
CHAPTER II 
LITERATURE REVIEW

2.1 Titanium (IV) Oxide

T itan iu m  (IV ) o x id e  is g en e ra lly  k n o w n  as tita n iu m  d io x id e  o r titan ia , 
ap p ea rin g  in  w h ite  so lid  w ith  the  ch em ica l fo rm u la  o f  Ü O 2. D u e  to  its b rig h tn ess  and 
h ig h  re frac tiv e  in d ex  (ท =  2 .7 ), tita n ia  is ex ten s iv e ly  u sed  as a  w h ite  p igm en t, 
p ro v id in g  w h iten ess  an d  o p ac ity  to  p ro d u c ts , su c h  as p a in ts , p la s tic s , pap e rs , inks, 
co sm e tic s  an d  to o th p as te s . It is a lso  u sed  in  a lm o s t ev e ry  su n sc re e n  p ro d u c t d u e  to  its 
h ig h  u ltrav io le t lig h t ab so rp tiv e . F u jish im a  et al. (1972) re p o rte d  n o v e l p o ten tia l o f  
titan iu m  d io x id e  as p h o to ca ta ly s t. R ecen tly , K a su g a  et al. (1 9 9 9 ) in fo rm ed  u tiliz in g  
m o d ified  T N T s in  b o n e  reg e n e ra tio n  m ate ria l an d  p ro to n  c o n d u c tio n  e lec tro ly tic  
film .

2.1.1 P o ly m o rp h s  o f  T ip ?
T h ree  m o s t w id e ly  k n o w n  p o ly m o rp h s  o f  tita n iu m  d io x id e  a re  ru tile  

( te trag o n a l), an a tase  ( te trag o n a l), an d  b ro o k ite  (rh o m b o h ed ra l) . T h ey  ex is t as bulk  
s tru c tu res  and  n an o p a rtic le s . R u tile  h as  six  a to m s in  a u n it ce ll w ith  each  titan ium  
a to m  b o n d ed  to  six  o x y g en  a to m s an d  each  o x y g e n  a tom  b o n d e d  to th ree  titan iu m  
a to m s. T h e  an a tase  s tru c tu re  is s im ila r, b u t s lig h tly  m o re  d is to r te d  th an  ru tile . T w o  o f  
th e  tita n iu m -o x y g e n  b o n d s  are m u c h  lo n g er th a n  th e  o th e r fo u r b o n d s  and  th e  O —T i -  
o  b o n d  an g les  d e v ia te  m o re  th an  th o se  in  ru tile . B ro o k ite  h as  an  o rth o rh o m b ic  cell 
w ith  th e  in te ra to m ic  d is tan ces  an d  O - T i - O  b o n d  an g les  s im ila r  to  th o se  o f  ru tile  and  
an a tase . T h e re  a re  s ix  d iffe ren t T i - 0  b o n d s ra n g in g  fro m  1.87 to  2 .0 4  Â  in  len g th  and  
tw e lv e  d iffe ren t O - T i - O  b o n d  ang les. S u rp ris in g ly , b ro o k ite  and  ru tile  are 
s tru c tu ra lly  s im ila r b e c a u se  bo th  p h ases  are  fo rm e d  by  s tra ig h t p o ly h e d ro n  cha ins 
lin k ed  th ro u g h  th ree  d iffe ren t co rn e rs  o f  th e  u n it ce ll, b u t th e  lin k in g  o f  p o ly h ed ro n  
ch a in s  o ccu rs  th ro u g h  cis- b rid g es  in  b rook ite .

