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� �

����� TiO2/SiO2 ��� 	
� �
��� AOT(sodium bis(2-ethylhexyl) sulfosuccinate)� ���� W/O �
��

����� TTIP(titanium isopropoxide)� TEOS(tetraethylorthosilicate)� ���  !"� �  �#�$%. &' TEOS�

(�)* 0.1
$%. ���� �#+ W0(H2O/AOT),� -. /012�, 3
0, 42� 5 42�� 67 8* 9:0 ;

�* TEM, XRD, BET, FT-IR, TGA-DTA 6< ���� �=�$%. >? @AB0 ;�< CDE� F  G�H !"I

J� 
��� p-KL�MN� @�  ��< #��$%. �#O TiO2/SiO2 ����� /P: �Q 105oC, 300oC�� ,

42R#� �STU, V��Q 800oC��� TiO2 42�� W� X2Y� SiO2� Z  /0 12�
 [�\]^, �_`

anatase 42< ab�$%. &:^ TiO2/SiO2(90/10) ���� SiO2 42* cd\b ef%. �#O AB� gh� RY


U Di jk? �l� m� nT� cd\]%. W0 ,� [�o�p 42��� [�\]^, 3
0* qV�� rs< �

tW]%. >? p-KL�MN� g? @�  ��* u�? TiO2 E% TiO2/SiO2(90/10) AB� v��$%.

Abstract − Nanosized TiO2/SiO2 particles were prepared by hydrolysis of TTIP (titanium isopropoxide) and TEOT (tetra-

ethylorthosilicate) in sodium bis (2-ethylhexyl)sulfosuccinate (AOT) reverse micelles. The mole fraction of TEOS was 0.1.

The physical properties, such as surface area, thermal stability, crystallite size and crystallinity according to W0 ratio have been

investigated by TEM, XRD, BET, FT-IR, TGA and DTA. In addition, the photocatalytic degradation of p-nitrophenol has been

studied by using batch reactor in order to compare the photocatalytic activity of prepared nanosized TiO2/SiO2 particles. It is

shown that the XRD pattern of the particle heat treated at 105oC and 300oC indicates amorphous and the major phase of all

the prepared particles were anatase structure. No significant rutile phase was observed although the calcination temperature at

800oC and no peaks SiO2 crystal were also observed for TiO2/SiO2 (90/10). The presence of amorphous SiO2 in TiO2/SiO2

particle enhanced the thermal stability of TiO2 particle resulting in the suppression of the phase transformation from anatase to

rutile phase. The crystallite size of prepared particles decreased with decreasing W0 ratio. The surface area increased with

decreasing W0 ratio. In addition, TiO2/SiO2 (90/10) particles shows higher photoactivity than that of pure TiO2 particles.

Keywords: Nanosized TiO2/SiO2 Particles, AOT, Reverse Micelle, W0 Ratio, Photocatalytic Degradation of p-nitrophenol
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���� ��� ! "#$% &'� �() *+, 
�-� �..

����� / % 01�2 ��� / 3 .4 56� �789, :

, ;<=�) / ��� >?@��A B��% CD E �F GH

I J	 KL ;M�N O /PQR� �ST� GU$% VWXY�

��) Z1� B�[.. \� / � ]^ O /PQL G� \� 8

_�) B��% volume recombination� �( `a-bJ, / � >

?bc volume recombinationL d�Re -�, fc� O  g PQ h

U� i�$M surface recombination1 GU�j `ak�� >l$e
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tuv� 1l$% Dt� &'�� �mN.. Dt� &'L O�m(

