CHAPTER IV

RESULTS AND DISCUSSION

In this chapter, the experimental results and discussion are described in three main

parts. In the first part, the preparation of pure and V-doped TiO, photocatalysts is

4.1.1 Pure TiO,

A. Using HCl acid af'a i¥drolysis ‘catalys

#
et

The formation of titanium. 'r'rﬁ'? : ;‘. ed on the hydrolysis of Ti butoxide in

the presence of HCI gatalyst. The precursor solutions=of-Ve lele " compositions (shown in
Y Y

Table 3.1) were aged a 0 Ju 'f .1 illustrates the appearance

of the TiO, sols obtained™ om these precurgors By visual oBservation over the aging time

span of 50 days j m stly, by comparison of
series A, B and ﬂw\ﬂaﬂ yra—tﬂ \ﬁﬂln ually seen by the milky
appeara lo pectively. This
observag ﬁnﬁﬂﬂﬁﬂ Mﬁ}jﬁ ﬁ hﬂjg Iyst. Secondly,
by companson of series A and E (increasing amount of H,0), the sol formation in series E
was faster than series A, indicating that the hydrolysis and therefore sol formation was
dependent on the amount of water. In the case of series D, which had high amounts of both

HCl and H,O, the hydrolysis was very fast and the white precipitate occurred in a few days.

The TiO, precipitate was a large agglomerate of the finer particles.
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From the above results, the sol formation was found to be largely dependent on the
amount of HCI and H,0. It was accelerated by the addition of H,0O and HCI catalyst. When
the quantity of H,O and HCI addition was excessive, fast hydrolysis occurred and fast
precipitation took place. This kind of product was defied as an unstable sol. Slow hydrolysis
and stable sol was undertaken by adding a small amount of H,O and HCI, resulting in very

small size TiO, particles. In the case of the TiO, sol obtained from Sol_1A and Sol_1E, the

hydrolysis rate seemed to be slow ,”)e stable sol in comparison with Sol_1B,
Sol_1C and Sol_1D. : /
_..-_‘:_-

Finally, the dlfferenc i"Co o/ ation ©

2
\\\\ \o of TiO, particles than

SOI_"AG (0.7 M Ti(OB i £I q ?\
precipitate, instead of the'Staple I Tdﬁ; Q

during the entire course of l ¢ par 1. The |etters \

translucent, milky, and precip :f-f;':q.f?!zt..' espectively.

cursor also played an important

role. Higher concentration @ ormatlon and greater yield. For

example, Sol_1Aa (0.07
\ i(OBu), precursor resulted in the
\.- \ e results of visual observation

C, M and P denote transparent,

FTT
It is importani-fo-point-ou of the TiO, sol depended on
ot

concentration of the Ti(OBL S 2nd HCI. To obtained stable

sols, the amounts of t se starting reagents must be well manipulated to obtain the

optimum condit Tﬁ ﬁ iﬂw yrf\lﬁ@t application. Here, the
TiO, sols obtala re I l\ y found to have suitable
stability ﬁnce these so Is&ilﬁotﬁ eio bul ﬂrgg:]lpfjn% afﬁej ?ﬁlrﬁgeveral weeks.
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Figure 4.1 Photographs of the sols obtained by aging the Ti precursors of various

compositions for 50 days (using HCI catalyst)



Table 4.1 Visual observation of Sol_1 aged for 50 days

43

Samples Concentration of Ti(OBu), | H,O: EtOH: HCI Visual observation
code (Molar) (Volume ratio)
Sol_1Aa 0.07 PP
Sol_1Ab 0.20 TC+ P
Sol_1Ac 0.30 1:3:1 TE+ PP
Sol_1Ad 0.50 M
Sol_1Ae M+ P
Sol_1Ba TC % P
Sol_1Bb TC+P
Sol_1Bc TP+ P
Sol_1Bd TP+ PP
Sol_1Be TP + PP
Sol_1Ca TP + PPP
Sol_1Cb TP + PPP
Sol_1Cc TP + PPP
Sol_1Cd TP + PPP
Sol_1Ce e TC+P
Sol_1Da . TP + PP
Sol_1Db 0.20 TP + PP
= U NENIweINT T
Sol_1Dd q'l E[g TP + PP
Sol_ , e aloomon ol - SR
VT o
Sol_1Eb 0.20 TC=+P
Sol_1Ec 0.30 2:241 M + PP
Sol_1Ed 0.50 M
Sol_1Ee 0.70 M + PP

TP: transparent, TC: translucent, M: milky, and P: precipitated




44

Figure 4.2 shows the XRD patterns of dried TiO, powders obtained from Sol_1Ad
(0.5 M, H,0: EtOH: HCI = 1:3:1) prepared at room temperature at different aging times (10,
20, 30, 40 and 50 days). The letters A and R in the XRD patterns mark the diffraction peaks
corresponded to anatase and rutile phases, respectively. The major peak corresponding to
anatase phase appeared at 20 = 25.3°, while that of the rutile phase appeared at o) =