T h e  p o ly m o rp h s  o f  tita n iu m  d io x id e  are  fo u n d  in  d iffe ren t uses. F or 
in stan ce , th e  ru tile  p h a se  is u su a lly  u sed  in  h ig h -g rad e , c o rro s io n -p ro te c tiv e  w h ite  
co a tin g s  an d  p a in t, o r  in  p lastics , ru b b er, lea ther, su n -b lo ck  lo tio n , an d  p ap e r due  to  
its  h ig h  re frac tiv e  in d ex . T h e  ana tase  p h ase  h as  e x ce llen t o p tic a l and  p ig m en t
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p ro p e rtie s  d u e  to  its  e lec tro n ic  s tru c tu re  an d  it is u sed  as  an  o p tica l co a tin g  and  
p h o to ca ta ly s t. A p p lica tio n s  o f  b ro o k ite  are  lim ited  b ecau se  it is u n c o m m o n  and  has 
h is to rica lly  b een  d iff icu lt to  sy n th es ize  a lth o u g h  it has s im ila r  g en e ra l ch em is try  and  
s im ila r  p h y sica l p ro p e rtie s  (su ch  as, co lo r an d  lu ste r) to  ru tile  (N ie  et al, 2009).

Rutile Anatase

Figure 2.1 C ry s ta llin e  s tru c tu res  o f  ru tile  an d  anatase .

2 .1 .2  N a n o tu b e  S tru c tu re
T i0 2 -b a se d  n a n o tu b e s  h av e  w id e ly  a ttra c ted  a tte n tio n  fro m  resea rch  

co m m u n itie s  b e c a u se  the  n a n o tu b e s  have  h ig h  sp ec ific  su rfa c e  area , io n -ch an g eab le  
ab ility , and  s tro n g  p h o to ca ta ly tic  ac tiv ity . M o reo v er, TiC>2 is u se fu l in  d ev e lo p m en t 
in  ex ten s iv e  ap p lica tio n s . C u rre n tly  d ev e lo p ed  m e th o d s p re p a rin g  T N T s inc lude  
te m p la te -a ss is te d  m e th o d  (H o y er, 1996), s o l-g e l  p ro c e ss  (K a su g a  et al, 1998), 
e lec tro ch em ica l an o d ic  o x id a tio n  (G o n g  et al, 2001 ), an d  h y d ro th e rm a l trea tm en t 
(K a su g a  et al, 1999).

In  th e  te m p la te -a s s is te d  m e th o d , an o d ic  a lu m in u m  o x id e  (A A O ) 
n a n o p o ro u s  m e m b ra n e  is u su a lly  u sed  as tem p la te . T h e  m e m b ra n e  co m p o ses  o f  an 
a rray  o f  p a ra lle l s tra ig h t n o n p o ro u s  m ate ria l w ith  u n ifo rm  d ia m e te r  and  length . T he 
size  o f  n an o tu b es  c a n  be c o n tro lle d  by  a p p ly in g  tem p la te s . H o w ev e r, th e  te m p la te -  
a ss is ted  m e th o d  h as  severa l d iff icu ltie s  o f  p re -fa b rica tio n  an d  p o s t-re m o v a l o f  the 
tem p la te s , u su a lly  re su ltin g  in  im p u ritie s .

R eg a rd in g  e lec tro ch em ica l an o d ic  o x id a tio n , G o n g  et al. (2001) 
rep o rted  the  se lf-a ssem b led  T N T s  w ith  h ig h ly  o rd e red  a rray s . T h is  m e th o d  is based  
on  th e  an o d iz a tio n  o f  T i foil to  o b ta in  a  film  o f  n a n o p o ro u s  tita n iu m  o x id e  (Z w illin g
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et a l , 1999). T h is  g ro u p  a lso  rep o rted  th e  rev iew s a sso c ia te d  w ith  th e  fab rica tio n  
fac to rs , c h a ra c te r iz a tio n s , fo rm a tio n  m ech an ism , and  th e  an a lo g o u s ap p lica tio n s  o f  
th e  T N T s a rray s  (M o r et al, 2 0 0 6 ).

T h e  h y d ro th e rm a l p ro cess  is e ith e r su ita b le  fo r large sca le  p ro d u c tio n  
o r ab le  to  y ie ld  v e ry  low  d im en s io n a l, w e ll sep a ra ted , c ry s ta lliz ed  n an o tu b es  (P oudel 
et al, 2 005 ). T ita n ia  n a n o tu b e s  p ro d u ced  by  h y d ro th e rm a l tre a tm en t sh o w  good  
c ry s ta llin ity  an d  g iv e  a  p u re -p h a se  s tru c tu re  in  one  step  in  a  tig h tly  c lo sed  vessel.

