination with post thermal calcinations has is not
available in the literatures.

In this work, we report on the simple synthesis of
V-doped TiO; nanoparticles by sonochemical precipitation
process. The effect of vanadium content and the calcina-
tions temperature on crucial physical properties of
as-prepared products were thoroughly scrutinized.

2. Experimental and method

V-doped TiO, with various vanadium contents were
synthesized by sonochemical-assisted process. Titanium
isopropoxide [Ti(C¢H;407);] and vanadylacetylacetonate
[VO(CsH3O3)], were used as starting source materials for
Ti and V, respectively. All chemicals were purchased form
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Sigma Aldrich. In the synthesis process, certain doping
amount of vanadylacetylacetonate was dissolved into
designated amount of titanium isopropoxide and stirred
at room temperature for 24 h until a transparent pale
yellow solution was obtained. The V doping concentration
was varied from 1-5 mol %. 10 mL of the stocked solution
and 150 mL of deionized water was filled into the chamber
and then the mixed liquid was irradiated with high
intensity ultrasound (650 W 20 kHz) by a Sonics Model
VCX 750 at room temperature in ambient air for 20 min
until the completely precipitated product was reached.
After cooling down to room temperature, the resulting
precipitates were washed with deionized water and ethanol
and centrifuged at 5000 rpm for 5min. After that the
cleaned precipitates were calcined at different temperatures
from 500-1000 °C for 4 h. The crystal structure and phase
identification of the samples were investigated by X-ray
diffraction with a monochromatic source of Cu Ka
(A=0.15405 nm). Raman spectroscopy (Thermo Scientific
DXR Raman Microscope with 532 nm DPSS laser) was
employed to verify the substitution of the Ti sites with V in
the TiOQ, lattice. X-ray photoelectron spectroscopy (AXIS
Ultra PP with dual anode Mg and Al K, X-ray source)
was applied to verify the chemical states of Ti and V. Their
morphologies were monitored with JEOL JSM-6340 F
field emission scanning electron microscope with an accel-
erating voltage of 5.0 kV. Transmission electron micro-
scopy images and selected area electron diffraction
(SAED) patterns were taken with TECNAI G2 20 trans-
mission electron microscope, using an accelerating voltage
of 200 kV.

3. Results and discussion

Fig. 1(a) shows the XRD patterns of the 5 mol% V-doped
TiO, powders calcined at different temperatures from 500-
1000 °C in air for 4 h. Noticeable diffraction peaks positioned
at 26=25.29°, 37.82°, 48.07°, 53.99° and 55.12° which are
observed on the spectra of as-sonochemically-synthesized
product and doped sample calcined at 500 °C was attributed
to (101), (004), (200), (105) and (211) orientation plane of
anatase-TiO, [JCPDS89-4921). This result indicates that as-
sonochemically-synthesized powder in anatase phase of TiO,
can be obtained by single-step sonochemical process without
the calcination [6]. Plausible formation mechanism of TiO,
particles initiated by the sonochemical process is suggested.
During sonication, dissolved titanium isopropoxide in deio-
nized water can undergo hydrolysis and condensation process
to create hydrolyzed alcoxides, which have numerous amount
of functional hydroxyl groups. Simultaneously, rapid colli-
sion driven by intense ultrasound energy can sufficiently
generate localized high temperature region, which is able to
expedite the condensation reactions of hydroxyl groups to
produce the nucleation of fine TiO, nanoparticles. When the
calcinations temperature elevated to 600 °C, the mixture
peaks of the anatase and rutile phase were observed with
rutile phase being predominant and completely transformed
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Fig. 1. XRD patterns of the V-doped TiO, nanoparticles synthesized by
sonochemical process with different (a) calcination temperatures and
(b) vanadium doping contents.