27.5°. The XRD patterns indicated that all of the as-synthesized samples consisted of both

anatase and rutile phases. Broad anc y peaks of all samples indicated that the

anatase and rutile phase had very fine crystal nd may also contain an amorphous
along with crystalline TiO We 4.4) also support the XRD

size calculated from X idiion, | € rutile crystals are not clearly
‘ ‘ phase is common for oxide
ceramics prepared by wetf€hemi j* ole, Douglas and Merrilea also
=gelsmethod also consisted of amorphous
structure [55]. Companng dlff__a@@ (w 'H'_J, relative intensity of the peaks
corresponding to rutile-increased with increasing-aging-tir ¢ indicating anatase-to-rutile
-‘tase phase transformed to

l ipated that rutile phase had
better crystallini 1 3’ e sharper. It had been
reported that an@wﬂwe jﬂ Ey[rmc ;YT ﬂji ﬁiwhile rutile was a most
stable phas enerally, the_the ﬁa Ily met se ﬁé e transformed to
stable ruﬂ ﬁ ﬁ ﬁ g‘m ﬁ% w] ﬁ ﬁ Ei;] EI

Figure 4.3 shows the XRD patterns of as-synthesized TiO, powders obtained from

1

rutile phase at 50 days®e aglng time. Moreover, it was ar

Sol_1Ed (0.5 M Ti(OBu),), H,0: EtOH: HCI = 2:2:1) at different aging times (10-50 days)
prepared at room temperature. The phase compositions observed by XRD were also the
mixture of anatase and rutile phases, similar to Sol_1Ad. For the TiO, samples aged for 10

days, the majority phase was anatase and the minority phase was rutile. The amorphous
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phase was also observed along with the crystalline anatase and rutile phase. Similarly, it
was observed that the anatase-rutile phase transformation was promoted by prolonged
aging. The rutile phase gradually increased from 35% (10 days) to 70% with the 30 days of
aging time. The complete transformation to rutile was found at 40 days of aging time (Figure
4.3(d)). Narrower and higher intensity peaks of samples obtained from Sol_1Ed with 40 and

50 days of aging time (Figure 4.3 (d, e)) indicate that both samples were made of relative

large crystallites. However, the prolonged faging time not only altered the phase
transformation but also influengec he crystafittgzasof TiO,. It resulted in the crystallite
growth of both anatase and-rutile;asre - - en XRD peaks corresponding to
rutile phase in Figure 4.3 (0 nared ~ [ase and rutile phases in Figure 4.2
(d). The XRD result was congi€teat witht \ observation as shown in Figure
4.5 (Sol_1Ed aged for 40 day$). dlar \ e crystal of average size 10 nm-

t C | on and the crystallite size of all

\\ ‘ ted in Table 4.2.

nthesized TiO, obtained from Sol_1Ad

samples derived from XRD paite

It is important to note that/afifieligh h

and Sol_1Ed (Figure 4.6 (a and b ;,, Qw smal rystallite size, they exist in the form of

large aggregated nan ~,._._.._.__-_..._-<._._' -------------- 700- ) “" nm or 0.7-1.2 um). The
. % v-‘,, R _S' ‘

size and microstructure’of ¢ ~S0I_1 are shown in Figure 4.7

and 4.8, respectively. ll

ﬂ‘HEI’WlEWI‘ﬁWEJ\’Iﬂ‘i
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Figure 4.2 XRD patteras ‘ vders obtained from Sol_1Ad

(H,0: EtOH: HCI = 1:3:1) aggd f@r; 2) ays, (c) 30 days, (d) 40 days, and

(e) 50 days; A = Anatase, R #R
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Figure 4.3 XRD patterns of the as-synthesized powders obtained from Sol_1Ed
(H,O: EtOH: HCI = 2:2:1) aged for (a) 10 days, (b) 20 days, (c) 30 days, (d) 40 days, and
(e) 50 days; A = Anatase, R = Rutile



Figure 4.4 TEM images of as-synthesized TiO, powders obtained from

(H,0:EtOH:HCI = 1:3:1) aged for 40 days
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Sol_1Ad
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Figure 4.5 TEM images of as-synthesized TiO, powders obtained from Sol_1Ed
(H,O:EtOH:HCI = 2:2:1) aged for 40 days (Inset shows d-spacing of 3.13 A corresponding

to (110) plane of rutile)
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Table 4.2 Phase composition and crystallite size of the pure TiO, powders (uncacined)

obtained from Sol_1Ad and Sol_1Ed

Samples code Phase composition Crystallite size® (nm.)
(A:R) d, d,

Sol_1Ad_10days 70:30 3.8 4.2
Sol_1Ad_20days 3.4 4.7
Sol_1Ad_30days 4.1 7l
Sol_1Ad_40days 4.9 7.7

Sol_1Ad_50days 6.4 7.3

Sol_1Ed_10days 4.3
Sol_1Ed_20days 3.6
Sol_1Ed_30days 7.8
Sol_1Ed_40days 9.1
Sol_1Ed_50days - 9.6

a = calculated from XRD pea

— IBElnm“:
MTEC L M Amm MTELC 28KU X48:000 18mm

(@) (b)
Figure 4.6 SEM images of as-synthesized TiO, powders obtained from (a) Sol_1Ad (1:3:1)

and (b) Sol_1Ed (2:2:1) aged for 40 days



Rutile (101)
~ (d-spacing =273 A

Figure 4.7 TEM images of TiO, powders obtained from Sol_1Ad (H,0O: EtOH: HCI = 1:3:1)
aged for 40 days and calcined at 400°C for 4h