A s m en tio n e d  ab o v e  fo r th e  a p p ro ach es , e le c tro ch em ica l anod ic  
o x id a tio n  an d  h y d ro th e rm a l tre a tm e n t a re  rece iv ed  w id e  a tten tio n  am o n g  o thers, due  
to  th e ir  co s t-e ffe c tiv e , e a sy  p ro ced u re , an d  th e  fe a s ib ility /a v a ila b ility  o f  w id esp read  
ap p lica tio n s .

2 .1 .3  M ic ro w av e  Irra d ia tio n
M icro w av e  h e a tin g  is a  tech n iq u e  th a t h a s  ab ilitie s  to  reso lv e  the  

p ro b lem s o c c u rr in g  in  c o n v e n tio n a l sy n th es is  m e th o d s (W e i et al, 2 0 0 9 ). T he un iq u e  
ad v an tag e  o f  m ic ro w a v e  irrad ia tio n  is th e  d irec t e n e rg y  d e liv e rin g  to  m a te ria ls  
th ro u g h  m o le c u la r- lev e l in te rac tio n s  w ith  th e  im p in g in g  e lec tro m ag n e tic  field , 
re su ltin g  in  u n ifo rm , rap id , a n d  v o lu m e tric  hea ting . T h e  h ig h  re a c tio n  ra tes and  
se lec tiv ity  a re  a lso  o b ta in ed . F u rth e rm o re , it red u ces  th e  re a c tio n  tim e  an d  g ives h igh  
p ro d u c t y ie ld s  (L iu  et al, 2 0 0 5 ).

2.2 Photocatalytic Reactions

T h e  p h o to c a ta ly tic  o r  p h o to ch em ica l d e g ra d a tio n  p ro cesse s  are  g a in in g  
im p o rtan ce  in  th e  a rea  o f  w a s te w a te r  tre a tm e n t s in ce  th e se  p ro c e sse s  resu lt in  
co m p le te  m in e ra liz a tio n  w ith  o p e ra tio n  a t m ild  co n d itio n s  o f  te m p e ra tu re  and  
p ressu re . M a n y  c h a lc o g e n id e  sem ic o n d u c to rs , su ch  as  TiC>2, Z n O , ZrC>2, W O 3 , C dS, 
Z n S , and  F e2Û 3, h av e  b een  in v es tig a ted  an d  u sed  as p h o to ca ta ly s t. It sh o u ld  be  n o ted  
th a t the  b e st p h o to ca ta ly tic  p e rfo rm an ces  w ith  m a x im u m  q u an tu m  y ie ld s have  
a lw ay s b een  w ith  T iÛ 2. It is k n o w n  as in ex p en s iv e , n o n to x ic , an d  v e ry  e ffec tiv e  
se m ic o n d u c to r p h o to c a ta ly s ts  (L am  et ai, 2 0 0 8 ).

P h o to c a ta ly tic  re a c tio n  is in itia ted  w h en  a  p h o to a c tiv e  sem ico n d u c to r is 
illu m in a ted  w ith  p h o to  o f  su ff ic ie n t e n e rg y  (b an d  gap  en e rg y , o r  g rea te r), a  p h o to n
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(hv) excites an electron from the valence band (VB), overcoming the energy band
gap to the conduction band (CB) and leaves an electronic vacancy, a hole (h+), in the
valence band, as shown in the Figure 2.2.

Figure 2.2 The excitation of an electron from the valence band to the conduction 
band initiated by light absorption with energy equal to or greater than the band gap of 
the semiconductor (http://www.cosmodec.co.za/air pollution control.htm).