', w-x', 01���yz', �{' |1 �.. }~ ���1��

��m('L w-x'� 	 ���), k� ���1�! �l$M {

��) ��m(uv� �( �e "#� ��$�, OH 1� 1��

��r1 �/� ^�� �� ��U� �5r� �� � �.% F�

|� �b� �bJ, / �� #�� ���� �b� �.. :,, 0

1���yz'L �c�5"! 1l$M 01�(oil in water, O/W) �

% �{01�(water in oil, W/O)� �5�� �yz� ��, ��� �

� �� � ��, ��, ��m� |� �e #�I � �� ��� �

o, 
�-� �.[1-3]. �	 � 1 �UD¡� �� �¢6� uU

£ "#! ¤$M ¥. ��U� ¦B �% §T �Dr ¨©� ª¦

«`� ¬o� ­®51 	¯ ° ®�-� �.. §T �Dr E SrTiO3,

BaTiO3, titania/zirconia, K2La2TiO3, silica-titania |L <=�) �l$M

± �5 �²1 ¦B �Dr ¥. ° ^�$.� ¥�$³.[4-6]. ±s

� titania-silica �T�DrL ±  £� ´L ;<=B µJ ?X�, .

4 Dt uv <=� ¶b£�)U 1l-� �.[6].

��) · 
��)% ̧ P5�) ^�	 56� ¹% º1� �c�

5" AOT(sodium bis(2-ethylhexyl) sulfosuccinate)! �l$M 01�

��yz'� �( ����� TiO2/SiO2 §T �Dr� "#$³..

��/  "#� W0(H2O/AOT moral ratio)a� �4 »� ¸P5, f

c�, SP�#, /  ��, �� |p qL rs ·Dt� :5� �¼%

½¾� �¿$³�, �	 "#N / � ;<=� :5� �?¥� ¤

( uvr p-XÀ�ÁÂ� �	 ;m( �5� #�$³..

2. � �

2-1. �� � ��� ��

TiO2 O�r6 titanium isopropoxide(TTIP, 97%, Aldrich Chem. Co. Inc.

USA), SiO2 O�r6 tetraethylorthosilicate(TEOS, 97%, Aldrich Chem. Co.

Inc. USA), l= Ã1Ä�Å�(99.5%, Junsei Chem. Co., Ltd. Japan)L �

Æ:Ç� �/$M ±�� �l$³�, �c�5" AOT (99%, Sigma,

D-0885 lot 40K2617)% �Æ:Ç� �/$M 70oC ÈQÉÊ�) 48�

Ë Ì#�� �l$³.. ±s� ��uv� ­®	 rL Í 1�DN

i��! �l$³�9, W/O 01���yz'� �( T5$³..

AOT/C6H12/H2O ��) »�t� ¸P5, ¦m� g �¨� �{01

� ¨5� �()% Moran |[7]� 
�! Î�$³..

T5 &'� �	 QPU% Fig. 1� �78Ï�9, ± T5L ÐÑ

uv�� Ã1Ä�Å� 300 cc! ª�$M lÒ� �U 30oC� Ób$

�, AOT 0.045 mol� �$M Ôu~U 550 rpm�� l(� ÕÖb Ô

u	.. l( × #Ì� �� (Ø$% �� i��! Ù/$M �{0

1�(reverse micelle) ̈5 ÓU! ¤( 30mË �~() Ôu	 .º,

TTIP¥. uv ~U� ÚÛ TEOS! Æ 1�Ë PU ÐÑ ��m( u

v� �Ü	.. TEOS� _m ��m(N lÒ� TTIP! )), Ù/

	 ×, 3�Ë Ý¸ �~ Ôu$M Ti-O-Si §T ���1�! "#$³

�, 1Õ T5#ÌL Table 1� �78Ï..

{�� "#N "¢� Þ�$M ßOr� �à-� �% Ó�rp �

c�5"! 1Z "á$� ¤( k�ms�(10,000 RPM, 3m)! �l$

M �âãp i��� 
ä ms$³�9, 2Z� Soxhelt åæ�! �l

$M �âã� 24�Ë 
ä$³.. 1çe "#N ßOr� Ì#��)

105oC, 12�Ë Ì#�è .º, 200-800oC� Q� m¤��) 3�Ë Ý

¸ `5�è × mn$M TiO2/SiO2(90/10) <=! éé "#$³..