to rutile phase as the temperature was over 600 °C. These
results indicate that the phase transformation between anatase
and rutile phase is activated at calcinations temperature-higher
than 500 °C. Fig. 1(b) exhibits the XRD patterns of the
V-doped TiO, with different V doping contents. As observed
in all doped samples, the intense and sharp diffraction peaks
situated at 20=27.49°, 36.12°, 39.26°, 41.29°, 44.12°, 54.40°
and 56.73° are assigned to (110), (101), (200), (111), (210),
(211) and (220) plane of rutile phase [JCPDS89-4920]. No
characteristic peaks ascribed to vanadium oxides (such as
V.05 or VO,) were detected, indicating that the V ions can
suitably be doped into TiO, lattice [7]. In addition, the
significant shifts of peak positions to higher angle are observed
(an inset of Fig.1(b)) as V doping content increases up to
3 mol% thereafter shifts back to lower angle, indicating the
alternation of d-spacing of TiO, with specific V doping
content. The inteplanar spacing (d-spacing) and crystallite size
of the V-doped TiO; could be determined by Bragg’s law and
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the Scherrer equation as shown in Table 1. This alternation in
d-spacing may be attributed to the proper replacement of
smaller ionic radius of V** (0.72 A) at specific content on
some of Ti** (0.75 A) sites leading to the noticeable spacing
shrinkage in TiO, [8].

Raman spectra of the samples prepared at different calcina-
tions temperature and with different V doping contents are
illustrated in Fig. 2(a) and (b), respectively. In Fig. 2(a), for the
sample calcined at 500 °C for 4 h, the characteristic peaks at
around 399, 516 and 639 cm ™! are attributed to Big, Ajg and
E; mode of anatase phase, respectively [9]. The rutile phase
was obtained as the calcinations temperature ascended to
600 °C or even higher, the characteristic peaks of rutile phase
at 235, 447 and 612 cm ™! ascribed to two-phonon scattering,

Table 1
Characteristics of V-doped TiO, with different condition

V-contents Temperature d-spacing Crystallite size
(mol%) °C) A) (nm)

0 1000 3.24% 51.578
1 1000 3.23R 67.31%
3 1000 3.22R 57.35%
5 1000 3.24R 67.25%
5 500 3.514 15.814
5 600 3.24R 46.88%
5 700 3.24% 57.27%
5 800 3.24% 61.87%
5 900 3.23R 61.92%

ACalculated from (101) orientation plane of anatase.
RCalculated from (110) orientation plane of rutile.

E, and A, mode of rutile phase are clearly noticed [9]. These
results are in harmony with the results revealed by XRD
spectra. Fig. 2(b) displays the Raman scattering of the
V-doped TiO, with different V doping contents and calcined
at 1000 °C for 4 h. All results indicate the scattering peaks
around 235, 447 and 612cm™" corresponded to the char-
acteristic peaks of rutile phase and the intensities of all
characteristic peaks decrease with increasing doping content.
Furthermore, the scattering peaks associated to the V-O
compounds were undetectable. These results also imply the
suitable doping of vanadium into rutile TiO, [10], that is well
agreeable to the presumption from XRD results.

Additionally, the chemical composition of V-doped TiO,
nanoparticle was analyzed by XPS as shown in Fig. 3. The
peaks appearing at 458.7 and 464.3 eV are associated with
Ti*+2p>” and Ti**+2p'72, respectively [11]. It is an indication
of the existence of Ti** ions in the sample. For V-doped
TiO,, The peak positions of Ti 2p slightly shift to high
binding energies, suggesting that V ions are incorporated into
TiO, lattice [12]. In Fig. 3(b), the peaks appearing at binding
energies of 517.2 eV could be ascribed to V4+2p*? [7]. It is
confirmed that the V** ions exist in the V-doped TiO, but
the vanishment of V 2p' binding energy is due to the low
level of V doping [7]. This result strongly confirmed that the
V** were appropriately incorporated into TiO, lattice and
substituted to Ti** site due to its close ionic radius
(Ti**=0.75A and V** =0.72A ) [8].