For instances, anatase and rutile are semiconductors with a band gap of 3.20 
and 3.02 eV, which is equivalent to the photon energy of u v  radiation with a 
wavelength of 387 and 410 nm, respectively. Thus, the electron and hole pair (e -h! ) 
are generated. Under proper conditions, the photo-excited electron and photo-excited 
hole can be made available for the redox reactions. The photo-generated hole in the 
VB must be sufficiently positive to carry out the oxidation of adsorbed OH- ions or 
H2O molecules to produce *OH radicals (the oxidative agents in the degradation of 
organics). A general photochemical charge-trapping, recombination, detrapping, and 
migration mechanism in the presence of metal ion dopants can be proposed as 
follows (Choi et al, 1994):

Charge pair generation
U O 2 + hv —* G cb+ h vb ( 1)
Mn+ + hv —>M(n+1)+ + e-cb (2)
Mn+ + hv -»• M(n‘1)+ + h+vb (3)

Charge trapping
Ti4++ e cb—»Ti3+ (4)
Mn+ + e"cb—» (5)

http://www.cosmodec.co.za/air
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Mn++ h+vb-> M(,,+1)+ (6 )
>0H~ + h+vb-^>OH' (7)

Charge release and migration
M(n'1)+ + Ti4+—>Mn++ Ti3+ (8 )
M(n+1)+ + >OH“  -^M ,1++ >OH’ (9)

Recombination
e  c b + h +vb~-^TiCh ( 1 0 )
Ti3++ >OH*—> Ti4++ >OH (11)
M(n'^ ++ h+vb—>Mn+ (12)
M(n''1)++ >  O H'•-» Mn+ (13)
M(n+1)++ e 'Cb ^ M n+ (14)
M(n+1)+ + Ti3+̂ M n+ (15)

Interfacial charge transfer
e'cb(or Ti3+, M(n‘I)+) + o  —» 0~  (16)
h+vb(or >OH', M(n+I)+) + R — R+ (17)

where metal ion is an dopant, o  is an electron acceptor (oxidant), and R is an 
electron donor (reductant). The overall reaction is shown in Figure 2.3.

Energy (eV)

Figure 2.3 Mechanism of TiC>2 photocatalytic reaction 
(http://vangvang.blog.usf.edu/).

http://vangvang.blog.usf.edu/
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Unfortunately, T 1O2 has been limited by its wide band gap (3.2 eV), which 
requires ultraviolet (UV) irradiation for photocatalytic activation. On the other hand, 
u v  light accounts for only a small fraction (5%) of the sun’s energy, as compared to 
visible light (45%). As a result, many attempts have been made to improve the 
optical response of TiC>2 under visible light excitation. Catalyst modification by 
doping with metal or transition metal ion is an approach to enhance the 
photocatalytic activity. Since 1980s, catalyst has been modified mainly by metal 
loading to achieve a better photocatalytic activity. Besides, a successful doping by 
transition metal ion also shows improvement in the photocatalytic system. In order to 
improve the effectiveness of the TNTs photocatalyst, dopant ion can modify the band 
gap or act as charge separators of the photoinduced electron-hole pair, thus 
enhancing the photocatalytic activity. Some studies have shown that metal ion 
doping of TNTs is effective in photocatalytic activity and better than undoped ไไบ2 

nanotubes (Lam et al., 2008).
Wong et al. (2004) reported that copper-doped TiC>2 nanocatalysts were 

synthesized by photo-deposition and sol-gel methods. The results indicated that the 
Cu-doped TiC>2 nanocatalysts with a low copper concentration prepared by the photo­
deposition method showed enhanced photocatalytic activity; while catalysts 
synthesized by the sol-gel method did not. In particular, the TiC>2 nanocatalyst doped 
with 1 % Cu showed the best performance. TiC>2 nanocatalysts doped with more than 
1% Cu by the photo-deposition method showed a decrease in photocatalytic 
activities.

Xu et al. (2005) synthesized Zn ions surface-doped TNTs via an assembly 
process based on ligand exchange reaction and additional thermal treatment. First, 
the ligand exchange reaction between zinc acetyl acetonate and hydroxide radicals on 
TiC>2 surface introduced the Zn ions onto the surface of TNTs, then the Zn(acac)2  

assembled TNTs were calcined at an optimal temperature (400 ๐C) to eliminate the 
organic ligands. The as-prepared Zn ions surface-doped TNTs showed a further 
improvement on the photocatalysis activity for degradation of methyl orange in 
water.