50
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ARNAIN Y

10 nm

Figure 4.8 TEM images of the “rutile” crystal (59 nm wide x 134 nm long) obtained from
Sol_1Ed (H,0: EtOH: HCI = 2:2:1) aged for 40 days and calcined at 400°C for 4h
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B. Using HNO, as a hydrolysis catalyst (Sol 2)

In order to further investigate the effect of the type of acidic catalyst on the phase
formation of the TiO,, the HNO, was chosen as the alternative to the HCI catalyst. Figure 4.9
is XRD patterns of the as-synthesized samples (series “Sol_2") obtained from the precursors

of the same Ti concentration but containing different amounts of HNO, catalyst aged for 20

days. According to the XRD patter: d sample obtained from Sol_2A (H,0:
EtOH: HNO, = 10:10:2) consis ﬁ phase and rutile as a minor phase.
4
As the amount of HNO, in t i r@he formation of anatase phase
was promoted as indicated f the “anatase peak upon increasing acid
content. In the case of Sg was 65:35. The phase ratio
changed to 70:30 and 95:0 { was 3 and 4 ml, respectively.
Pure anatase was obtaine ution contained 5 ml of acid (H,0:

anatase and rutile phases obtaifled aft€i20 days nd the volume of HNO, used in
arly reveals that the increase in
concentration of HNO, resulgi_qg.im_d_’, uct-having higher amount of anatase phase.

Note that an amorphqus Itin all samples as the XRD
y

As descrij i ‘ﬁv It, f f tion of HNO, added for
accelerating theﬂm‘ﬁ re tﬂﬂ ﬂar iﬁsﬁl:jjne hases appeared in the
TiO, powder. influenc m f Aﬁ led | ha}jol precursor. It
was sh;é 'ﬁﬁ aﬁﬁﬁ 111&:1 eﬁeﬂnr resulted in the

anatase structure. The coexistence of anatase and rutile phases was formed between 2 and

patterns had high back .u
)

4 ml of HNO,. Previous reports suggested that TiO, normally existed as a sixfold
coordinated [Ti(H,0),]"" complex. It was known that the formation of both anatase and rutile
can grow from TiO, octahedra, and the phase transformation was performed by the
rearrangement of the octahedra. In the case of anatase, TiO, octahedra preferred to form

edge-sharing structure [5]. As mentioned previously, the degree of hydrolysis reaction was
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promoted by the addition of H,0, HCI and HNO, (hydrolysis catalysts). Therefore, it led to
the dramatically decreasing of the amount of residual alkyls by the replacement of OH’
groups. The more replacement of alkyl groups by OH/, the greater appearance of anatase
phase was. The concentration of OH™ preventing the reconstruction of Ti-O octahedron was

huge, resulting in the forming of anatase phase.

AULINENINYINg
PRIAATUIMINGINY
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Figure 4.10 The weight fraction of anatase and rutile as a function of volume of HNO,

(2, 3, 4 and 5 ml) obtained from TiO, precursors with the 20 days of aging time
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In order to further investigate the effect of aging time on phase formation of the TiO,
with the present of HNO, catalyst, Sol_2A (H,0: EtOH: HNO, = 10:10:2) was aged for
different times. This sample was selected according to the preliminary experiment which
showed that both anatase and rutile phases appeared at medium aging time. Figure 4.11
shows X-ray diffraction patterns of the as-synthesized powders obtained from Sol_2A aged

for 10 — 50 days. At the early stage of aging time (10 days, Figure 4.11(a)), the powder

time, the intensity of the peak eor nding’ aatase phase decreased, while that of
). The change of peak intensity
observed in the powder obtainee™e e Sol 2A was in lesser extent than those observed

in the powder obtained froga ' nd which the HCI catalyst was used

The above result 2y show ading ime had pronounced effect on the
phase present in the TiO, s@ sforma ) > and rutile phase had also been
observed from the sol aged faf'a at 1Perature [5]. It was believed that the
Ti-O octahedra of the anatase phs F{r'{; ONStrL the rutile phase. For prolonged aging
the hydrolysis catalysts
(HNO, and H,0) was ?: d ppearance of residual alkyl

groups promoted the tra ! ormation of Ti-O octahedra.

ﬂ‘UEl’J'VIEWIﬁWEI’]ﬂ‘i
’QW’m\"lﬂ‘iﬁlJ AN Y
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Figure 4.11 XRD pajtérns \\‘\ \\ powders obtained Sol_2A

mdi id
and (e) 50 days

(H,0: EtOH: HNO, = 10:104#2) : for --J \i\* 0 days ) 30 days, (d) 40 days

" e

To compare the effe s an the phase formation, XRD
pattern acquired h;f:@ O, catalyst) both aged for
50 days were plotted inm -
pattern acquired from the PO powder obtain d from Sol_2E (H,O: EtOH: HCI = 10:10:2.6,