The SEM images exhibiting the morphologies of
5mol% V-doped TiO, calcined at different temperatures
are demonstrated in Fig. 4. The SEM images disclose that
the precipitate powders from sonochemical process are
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Fig. 2. Raman spectra of the V-doped TiO, nanoparticles synthesized by sonochemical process (a) at different calcination temperatures and (b) with

vanadium contents (calcined at 1000 °C for 4 h).
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Abstract: This work focuses on the synthesis of V,0s/TiO, nanocomposites
by sonochemical and hydrothermal process. First, titanium dioxide (TiO)
nanopowders were synthesised by sonochemical process using titanium
isopropoxide as a titanium source. Meanwhile, hydrothermal process
was employed to modify the structure of commercial V,05 powder to be
nanorod-like structure V,Os to increase its specific surface area. Structural
and morphological properties of the composites were characterised by X-ray
diffraction, scanning electron microscope and transmission electron
microscope. The XRD results indicate that the crystallisation of the composite
corresponds to anatase and orthorhombic structures of TiO, and V,Os,
respectively. The significant variation of charge storage properties of the
composites under ultraviolet irradiation was obtained by varying V,Os content
in the composite. Results suggest that V,0s loaded into the nanocomposite
plays a key role as a storage material of photoelectrons generated by TiO,
illuminated by ultraviolet irradiation.

Keywords: TiO,; V,0s; sonochemical; hydrothermal; energy storage.
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1 Introduction

Vanadium pentoxide (V,0s) has been intensively studied in the field of nanomaterial due
to its excellent and suitable properties for various applications such as sensors, catalysts,
cathode materials for batteries and electrochemical applications [1,2]. For charge storage
mechanism of V,0s, the intercalation/deintercalation of Li* between the vanadium
pentoxide layers in the electrode can be explained by the following redox reaction:

V,0; +xLi* +xe & Li, V,0; e8]

The high Li* intercalation/deintercalation in V,Os is dependent upon the nearly
complete redox reaction between V** and V** [3]. Previously, many techniques such as
sputtering, atmospheric chemical vapour deposition, co-precipitation and hydrothermal
method [4,5] have been successfully employed to synthesise functional V,0s
nanostructures. Sahana et al. [6] prepared V,0s by spin coating and observed the crucial
electrochemical properties of the thin films. Metalorganic, organic and inorganic
were selected as the starting precursors in this process. The results indicated that the Li*
intercalation capacity and Li* diffusion coefficient was increased by an order of
magnitude in the non-stoichiometric films. Dhayal Raj et al. [7] reported on gas sensing
properties of V,05 hollow spheres made up of self-assembled nanorods synthesised
by solvothermal method and the corresponding results indicated that V,0s nanorods had
superior sensing response for ethanol when compared to that of ammonia. Keng-Che
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et al. [8] gave a report on electrochromic properties of V,05 nanowires derived from
commercial V,0s powder. The deposition of V,0s nanowires were carried out by thermal
evaporation onto ITO substrate and the results indicated that V,Os nanowires were
obtained after kept in a pressure of 8 x 10~ Torr and 650°C. The transmittance spectrum
change of V,05 nanowires is 37.4% at 415 nm. It is believed that the properties of V,0s
can be enhanced by the incorporation of functional materials in form of compatible
composites. Among many metal oxide compounds, TiO, has been attracted numerous
attentions due to its fascinating properties including wide band gap, excellent response
in ultraviolet region, non-toxicity and chemical stability. TiO, can efficiently generate
photoelectron under UV irradiation, which can effectively assist the optical performance
of V,0s. Recently, TiO, nanostructures have been synthesised by variety of methods such
as hydrothermal technique [9], solvothermal technique [10], electrospinning method [11],
frame spray pyrolysis [12] and sonochemical process [13]. Among these methods,
sonochemical is suitable for synthesis this metal oxide due to its simplicity, short time
process and comfort of nanopowder synthesis with high yield. However, few reports on
the composite of these two materials originally synthesised by two different methods
have been yet acknowledged.

In this work, we report the synthesis of V,05 nanorods by hydrothermal process,
TiO, nanoparticles by sonochemical process and the composite of these materials.
As-prepared composites were utilised as energy storage material. The effect of weight
ratio of V,0s: TiO, on photoelectrochemical properties of the products was studied and
discussed.

2 Material and method

2.1 Synthesis of TiO; by sonochemical process

TiO, powders were synthesised by sonochemical-assisted process. In the synthesis
process, certain amount of titanium isopropoxide was dissolved into solution of absolute
ethanol and acetylacetone and then stirred at room temperature for 24 h until transparent
pale yellow solution was obtained. 10 mL of the stocked solution and 50 mL of deionised
water was filled into the chamber and then the mixed liquid was irradiated with high
intensity ultrasound (650 W 20 kHz) by a Sonics Model VCX 750 at room temperature
in ambient air for 30 min until the completely precipitated product was reached.
After cooled down to room temperature, the resulting precipitates were washed
with deionised water and ethanol. After that the cleaned precipitates were calcined at
500°C for 4 h.