Zhang et al. (2008) prepared Cr-doped TNTs (Cr-TNTs) with high 
photocatalytic activity by the combination of sol-gel process and hydrothermal
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treatment. Various techniques were employed for microstructural characterization. 
Transmission electron microscope (TEM) images showed that Cr-TNTs were in 
good tubular structure and have diameter of about 10 nm. The Cr doping induced the 
shift of the absorption edge to the visible light range and narrowed the band gap. The 
photocatalytic experiment revealed that the photocatalytic performance of TNTs 
could be improved by doping chromium ions.

Begum et al. (2008) reported that the TiC>2 thin films doped by Ni uniformly 
and non-uniformly were prepared on glass substrate from an aqueous solution of 
ammonium hexa-fluorotitanate and NiF2 by liquid phase deposition technique. The 
rate o f the reaction and the nature of the deposition depend on growing time and 
temperature. The result showed that the deposited films had amorphous background 
and became crystalline at 500 ๐c . The electron diffraction X-ray analysis (EDAX) 
confirmed the existence of Ni atoms in TiC>2 matrix. X-ray diffraction (XRD) 
analysis revealed the peaks corresponding to Ni but no peak of crystalline NiO was 
found. The transmittance spectra of Ni uniformly and non-uniformly doped TiC>2 thin 
films showed ‘blue and red shifts’, respectively. Ni-doped TiC>2 thin films could be 
used as photocatalyst for the photodegradation of methyl orange dye. It was found 
that organic dye underwent degradation efficiently in the presence of non-uniformly 
Ni-doped TiC>2 thin films when compared to uniformly doped films and pure TiC>2 

films under visible light. The photocatalytic activity increased with an increase in the 
concentration of Ni in the case of non-uniformly doped thin films, but decreased with 
the concentration when uniformly doped thin films were used.

Hsieh et al. (2009) reported that a hydrothermal treatment combined with 
metal doping was employed to prepare highly porous Co-doped TNTs for 
enhancement of adsorption and visible-light-driven photocatalysis capabilities of 
basic violet 10 (BV 10) from liquid phase. The specific surface area of the prepared 
TNTs reached the maximal value of ~379m2/g. These tubes were hollow scrolls with 
typical outer and inner diameters of about 10-15 and 5-10 nm, respectively, and 
length of several micrometers. The anatase-type of TNTs has an average Co dopant 
concentration of 5x l0 20 ions/cm3, as determined by XRD. The hydrothermal 
synthesis of Co-TNTs is an efficient approach in enhancing not only specific surface 
area, but also photocatalysis capability under visible illumination. These novel Co­
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doped TNTs are believed to be a promising candidate in a variety of photocatalysis 
applications because of the combination effect of a high porosity with a 
photocatalysis under visible illumination.

Deng et al. (2009) successfully synthesized Fe-doped TNTs by the 
combination of sol-gel process with hydrothermal treatment. After a further 
calcinations process, Fe-doped TNTs (Fe-TNTs) with high photocatalytic activity 
were obtained. The photocatlytic activity of Fe-TNTs was evaluated through the 
photodegradation of aqueous methyl orange. The experiments demonstrated that the
0.5% Fe-TNTs calcined at 300 ๐c  possessed the best photocatalytic activity. 
Compared with pure TNTs, the doping with Fe significantly enhanced the 
photocatalytic efficiency.

Hussain et al. (2011) reported that pure TNTs and TNTs doped with iron 
(III) and chromium (III) were fabricated by the hydrothermal treatment in methanol 
and sodium hydroxide mixture. The fabricated nanotubes had high surface area, high 
aspect ratio, consisted of very good surface morphology and high metals dispersion. 
The results showed that nanotubes possessed anatase phase and are composed of up 
to 8-12 nm in diameter and 36CM00 nm in length. The band gap of the TNTs, 
determined using transformed diffuse reflectance spectroscopy according to the 
Kubelka-Munk theory, showed a decrease in pronounced band gap on doped TNTs. 
The photocatalytic activity of doped nanotubes was evaluated in terms of degradation 
of phenol and photoreduction of carbon dioxide into methanol and ethanol under 
ultraviolet and infrared irradiations. It was found that iron (III) and chromium (III) 
doped TNTs exhibited much higher photocatalytic activity than undoped TNTs.
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