2-2. 	
��� 
� ��

105oC�) 12�Ë Ì#N / % �U� �4 / � »m(, SP

D g {CD! �¿$� ¤( DTA(Perkin-Elmer, USA)3 TGA(Perkin-

Elmer, USA) mêF¼! éé �l$³�9, Q� m¤��) ë� �

U 10oC/min� ~U� 50-900oC ì¤� �U�) �¿$³..

"#N SP/ � Pí	 Dt �#3 m  ST {©! îï¥�

¤$M FT-IR Spectrophotometer(Bruker, IFS-88, Germany)! �l$³

�9, pelletL KBr, ðF ì¤% 400-4,000 cm−1�) �¿$³..

<=� SP�# g �
 SP��! �?¥� ¤$M X-ñ Þ�m

ê�(XRD, D/MaXIIC, Rigaku Co.)! �l$³�9, �
 SP�� L

L X-ñ Þ� ò�� {v$% �j� ó1�_ô Scherrer õ� �l

$M ��$³.[8].

<=� fc�p �Q_ò(pore volume) öPL fc� öPF¼

(Quntachrome, Autosorb-1 Surface Analyzer)! 1l$M öP$³�9, ö

P ��% 200oC�) 1�Ë Ý¸ O÷s�ø�, mê&'L 
~ùú

õ�� ûü� ýê"� $M þÿr 6`� m�� CD�� þÿ�

� CD! BETõ� �( (ê$M ���3 ����_ô fc�� �

�$³..

<=� ��
�# �¿ g ��, ��, ��m� |L LaB6 ­��

À� �( �~O� 200 kV� HR-TEM F¼(Jeol, JEM-2010)! �l

$M �¿$³..

Fig. 1. Preparation procedure of TiO2/SiO2 nanoparticles by W/O  micro-
emulsions.

Table 1. Composition of microemulsion systems used for synthesis reaction

TiO2/SiO2 ratioa W0
b Rc TTIP [mol dm−3] TEOS [mol dm−3] H2O [mol dm−3] Surfactant [mol dm−3]

90/10 1 2 0.090 0.01 0.2 0.2
5 0.04
10 0.02
20 0.01

aTTIP/TEOS ratio. 
bW0 ratio=[H2O/AOT molar ratio]. 
cR ratio=[H2O/TTIP+TEOS molar ratio].
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2-3. �� ��

;<=� :5L uvr p-XÀ�ÁÂ� �l$M #�$³�9, u

vr� ���U% 10-100 ppm, <=� ª��L 0.4 g/L, uvÒ� pH

% 7� BP$e $M ��$³.. uvrL BP �Ë0. 	
$M

UV(Shimadzu, UV-240)! 1l$M mê$³..

uvF¼% �e Þmõ uv�, ���L|, �`QÇF¼, �éF¼

g Ôu�� 1��
 ��9, uv�% ê½�� ">-Ï.. uv�

8_% ß�7/�� -�  �ñ ��! uv� ~� �1 ð�,U

� $M  �ñ1 <= fc� ��	 �<I � �U� $³.. ;k

��% 500 W ���L��(Kum-Kang Co.)! �l$³�9, ;k�

��� �1� ¤$M uv�! �1 Z¦N {  ¸� �� h��ø

.. O²L ���L�� #��! �l$M �B$e QÇ$³�9, ;

k� �	 uvr� �U {ë� ��$� ¤( uvÒp �� �1�

ÝB	 Ó~� �é�! �l$M 30�2 oC� Ób$³..

3. �� 	 
�

3-1. ���

Fig. 2% Ì#N TiO2/SiO2(90/10) / ! DTA-TGA! �l$M »m

ê	 Sp19, ë� �U 10oC/min� ~U� 50-900oC ì¤�) m

ê$³.. TGA mêSp 6� �`% 110oC, 285oC, 480oC _��)

�Ñ, �`$³�, "#N / % Æ 13% PU �e��1 B��..