Figure 4.12(a ﬂ uﬁwg} %ﬁ%ﬁt%aﬁ%ﬂt% 30:70). In the case of

the pattern acqufted from the TiO, pgwder obtalned from Sol_2A H O: EtOH: HNO, =

AR TR TRMTNTRY

By comparing of these two samples that used different kinds of hydrolysis catalyst, it

sho@w in Figure 4.12. For the XRD

was evident that HCI catalyst promoted the formation of rutile phase while HNO, catalyst
promoted the formation of the anatase phase. The role of each catalyst can be described as
follow. It has been realized that the addition of HCI, HNO, and H,O accelerated the
hydrolysis rate of the alkoxide precursor. A quantity of this hydrolysis catalyst must be

sufficient to hydrolyze the Ti(OC,H,) completely [5]. Generally, the greater degree of
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hydrolysis is the result of the complete hydrolysis of the alkyl groups. When adding HCl as a
hydrolysis catalyst, the amount of residual alkyls that would prevent the reconstruction of Ti-
O octahedra to rutile is small, so the resulted microstructure resembles that of the rutile
phase. The rutile structure is the most stable phase in the low-pH solution [20]. In the same

manner, adding the HNO, as a hydrolysis catalyst result to the slow hydrolysis rate.
Consequently, the concentration of residual, alkyls preventing the reconstruction of Ti-O
octahedra to rutile is huge, resultingiin th % natase phase.

— ‘_,/..;f
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Relative intensity (Counts)

(b)
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To study thermal stability of the prepared TiO,, the samples obtained from Sol_2D
(H,0O: EtOH: HNO, = 10:10:5, 20 days aging) were calcined in air at various temperatures
(300, 400, 500, 600 and 700°C) for 4 h. Figure 4.13 shows the XRD pattern of the as-
synthesized TiO, powders compared with those of the calcined powders at different
temperatures. According to these results, the as-synthesized powder from the solution

condition specified contained only anatase phase along with amorphous phase (Figure

4.13(a)). After calcined at 300 an 13(b c)), phase composition observed at

these temperatures were als owders contained a well defined

crystalline TiO, nanopartic eaks. Moreover, it was found that

the rutile phase firstly app he phase ratio of the anatase-

rutile was slightly decregs€d

\.‘ gure 4.13(e)) and completely

plot of weight fraction of anatase

and rutile derived fro attefmusing Eqi(3 \ 3 ) as a function of calcination

temperatures obtained fr0 o’:'\{ g time is shown in Figure 4.14.

It was clearly seen that al P ‘ “phase transformation took place at temperature

above 400°C. The crystallite < ysts were estimated using Eq. (3.3) and

summarized in Table 4.3. It was-05 at increasing calcination temperature caused the

crystallite growth and

-lll—m..ll—llxtlnlnlll—nlhin _-,i. e Crysta“lte growth resulted
, = "

in the decrease of s

;y ers have reported that the
transformation of metastab

2Eble rutile phase occurred at a

temperature a ﬁﬂ[zﬂ ﬂ wmmmre observed from the
TiO, synthesize ork was much lower, probab y due to very fine crystalllte size.
AAIAN nmm’m NN - e s

days aging) was also studied, and the XRD result is shown in Figure 4.15. Thermal behavior

le anatase phase to the most

of this sample was similar to the sample obtained from the Sol_2D. That was, heat treatment
promoted the transformation of anatase to rutile phase, and resulted in the increase of

crystallinity. The phase ratios, as well as the crystallite size, of the samples described above

are listed in Table 4.3.
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Figure 4.13 XRD patterng \"\\ \ o vders obtained from Sol_2D
(H,0: EtOH: HNO, = #0:1( ’\ ging time and calcined at;
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Figure 4.14 The weight fraction of anatase and rutile as a function of calcination

temperatures obtained from Sol_2D with the 20 days of aging time
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Figure 4.15 XRD patter of the . .’\\:\\. ders obtained from Sol_2C

AT RS ]
i ’\\\ ging time and calcined at;

(H,0: EtOH: HNO, = #0404 wi ;, e
(a) as-synthesized, (b) 3007 C #lc) 4 00 ° \\ &) 600 °C and (f) 700°C, 4 h in air;

A = anatase, R = rutile ‘-’-f -i:-'iJ:'

To investigatesthe_effect of calcination fime on rate ofbhase transformation, the TiO,
LY
A}

powders obtained from 2 I" were calcined at 500°C for 4,

7, and 10 h. XRD patters are shown in Flgure 4.16. It wa bwous that the phase ratio of
anatase to rutil n time. The phase ratio
decreased fro ﬁuﬂgﬁﬁﬂjrﬂﬂﬂﬁlﬁwely However, it was
evident i é! sformation. The
phase ﬁ‘ﬂjﬁmm m ?Izj/:l ﬂ ation times are

listed in Table 4.3.
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Figure 4.16 XRD pattgF he ‘_ : ‘1\\ powders obtained from Sol_2D
(H,0: EtOH: HNO, = iith different calcination time;