2.2 Synthesis of V,Os nanorods by hydrothermal method

The V,0s nanorods were synthesised by hydrothermal method using commercial
V,0s powder as the source of vanadium and n-butanol, acetylacetone were chosen
as the reducing agents. In a typical process, 3.62 g of commercial V,05 powder, 10 mL of
n-butanol, 10 mL of acetylacetone and 100 mL of deionised water were vigorously
magnetically stirred at room temperature for 1 h. The suspension was transferred into a
250 mL Teflon-lined stainless autoclave, which was then filled with deionised water up
to 200 mL of total volume. The autoclave was sealed and kept at 120°C for 24 h and



Synthesis of vanadium oxide/titanium dioxide nanocomposites 337

then cooled down to room temperature for 24 h. The obtained dark blue precipitate was
filtered and washed for several times with deionised water, acetone and absolute ethanol
and dried in air at 80°C for several time, followed by calcinations at 500°C for 4 h.

2.3 Fabrication of V,05/TiO; nanocomposite films

In this process, V,0s/TiO, nanocomposites with different ratio of V,0s: TiO, were
dissolved in the solution of nitric acid, DI water, absolute ethanol and terpineol.
After that, the mixed solution was stirred at room temperature for 30 min and assigned as
solution A. The solution B was prepared using ethylcellulose dissolved in absolute
ethanol and sonicated until the opaque solution was obtained. After that, the final mixed
solution between solution A and B was homogenised at 6000 rpm for 30 min and stirred
at 120°C until the viscous yellow suspension was obtained. Secondly, the well mixed
suspension was slowly dropped and spread onto the FTO glass substrate followed by
drying in air at 80°C for 10 min to yield the as-prepared thin film. Finally, the
as-prepared composites film was further continued residual removal by heating at 500°C
in air for 2 h to obtain the V,05/TiO; nanocomposite film. The schematic draw of the
device is shown in Figure 1.

Figure 1 The schematic draw of the device using V,05/TiO, nanocomposite film as working
electrode

Glass slide
FTO
Pt film
Electrolyte
V,0:/TiO; composite film
FTO

Glass slide

2.4 Film characterisation

The crystal structures of the samples were investigated by X’ Pert PRO X-ray diffraction
with a monochromatic source of CuK, (4=0.15405 nm). Their morphologies were
monitored with JEOL JSM-6510 scanning electron microscope with an accelerating
voltage of 5.0kV. Transmission electron microscopy images and selected area
electron diffraction (SAED) patterns were carried out by TECNAI G2 20 transmission
electron microscope, using an accelerating voltage of 200 kV. Its optical absorption was
investigated by Helios y UV-Vis spectrophotometer.

2.5 Photoelectrochemical measurement

Photoelectrochemical measurement was conducted using Autolab PGSTAT302
with V,04/TiO, nanocomposite film as the working electrode and Pt films as the counter
electrode. Photocurrent measurement was carried out in the electrolyte of 0.1 M LiClO,
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at room temperature. The current-potential curves were measured at a potential sweep
rate of 20 mV/s in dark and under sun light irradiated by solar simulator lamp.