DTA mêSp�) þ» ò�% 110oC _��) �7�bJ, ± � �

U�) o» ò�% íjI � �Ï�, 1 Sp% Viswanath3 Ramasamy

[9]� w-x'�� "#	 TiO2/SiO23 a 	 ]¾� ¥MGÏ.. XRD

mêSp�U ̀ 5�U 500oC�) 800oC� »÷s$³� ]^, MO,

anatase SPJ1 !�$% K� íjI � �.. ��) TiO2 SP8�

SiO2� 10% PU ª�� ]^, o»ò�� �7�b "#�9, 1% SiO2

� TiO2� SP8�) »� ¸P5� i��$% K�� %¦N..

3-2. X-� ����

Fig. 3L R a 2�) W0 a� �� "#N / � XRD mê	 Sp

! �78Ï�9, 1Õ Q�m¤��) 500oC� 3�Ë Ý¸ `5$³

.. "#N / % 2θ=25o _�� O¨�j anatase �#! �&�9,

W0 a� �4 SP5 g SP��% Table 2� éé �78Ï.. 1Õ

"#N SP��% Scherrer õ� �( ��N '�SP��1.. W0

a 1�) 10�� i�$³� ]^, SP��% 6 nm�) 9 nm� i�

$³��, W0 a 20�)% .� �`$% ]¾� �78Ï.. W0 a�

i�I�� SP��� i�$% KL 01���yz 8� ��m(

� ÎM$% r/ ��(water pool size)� Wb%( �jN K�� %

¦-9, 1)	 Sp% Lim |[10]1 
�	 W/C(water in carbon

dioxide) 01���yz� �( "#N TiO2�)U Ó�	 Sp! �

78Ï.. �	 W0 a 20�) .� SP��� �`$% KL r/ 

(water pool)3 01� 8� R�É% ���1�3 Ç*	 ��m(u

v� �( B��% K�� %¦N..

Fig. 4% W0a 1, R a 2� #Ì�) "#N / ! `5�U� �4

XRD mê	 Sp! �78Ï.. �_m� Dt�j &'�� "#N

TiO2% + ¸P	 anatase� SP�#! �b9 »÷s! $c rutile {

Fig. 2. DTA-TGA curves of TiO2/SiO2 nanoparticles prepared at W0=1
and R=2.

Fig. 3. XRD patterns of nanosized TiO2/SiO2(90/10) powders prepared
at different W0 ratio.

Table 2. Physical properties of nanosized TiO2/SiO2(90/10) powders
prepared at different W0 ratio

Catalyst conditiona
XRD BET TEM

Intensityb
Particle size 

[nm]c
Surface area 

[m2/g]
Particle size 

[nm]

W0 ratio 1 54 6 189 7
5 76 7 161 8
10 78 9 130 9
20 74 8 153 8

aR=2; calcination temperature=500oC.
banatase peak intensity at 2θ=25o.
cobtained by Scherrer equation.

Fig. 4. XRD patterns of nanosized TiO2/SiO2(90/10) powders calcined
at different temperature.
���� �41� �4� 2003� 8�
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�� C	.. Kimp Hahn[11]L a1� �c�5" NP-5! �l$M

W/O 01���yz'� �( TiO2! "#$³�9, ± "#N TiO2%

Æ 500oC�) ��	 anatase� ¨5-Ï�, Æ 650oC�) rutile �#

� {O1 ¡� ¥�$³.. Tanaka3 Suganuma[12]% �»T5'� �

( TiO2! "#$M, Æ 600oC�) rutile �#� ¨5-% K�� ¥�

$³.. ±s� Viswanath3 Kamasamy[9]% w-x'�� TiO2/SiO2(10/

90-80/20� + a)! "#$³�9, ̀ 5�U 900oC�) anatase �#!

Ób$³.. 13 q1 Dt�j &'� �( "#N TiO2� SP�#%

�_m O�£� 56p �# g T5 #Ì� �� �!	..