(a) as-synthesized, (b) 4 h,

The specific surface areas = ; /nthesized TiO, powders obtained from
e ) -.r‘

different precursors wele ' nce by comparison the sample
I ——

obtained from the So ﬁ' slafea of the powder obtained

from Sol_2D was Iargermxan that © nowder ob ainedmom Sol_2C. The BET surface
areas are listed in Table 4.8. Fhe difference ofghe specific surface area of the two samples

cosso oo B TV TR PN oten

The TiO, powderyprepared under high HNO, concgn tration, protoan ) from the HNO,
were aﬂ k%qrr] ﬁ Q&%ﬁﬁ mw%q %w E*r])a H carried positive
charge aad repelled each other to form a stable sol. On the other hand, the powders
prepared under low HNO, concentration, highly aggregated clusters of the primary particles
occurred. Since the powders prepared with excess HNO, had fewer aggregates and the
powders were packed more uniformly, the specific surface area was higher. The above
results were again confirmed by SEM observation as shown in Figure 4.17. It was also
apparent that the specific surface area shifted towards smaller values at higher calcination

temperatures since the particles aggregated. The uncalcined sample obtained from Sol_2D
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possessed high specific surface area (239.3 mz/g), which then decreased to 5.7 m2/g when

calcined at 700°C.

Figure 4.17 SEM images \‘ 5 obtained from TiO, precursors

with the different ratios of H,@: E{OH: , ys of aging time; (a) Sol_2C, (b) Sol_2D

Figures 4.18-4.23 are TEM-fi¢ hs afsthe TiO, powders obtained from Sol_2C

calcined at various tempe wing ar ilg crystals of different average

size as a function o V;‘» ) o i observed that increasing

and ,-[ﬂ. resulted in a well-defined

calcination temperature, €aused the crystal gro

crystal. The average crystdiiﬁsizes at variousicalcination temperatures are summarized in

wess Pl UEINBNIWEINT

PRIAATUAMINYIAE
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powders obtained from Sol_2C
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synthesized TiO

f as-

images o0

Figure 4.18 TEM

aged for 20 days
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10:

. EtOH: HNO, = 10

(H,0
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Figure 4.19 TEM images of TiO, powders obtained from Sol_2C (H,0:EtOH:HNO, = 10:10:4)
aged for 20 days and calcined at 300°C for 4h (Inset shows d-spacing of 3.0 A

corresponding to (110) plane of rutile)
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HNO, = 10:10:4)

O:EtOH:

2

H

(

2C
aged for 20 days and calcined at 400°C for 4h (Inset shows d-spacing of 3.2 A

ined from Sol

, powders obta

Figure 4.20 TEM images of TiO

plane of rutile)

)

110

(

corresponding to
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Figure 4.21 TEM images of TiO, powders obtained from Sol_2C (H,0:EtOH:HNO, = 10:10:4)
aged for 20 days and calcined at 500°C for 4h (Inset shows d-spacing of 3.3 A

corresponding to (110) plane of rutile)
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Figure 4.22 TEM images of TiO, powders obtained from Sol_2C (H,0:EtOH:HNO, = 10:10:4)
aged for 20 days and calcined at 600°C for 4h (Inset shows d-spacing of 3.3 A

corresponding to plane (110) of rutile)



68

40 nm

Figure 4.23 TEM images of TiO, powders obtained from Sol_2C (H,0:EtOH:HNO, = 10:10:4)
aged for 20 days and calcined at 700°C for 4h
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Table 4.3 Phase composition, crystallite size and specific surface area of the TiO, powders

obtained from Sol_2C and Sol_2D calcined at various temperatures compared to those of

commercial powder, Degussa P-25

Samples Calcination Phase Crystallite size” Crystallite size® | Surface
temperature compositin (nm.) (nm.) area
. 3 e, dq (m°/g)

Sol_2C ) - 168
Sol_2C_300_4h AxT7 1116 152
Sol_2C_400_4h 6x10 10x17 61
Sol_2C_500_4h 14x19 | 23x20 38
Sol_2C_600_4h - 31x43 25
Sol_2C_700_4h = 54x118 7
Sol_2D Noncalci - 5 239
Sol_2D_300_4h 2 2 116
Sol_2D_400 4h - - 75
Sol_2D_500_4h g 2 26
Sol_2D_500_7h = - B,
Sol_2D_500_10h - - -
Sol_2D_600_4h = g 7
Sol_2D_700_4h ‘j : " 6
P-25 ’ - 50

85:%5

g calc@t%ﬂ

R

SN

b = directl§ measured from TEM images

SOV IEREE
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4.1.2 V-doped TiO,

Figure 4.24 shows the XRD patterns of the as-synthesized V-doped TiO, obtained
from Sol_2D (H,O: EtOH: HNO, = 10:10:5) containing various amount of V dopant (0.01,
0.05, 0.1 and 0.2 % V) aged for 20 days and dried at 45°C for 1 day. In all samples, only

anatase phase was observed. Calcination at 300°C for 4 h barely caused phase

transformation. At the calcinatio 1je Jof 400°C (4 h), anatase-to-rutile phase
transformation was observed, p g 58] < ‘containing low V content as shown
in Figure 4.25. At higher V Bhte —--;', rut pe -...____: seen. This result indicates
that the V dopant inhibitedethe s8natea - transformation. Note that the

corresponding peaks of Vg s, V50s,01 VO, were not present in the

XRD patterns since the ofite /aAs™ below" d i:&\ it, or they could present in
amorphous state. The ¢ Jstallife gz ~ [ ~\ opsition of the V-doped TiO, were also

derived from the XRD paltterg onfirmed by TEM analysis as

shown in Figure 4.26. It is dRdigated #at® 7 dopant the crystallize size of TiO,

photocatalyst was not different. ThEvanadiur snadium oxide grains were not clearly

observed in TEM analysis. The resufis‘éié s I in Table 4.4.