3 Result and discussion

The crystalline structure of the V,05/Ti0; nanocomposite films was investigated by XRD
and their corresponding patterns are shown in Figure 2. The noticeable diffraction peaks,
which appeared in diffraction spectra of V,0s synthesised by hydrothermal method
and TiO, synthesised via the sonochemical process attributed to orientation plane of
orthorhombic structure of V,05 corresponded to JCPDS file No. 89-061 and anatase
phase of TiO, corresponded to JCPDS file No. 89-4921. These results indicated that V,0s
orthorhombic structure and TiO, with pure anatase phase were obtained with calcinations
route at 500°C. Meanwhile, dual spectra appeared in the diffraction peaks of V,0s/TiO;
nanocomposite and disappearance of unusual diffraction peaks in the spectra.
These results imply that the V,0s/TiO, nanocomposite can be obtained. The possible
mechanisms anticipated to the formation of TiO; nanoparticles during sonochemical
process are proposed. During the process, titanium isopropoxide dissolved in deionised
water may transform to hydrolysed alkoxides via hydrolysis and condensation processes.
This intermediate form processes relevant functional groups that can further transform to
fine TiO, nanoparticles by condensation process by the assistance of rapid collision
driven by intense ultrasound energy provided by ultrasonic irradiation [14]. Meanwhile
the plausible mechanisms responsible for the formation of V,0s nanorods via
hydrothermal process are suggested. First, the starting V,O5 powders were dissolved and
the oxidation state +5 of vanadium is reduced to +4 by the presence of n-butanol and
acetylacetone acting as reducing agents. Under hydrothermal, the intermediate species
can undergo condensation and nucleation of vanadium oxide nuclei that can rapidly
develop to various types of low dimensional nanostructures including nanorods and
nanobelts [15]. The SEM image of the nanorod-like V,Os is shown in Figure 3(a).
Meanwhile the SEM image of TiO, nanoparticles synthesised by sonochemical-assisted
process is exhibited in Figure 3(b). Figure 3(c) illustrates the morphology of V,04TiO,
nanocomposite with weight ratio 0.9:0.1. It is clearly seen that the nanorod-like
V,0s with diameter about 200 nm can be synthesised by hydrothermal method.
From Figure 3(c¢), it is observed that TiO, nanoparticles are uniformly dispersed in V,0s
nanorod matrix. These results implied that V,0s/TiO, nanocomposite films can be
prepared by mixing oxide materials using facile technique.

TEM images and electron diffraction patterns of TiO, nanopowders and V,0s nanorod
are shown in Figure 4. It clearly seen that the TiO, nanoparticles have a quasi-spherical
structure with diameter 2030 nm and exhibit the polycrystallinity after calcination at
500°C as shown in Figure 4(a) and (b). Meanwhile, V,05 nanorods synthesised via
hydrothermal method and calcined at 500°C exhibit the single crystalline phase as shown
in Figure 4(c) and (d). These result are in good accordance with XRD and SEM results.
The optical absorption of TiO, and V,0s was investigated by UV-Vis spectroscopy and
the corresponding spectra are shown in Figure 5. It clearly seen that the UV light in range
300400 nm was absorbed by TiO, nanoparticles due to the typical optical band gap
of TiO, [16]. Meanwhile, V,O5; can absorb light with photon energy in the range
450470 nm. This characteristic feature was also observed in previous report [17].
From the result, the absorption in UV region of TiO, nanoparticles can initiate the
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generation of photoelectrons under illumination, which support the photoelectrochemical
process of V,0s.

Figure 2 XRD patterns of bare TiO,, V,05 and V,04/TiO, nanocomposite films
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The photoelectrochemical properties of V,05TiO, nanocomposites with different
weight ratio are shown in Figure 6. For bare V,0s case, it is noticed that the current
density of the film increases when illuminated by solar simulator light due to its
absorption properties in the visible region of this material [18]. For all samples,
both oxidation and reduction peak are observed in cyclic voltammogram revealing
that the V,Os nanorods exhibit charge capacitive behaviour owing to intercalation/
deintercalation of Li* in V,Os matrix [17]. Furthermore, the changing of colour on
the V,0Os nanorods working electrode from brown to dark grey associated with the
reduction of oxidation number of V** to V* is observed [19]. The increasing of
current density in the composites used as working electrode is probably proceeded
following the relative energies of the conduction bands of TiO, and V,Os. Under
illumination, photo-generated electrons can easily be transferred from Ti(3d) to V(3d)
orbitals, supporting the charges transfer and leading to the higher current density
of the device. This presumption is supported by previous work that the performance of
N,TiO,../NiO bilayer thin film electrodes was investigated {20]. It was found that the
efficient separation of photogenerated charge carriers occurs in the interconnected
N,TiO,, and NiO thin film. This phenomenon implies that the enhancement in
light-induced photoelectron generation can be achieved by the incorporation of TiO, into
V,0;5 due to the photoelectron generated by TiO, during illumination. The optimised
weight ratio of V,0sTiO, for superiority in current density is found to be 0.7 : 0.3.
Further detailed studies on roles of both materials on the performance of composite are
underway so that the better understanding of corresponding processes could be clearly
understood.
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Figure 5 Optical absorption spectra of TiO, nanoparticles and V,0s nanorods synthesised by
sonochemical and hydrothermal method, respectively
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Figure 6 Cyclic voltammograms of V,0s/TiO, nanocomposites with different weight ratio at
scan rate 20 mV/s. (Electrode area was 0.5 x 0.5 cm?)
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Vanadium oxide nanostructures were successfully synthesized by hydrothermal process
using V>0Os as a starting source material. The process was conducted at 120°C for 48 h
using different reductants including n-butanol and acetylacetone. The essential physical
properties of as-synthesized products were characterized by XRD, FT-IR spectroscopy,
SEM and TEM. The XRD and Raman results revealed that the crystalline structure
and phase of the samples are highly dependent on the reductant types. The SEM images
enclose that as-prepared samples possess different morphologies depending on different
reactant. The phase transformation from V,05 to VO, can be also carried out by this
process with assistance of these reactants.