Fig. 4� Sp�) 105oC� Ì#N / 3 300oC� `5N / %

á� aSP5 �#! �&.. `5�U� i�I�� anatase SP5

L ,-$e �¿-9, 800oC� �æN / % rutile �# �1 MO,

anatase SP� �b% K� íjI � �.. ±s� Tanaka3 Sugnuma

[12]% ��	 TiO2 T5�) `5�U� i�� �( SP��% �e

i�-Ï��, · 
��) º1��c�5"! �l$M W/O 01�

��yz� �( "#N TiO2/SiO2(90/10) / % `5�U� i�I�

� SP5 g SP��% #}. i�$³.. SP��% `5�U

400oC�) 6 nm, 800oC�) 14 nm� SP��! �&.. 1)	 S

p�_ô TiO2 SP/  8� !�$% �P¨� SiO2% »� ¸P5

� i��� SP5p SP�� i�! /"$% K� íjI � �..

3-3. FT-IR ��

W0 a 1, R a 2� #Ì�) "#N TiO2/SiO2(90/10) / � �	

`5�U� �4 Dt� �#3 m  ST� �¼% ½¾� �¿$�

¤( FT-IR mê$³�9, ± Sp! Fig. 5� �78Ï.. 1 Õ ��

	 TiO2% ÝB	 #Ì�) T5$³�9, Q�m¤��) 500oC, 3 �

Ë Ý¸ `5$³.. �0 ��� O÷s% �âã� 1�Ë Ý¸ 
ä

	 ×, 100oC�) 12�Ë Ý¸ ÈQÌ#��) Ì#$M mê$³..

580 cm−1 _�� ò�% Ti-O ST� �	 þ�ò�19, 1,620 cm−1

_�p 3,400 cm−1 _�� ò�% OH� �([13], 940-960 cm−1 _��

ò�% Ti-O-Si ±s� 1,080-1,105 cm−1 _�� ò�% Si-O-Si ST�

«1ÈÝ� �	 ò�� ¥�-Ï.[14]. 3,400 cm−1 _��)� þ�

ò�% rs� þÿ�� �	 -OH �3 Ti-OH, Si-OH ST� �	 �

�ñ þ�ÈÝ� ��$9, 1,620 cm−1 _�� ò�% Ti-OH3 Ti-O

ST� �	 ��ñ þ�ÈÝ� �72.[15].

500oC� `5N ��	 TiO2 SP/ � ]^, Ti-O-Si ST� �	

940-960 cm−1 _�� ò�3 Si-O-Si ST� �	 1,080-1,105 cm−1 _

�� ò�% O3 �¿-b "�9, O¨�j anatase SP �#� ¥M

È.. 3,400 cm−1 _�� óL 4�3 1,620 cm−1 _�� þ� 4�%

�`ST� ¹� �% rm 3 ST	 Ti-OH �% Si-OH ST� O-H

«1ÈÝ� 
�-�, TiO2/SiO2(90/10) / �) ¥. 5$e þ�-

% K� íjI � �..

Fig. 5�) TiO2/SiO2(90/10) / � »÷s�U� �4 ½¾� îï

¥c, 105oC�) Ì#J �Ü	 / 3 300oC� `5	 / % 1,450

cm−1 _�p 1,530 cm−1 _�� Ó�r� �	 C-H þ� ò�� {Ø

, 5	 5U� �7[.[16]. `5�U 400oC 1{ i��ø� ]^,

1,450 cm−1 _�p 1,530 cm−1 _�� ò�% á� `6-Ï�9, 1

Sp�_ô 7�N Ó�rL 1 �U _��) á� "á-% K� �

� �.. �	 Ti-O-Si ST� �	 940-960 cm−1 _�� ò�% ��

	 TiO23 aÔI ]^ `5�U 400oC 1{�) �
$e !�$%

K� � � ��9, Si-O-Si ST� �	 1,080-1,105 cm−1 _�� ò�

% `5�U� i�I�� ° 5$e �7[.. JÆ TiO2 SP 8�

SiO2 à�1 i�I ]^, Ti-O-Si, Si-O-Si ST� �	 ò�% ° ,

-$e �78 K�� %¦N..