4
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Figure 4.24 XRD patte
Sol_2D (H,O: EtOH: HNQZ nount of V dopant aging at 20

days (a) 0.01%V, (b) 0.05%WV, A = anatase, R = rutile

ﬁ Relative intensity (Counts)

20 30 40 50 60 70 80
2-Theta (deg.)

Figure 4.25 XRD patterns of the as-synthesized, V-doped TiO, powders obtained from
Sol_2D (H,0: EtOH: HNO, = 10:10:5) containing various amount of V dopant aged for 20
days and calcined at 400°C, 4 h; (a) 0.01%V, (b) 0.05%V, (c) 0.10%V and (d) 0.20%V,

A = anatase, R = rutile
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Figure 4.26 TEM images of V-doped TiO, powders obtained from Sol_2D
(H,O:EtOH:HNO, = 10:10:5) with 0.20%V calcined at 400°C for 4h (Inset shows d-spacing

of 3.41 A corresponding to plane (101) of anatase)
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Table 4.4 Phase composition and crystallite size of the V-doped TiO, powders obtained

from Sol_2D at different concentrations of V dopant calcined at 400°C, 4 h

Samples code Phase composition | Crystallite size” (hm) | Crystallite size’ (nm)

(A:R) d, d, d, dq
Sol_2D_0.01V 85:15 4 10 - .

Sol_2D_0.05V 10 - -
Sol_2D_0.10V 10 = -
Sol_2D_0.20V 9x11 9x13
a = calculated from XRD pe //
b = directly measured frogaff ENiimdges’ ~

N

(17
* F g

Since the presence of ve direc ly observed by XRD analysis,

ditim ‘dop )
an elemental analysis using a 2ne :‘;l—it-i | X— spectroscope (EDS) equipped to
the SEM unit was performed. Forr‘ anaty : ¢ TiO, sample having relatively high Vv
content was specially * epared tc i 't nt exgeeded detection limit of the
EDS detector. High V (;. ing af i ,apping result since the V
mapping was performedﬁz using hi(ﬁhas low intensity) at 5.4 KeV
instead of using the Kea llne‘at 4.9 KeV (which 'Eﬁ higher intensity but overlaps with Kg line

of the Ti). Flgurﬂ %Ei ’g %%ﬁﬁ w Eqmm wt.% V-doped TiO,

calcined at 500°Clfor 4 h. Strong Ti, 9 and V peaks were observed The amount of V
dopant a WG})&Q ﬂﬁ W% Wr!}w&l ﬁ ﬂcentratnon of V
added intdlthe precursor. Figure 4.27(a-d) shows the result of elemental mapping of the Ti,
V, O and combined image of all 3 elements. The green color represents the Ti element,
while the red one denotes the V dopant. The supplemental blue color indicates the @)
element. According to the combined image, the V uniformly disperses on the TiO, particles.

The image also shows agglomerated particles of size ranging from 5 to 20 1m.
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f 40pm ' bpm f 4. 0pm
(a: Ti element) (brV etg@ (c: O element)

- (d: overallimage) -
Ti Spectrum 1

-~
-
w

ull Scale 11179 cts Cursor: 0.021 keV (11174 cts) keV|

(e: EDS spectrum)

Figure 4.27 Elemental mapping of V-doped TiO, powders obtained from Sol_2D as 10.0% V
dopant calcined at 500°C, 4 h; (a) Ti element, (b) V element, (c) O element (d) overall

image, and (e) EDS spectrum
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Elemental mapping was also performed on the sample containing low content of V
dopant (0.2 %wt. V) as shown in Figure 4.28. This sample was obtained from Sol_2D, and

calcined at 400°C for 4 h.

I~ aopm | j.-' Oum f 40pm 1
TS
(a: Tielement) “ «p=\/"element) (c: O element)
— e

| ‘ Tou A

(d: overall image)

Figure 4.28 Elemental mapping of V-doped TiO, powders obtained from Sol_2D as 0.2% V
dopant calcined at 400°C, 4 h; (a) Ti element, (b) V element and (c) O element and (d)

overall image
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4.2 TiO, coating on substrate
4.2.1 TiO, coating on Al,O, beads

Figure 4.29 illustrates the SEM images of the cleaned Al,O, beads calcined at
1,700°C. The average size of the spherical Al,O, beads was around 600 plm. The image in
Figure (b) clearly shows the porous suf ” lestipated to be around 5-60 Um. The specific

Z.

| —

surface area of this bead was abol

o

P LEE L S s

i

Figure & I 9 SEM images of Al, O bead cal s ed at 1,700°C

ﬂ‘UEJ’J'VlEWIiWEJ’]ﬂ‘i
Qﬁﬂﬂﬁﬂ‘imuﬁﬂﬂmﬁﬂ
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Figures 4.30 — 32 show the result of elemental mapping of the TiO, coating prepared
by soaking the cleaned Al,O, beads into Sol_2C for 1, 3 and 5 times, respectively, and then
calcined at 400°C for 4 h. The amount of TiO, loading, as well as uniformity, on the bead
was found to increase with increasing number of coating cycle. The amount of TiO, loading
determined by XRF technique was 1.2, 3.5 and 5.3 wt% for 1, 3 and 5 cycle-coating,

respectively. The 5 cycle-coated sample was used for photocatalytic studly.