Keywords Reductant; vanadium oxide and hydrothermal

1. Introduction

Since the last few decades, numerous materials such as ZnO, TiO,, CuO, MnO, and VO,
have been synthesized or fabricated in various forms of one-dimensional (1D) nanostruc-
tures such as nanowire, nanotube and nanorod [1]. Due to uniqueness in nanostructure,
1D material has been attracted great attention for wide varieties of applications such as
magnetic, electrical and optical technologies [2]. Among these materials, VO, has been
considered as smart material for many applications due to its fascinating structure that
can be transformed from a semiconductor to a metal at moderate transition temperature at
about 70°C. Above this transition temperature, it adopts the tetragonal rutile structure and
is typically metallic. On contrary, it is in semiconductor behavior with monoclinic structure
at below transition temperature. Conversion in electrical properties pushes large changes in
optical properties. At lower transition-temperature the monoclinic structure is transparent
in infrared region, whereas the tetragonal rutile structure is reflective at higher transition
temperature. Because of this interesting property, it has been widely utilized in many ap-
plications such as humidity sensor [3], thermochromic window [4] and optical switching
devices [5]. More recently, there have been a number of research works focusing on the
effective techniques for synthesizing VO, such as radio frequency sputtering [6], thermal
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reduction [7], ion beam sputtering [8], atmospheric pressure chemical vapor deposition [9]
and hydrothermal process [10]. Wentao Jiang et al. [11] synthesized three different VO,
nanostructures using hydrothermal process with different concentration of oxalic acid at
180°C and studied the capacitance performance. It was found that the urchin-like VO, had
the highest lithium ion intercalation. Kimson C. Kam et al. [12] synthesized VO, nanorods
via the hydrothermal process using NH4 VO3 as the vanadium source and investigated the
thermochromic properties of as-synthesized nanorods. They found that the thermochromic
transition temperature of the VO, nanorods is about 10°C higher compared to bulk VO,.
Tina F.-R. Shen et al. [13] employed the hydrothermal process for synthesizing VO, at
different hydrothermal treatment temperatures and different thermal treatment under am-
bient argon. They found that VO, were obtained as hydrothermal treatment temperature
was above 160°C and the thermal treatment was a crucial process to change its structure.
From literatures, it is notified that the formation of VO, structures depends strongly on the
environment and crucial conditions of hydrothermal process such as reducing agent, pH,
hydrothermal treatment temperature and thermal treatment temperature.

In this present study, we report the synthesis of VO, nanorods by hydrothermal method
without thermal treatment process. The effect of reducing agent types on physical properties
and formation of as-prepared products were investigated and discussed.