Different coating methodw ed oufoy sodki g the beads in the sol for 7 days.

-

According to the mapping ré SOt (Aot s ow, this.Coating method gave similar result to the

5-cycle coating in terms of unj / but nan indleading content, which was 5.8 wt%.
e

In this sample, the TiO, éol j

( surface of the Al,O, beads but
also penetrated into the porg$ asfs iR-Figure 4.383 Table 4.5 shows the amount of TiO,
loading on the Al,O, beals ajthefVafious nuMbefs ating times (1, 3, 5 and soaking for
7 days).

ﬂ‘IJEI’J‘VIEWIﬁWEI'm‘i
’QW’WNT]‘?WM&TAWHWGH
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(b: Al element)

———

“id: Ti element)

4 Ll

Figure 4.30 SEM ‘images of TiQ, soll (Sol_2C) edvated an/AlL0O, bead for 1 time and calcined

at 400°C for 4 h; (a) overall image, (b) Al element, (c) @selement and (d)Ji element
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(

{c: O elerﬂent) | T element)
\Z )

Figure 4.31 SEM-images ©f; TiG, soh(Sok 2G) coated,on Al,Q, bead.for 3 times and calcined

at 400°C for 4 h; (@) overatfimage. (b)"Al element, (c)'O-element and (d) Ti element
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(

(c:O eléEi;ent) al A(d_ﬁ) element)
Y \

Figure 4.32 SEM-ithages@fi TiO, soh (8ol 2@) epatedjon Als@ dbead-for 5 times and calcined

at 400°C for 4 h; (@) overallimage, (b) Al element, (c) O"&lement and (d) Ti element
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calcined at 400°C for 4 h

d
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=
i
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calc_:ulated from XRF
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il .
melasurement at various numbers

Table 4.5 The concentra'J

"

on of TiO

x

Cfordh

o

811p]
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1]

en

TiO

3.5

5.3

5.8

of coating time

Soaking for 7 days
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4.2.2 TiO, coating on glass tubes

As mentioned previously, the coating time (cycle) was a variable factor affecting the
uniformity of TiO, coating on the substrates. Figure 4.34 shows pictures of TiO, coating on
glass tubes for 1, 4, 8 and 12 cycles calcined at 400°C for 4 h. A thick layer of TiO, film was
gradually grown up relatively to the increasing of coating cycles. The coating was more
uniform upon increasing coating CyCrE\E& g the coating time, the photocatalytic
determination was performed tongntlfy the o/v

ndition for a good TiO, coating.

8 cycles 12 cycles
L iﬂ r_:';'“

Q

: 1cycleg, 4 cycles
4 ¢ : ‘ - B E;!‘ ﬂ‘f-l F o E{ ! P
[ﬁ '_.o‘ ) 0 f f_._.l |.'l Ti] IH |

. i
Figure 4.34 Photographs of TiO, coating on glass tubes for 1, 4, 8 ands12 cycles and then

F -~

caano AN T 1TUURIINGIAY
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4.3 Photocatalytic efficiency determination

4.3.1Pure TiO,

For photocatalytic determination, the complete surface adsorption of Cibracron red

(CR) on TiO, surface was ensured by well stirring the TiO, powders in a CR solution for a

hter as the CR adsorbed on the TiO,

surface. Complete adsorption was.déeter i mum absorption at 600 — 664 nm

Figure 4.35 shows R - adsorbed TiO, powders

were exposed to the UV i ! times o:nts can be drawn from this
result. Firstly, the sampl -‘ ca cined at 300 and 400°C, 4h)

were the most photocat \ sample obtained from Sol_2D

calcined at 300°C, 4 h also ; .'?\ but resulted in lower photocatalytic
activity than that of the sampl as suggested that the presence of an
amorphous phase, as well a 800°C-calcined powders could lower

the effectiveness of a €R ;--mm:ﬁmw-w—--g orphous TiO, is known to
o atase or rutile phases due to

have very low photocatac

an increase in electron-ho e recomblnatton rate [34] The activity of the samples containing

mixed phase deﬁjjﬂr? fﬁtwmn?nce sample obtained
had a mi

from Sol_2D calci xed anatase and rutile pnase (90: 10) showed a

-ty TR

photoactivities of these synthesized samples were relatively low compared to that of the P-25,
which consisted of 80 %wt anatase and 20 %wt rutile, and possessed surface area of 50
m2/g. The reason of the less active in photoactivity of sample containing pure anatase
phase (Sol_2D calcined at 400°C) compare to P-25 is probably due to the effect of very fine

crystallite size and impurity at the surface. The sample calcined at 400°C (6.4 nm)
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possessed smaller crystallite size than P-25 (d, = 23 nm, d; = 31.0 nm). These results were

clearly compared in Figure 4.35.

The TiO, sample obtained from Sol_2C was also tested for photocatalytic activity.
The result is shown in Figure 4.36. The photoactivity was found to show similar trend to the

sample obtained from Sol_2D. That is, mixed anatase and rutile phase exhibited higher

For the TiO, powders [ o | At Work pure anatase possessing very
o be most photoactive. Mixture
of anatase and rutile pha \ ile was the least active. The

photocatalytic results of thes that of the P-25, which contained

‘\\

It is worth mentioning that calcination at various peratures not only altered phase

mixed phase.

composition, but also altered oth& erties of the TiO, powders, such as

crystallite size, degree of crystai ’E?quﬁ SU ea. All of these physical properties

Y )

'i )f surface area which usually

contributed to the .;m' as believed to be more
photocatalytic than the U l le™p
L

relates to the crystallite suze cleanness of the crystal S sun‘ace and degree of crystallinity

e a“”bﬁtﬂﬂ’mﬂﬂ INYINT
AR AINIURIINEAE
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Figure 4.35 The photoregioy \\\- TiO, obtained from Sol_2D
calcined at different tempgfat

ietion, of illumination time; (a) 300°C,
(b) 400°C, (c) 500°C, (d) 600 \ ‘
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Figure 4.36 The photoremoval of Cibacron red with pure TiO, obtained from Sol_2C
calcined at different temperatures for 4 h as a function of illumination time: (a) 300°C,

(b) 400°C, (c) 500°C, (d) 600°C, (e) 700°C, (f) P-25
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4.3.2 V-doped TiO,

As described previously that the addition of V dopant retarded the anatase-to-rutile
transformation. If considering only the phase composition, the TiO, containing high V
content would be expected to exhibit high photoactivity since it consisted of mostly anatase
phase. Figure 4.37 shows the photoremoval of CR by using the V-doped TiO, catalyst
obtained from the Sol_2D (H,0:

1Q:5) as a function of illumination time.
For pure and 0.01-0.1 % of \-dleg cined at 400°C for 4 h, while the
samples having 0.5-10. 0% of V_doping were caleined at 500°C. The result obtained from
pure TiO, was also includeg ’ \‘\\‘ from the graph that by adding V
dopant, photoactivity of thg / . \ \'\ ss active than pure TiO,. The
efficiency of the TiO, was sifo ’ \ \. n ount of V loading was higher

than 0.1 %wt. It is not clear &t thlls Point ﬁl “ \

the subject for further study. gver, ihts res aS'S ¥ 0 the study of Sene et. al. who

Ie of V on photoactivity, and is

reported the reduced phot@aciiVity *,J;ri'-'..t? i dopant [44]. They found that the

vanadium was present in theforf ':53-: ‘par at high V loading. The vanadium in

ﬂ‘LlEl’J‘VlEWﬁWEﬂﬂ‘i
AW AINIUURIINIA Y
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Figure 4.37 The photoreiov ibracor th Vado ed TiO, obtained from Sol_2D
(H,0: EtOH: HNO, = 10%08) ‘caleine
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4.3.3 TiO, coating on Al,O, beads

Figure 4.38 shows the removal of CR with TiO, coating on Al,O, obtained from
Sol_2C calcined at 400°C for 4 h as a function of illumination time. A 1.72 g of TiO,-coated
AlLO, beads having 0.1 g of TiO, loading was used. The amount of TiO, content coated on

Al,O, beads is the same amount as that using in the form of powder. It was found that

photocatalytic efficiency of TiO,-co \ \ was lower than that of the TiO, powder.
\” & to dng out of the TiO, particles inside the
pores and at the Al,O, surface Dy.surrou in ALQ, b s. Thus, the photogenerate e-h"
pairs in TiO, particles byt AL ion. were -inhibited, resulting in reduced
photoreaction. Note that _iii€ cozied beads \ , settled out at the bottom of the

container than in the form qifpowde

1.6
1.4
1.2

.
0.8
0.6
0.4

ﬂuﬂqwﬂw HaNT, .
VRN HRAINAY ¢

Relative concentration(C/C,)

o

Figure 4.38 The photoremoval of Cibacron red with TiO, photocatalysts in the form of
powders and coating obtained from Sol_2C calcined at 400°C, 4 h as a function of

illumination time; (a) pure TiO, powders (b) TiO, coating on AL,O,
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4.3.4 TiO, coating on glass tubes

Figure 4.39 shows the photodegradation of Methanol (CH,OH) with TiO,
photocatalysts immobilized on the surface of glass-tubes calcined at 400°C for 4 h as a
function of coating time (1, 4, 8 and 12 cycles). As mentioned previously in chapter 3,

CH,OH in the form of gas phase was fed into TiO, coating on glass tube. After illumination

by UV light for 8 h, the CH,0OH was ' f’/tmas CO, and water, as shown below;

()]
|

Yield CO, (%)
oy
|

-7 B

1

r
1 oy 4 cycles 48 ,..F, cles

s
=2

Coating cycles

Figure 4.39 The photoremoval of Methanol (CH,OH) with TiO, photocatalysts immobilized on
the surface of glass-tubes calcined at 400°C for 4 h as a function of coating time;

(a) No coat, (b) 1 cycle, (c) 4 cycles, (d) 8 cycles and (e) 12 cycles
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