2. Experiments

All chemicals were reagent grade and used as purchased without further purification. Vana-
dium pentoxide (V,0s), n-butanol (C4H;00) and acetylacetone (CsHgO,) were purchased
from Sigma-Aldrich. VO, nanorods were synthesized by hydrothermal method using V,0s
as the source of vanadium and n-butanol, acetylacetone as the reductants. Firstly, 3.62 g
of commercial V,05 powder, 10 mL of #-butanol, 10 mL of acetylacetone and 200 mL of
deionized water were vigorously magnetic stirred at room temperature for 1 h. The sus-
pension was then transferred into a 250 mL Teflon-lined stainless autoclave. Secondly, the
autoclave was sealed and kept at 120°C for 48 h with vigorously magnetic stirred and then
cooled down to room temperature for 24 h. Finally, the obtained dark blue precipitate was
filtered and washed with deionized water, acetone and absolute ethanol for several times
and dried in air at 80°C. The crystal structures of the samples were investigated by X’ Pert
PRO X-ray diffraction with a monochromatic source of Cu K, (A = 0.15405 nm). Chemi-
cal bonding of the materials was characterized by Fourier transform infrared spectroscopy
(FTIR) in the range of 400-4000 cm™'in the transmittance mode. Their morphologies were
monitored with JEOL JSM-6510 scanning electron microscope (SEM) with an accelerat-
ing voltage of 5.0 kV. Transmission electron microscopy (TEM) images and selected area
electron diffraction (SAED) patterns were taken with TECNAI G2 20 transmission electron
microscope, using an accelerating voltage of 200 kV.

3. Results and Discussion

XRD patterns of as-synthesized vanadium oxide via the hydrothermal process at 120°C
for 48 h using different reductant agents are shown in Fig. 1. In the case of n-butanol as
the reductant agent, the XRD pattern displays multi-diffraction peaks of mixed structures.
The diffraction peaks positioned at 26 = 26.1° and 47.3° are attributed to (110) and (600)
orientation plane of orthorhombic structure of V,0s [JCPDS file No. 89-2482]. This result
suggests that the complete transformation of VO, phase could not be carried out by only n-
butanol reducing agent. In contrast, the diffraction peaks of VO, are appeared in the XRD
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Figure 1. XRD patterns of the commercial V,0s powders and VO, synthesized by
hydrothermal method at 120°C for 48 h using different reducing agents.

pattern of the as-synthesized product from process using acetylacetone as the reductant
agent. The disappearance of diffraction peaks of V,0s indicates that the starting materials
can be completely transformed into VO, with hydrothermal process using acetylacetone
as the reductant agents. However, the diffraction peaks reveal the mixture phases of VO,
(B) and VO, (R) with the monoclinic structures [14-15]. In the case of dual reductant
n-butanol and acetylacetone, the prominent diffraction peaks situated at around 26 = 28.0°,
44.0° and 53.0° are assigned to (011), (021)/(012) and (102) orientation plane of VO, (R),
respectively. In addition, a noticeable peak at around 26 = 25.4° is attributable to (110)
orientation plane of VO, (B). Based on XRD results, it can be deduced that n-butanol,
acetylacetone and temperature are the important factors in the transformation of V5,05 to
VO,.

The chemical bonding of the starting materials and as-synthesized VO, powders carried
out by hydrothermal process at 120°C for 48 h using dual reductant agents are shown
in Fig. 2. The prominent band situated at about 3460 and 1650 cm™! are associated to
the stretching and bending vibration mode of absorbed H,O and O—H groups by KBr
molecules, respectively [16]. The characteristic peaks of V,Os are identified at around
1025, 830, 598 and 480 cm™!. The peak at 1025 cm™! relates to V=0 stretching vibration
mode, while the broad peak at around 830 cm™! is attributed to coupled vibration mode
between V=0 and V—O—V [17]. The 1000 cm~'peak observed in VO,, which generally
exists in many vanadium oxide compounds corresponds to anointer mediate oxidation state
between V3+ in V,05 and V#* in VO,. It is attributed to the stretching mode of short V=0
bonds that are also present in VO, [18]. The signal peak positioned at around 540 cm™! in
the FTIR spectrum of VO, is assigned to the vibrational bending mode of V—0—V [19],
These FTIR results are in good accordance with the presumption from XRD results.

The SEM images as seen in Fig. 3 illustrate the morphologies of the V,05 and VO,
nanorods synthesized via the hydrothermal process at 120°C for 48 h using dual reducing
agents. It clearly seen that the hydrothermal process not only evidently transform its crystal
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