`5�U 800oC� �~ i��ø� ]^, 3,400 cm−1 _�� ò�3

1,620 cm−1 _�� þ�ò�% �Z �`-�, 3,400 cm−1 _�� ò�

% á� `6-bJ, 1,620 cm−1 _�� þ�ò�% ?9 !�$% K

� íjI � �.. ̀ 5�U� i�I�� 1 _�(1,620 cm−1p 3,400

cm−1)� ò�� �`-% KL aSP5 �#� SP5 anatase �#�

O1-% K� ��$9, Fig. 4� Sp�) íjI � �..

1{� Sp�) "#N TiO2/SiO2(90/10) SPL `5�U� i�I

�� Dt� þÿ� �% Ti, Si3 STN -OH �% aÔ� �L �U

�)U "á� -b "% K�� íj-Ï�9, `5�U� ����

Si-O-Si ST1 :1 ¨5N.% K� � � �Ï..

3-4. ���

R a 2�) W0 a� �� "#N TiO2/SiO2(90/10) / � fc�L

BETõ� �l$³�9, ± Sp! Table 2� �78Ï.. ±Õ "#N

/ % 500oC, 3�Ë Ý¸ Q�m¤��) `5$³.. TiO2/SiO2(90/

10) / % W0 a 1�) 10�� i��ø� ]^, fc�L 189 m2/g

�) 130 m2/g� �`$% ]¾� �78ÏbJ, W0 a 20�)% .�

i�$³.. uc� Fig. 6�) ÝB	 ̀ 5�UB ]^ ��	 TiO2 /

 % 72 m2/g� fc�� �&.. M�) /  fc�L ��	 TiO2

/ ¥. TiO2/SiO2(90/10) / � �e i�$% K� � � ��9,

1% Bu��� TiO2¥. SiO2� fc�1 �.% ��� �á$� �

.. �	 TiO2 SP8 �P¨� SiO2� !�à��A fc�1 i�$

% K�� %¦N.. Jungp Park[17]� 
��) TiO2 SP/  8�

Fig. 5. FT-IR spectra of nanosized TiO2/SiO2(90/10) powders calcined
at different temperature.

Fig. 6. BET surface area of TiO2/SiO2 nanoparticles prepared at differ-
ent calcination temperature.
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!�$% aSP5 SiO2% �L �U�) fc� �`! /"	.� ¥

�$³.. Table 2�) W0 a� 20B ]^ fc�1 .� �`	 KL

TEM� mêSp�) ; � �<1 W0 a 10¥. 20� #Ì�) ¨5

N SP/ � >?@��) �7�% Sp� %¦N..

Fig. 6L W0 a 1, R a 2� #Ì�) "#N TiO2/SiO2(90/10) / 

! `5�U� �4 fc� CD! �78Ï.. fc�L `5�U�

i�I�� �`$³�, `5�U 400oC�) 215 m2/g, `5�U

800oC�) 43 m2/g� �7�.. Kimp Hahn[11]� �( "#N ��

	 TiO2� ̀ 5�U� �4 fc� CD% ̀ 5�U 300oC�) 700oC

� {ë�ø� ]^, Æ 55= 1{ �`-Ï��, · 
��) "#N

TiO2/SiO2(90/10) / % `5�U 400oC�) 800oC� {ë$³� ]

^, fc�L Æ 5=PU� �`$% K� íjI � �..
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Fig. 7. TEM images of nanosized TiO2/SiO2(90/10) powders prepared at
different W 0 ratio: (a) W0=1, (b) W0=5, (c) W0=10 and (d) W0=20.

Table 3. Apparent first-order constant (k') of p-nitrophenol photodegradation
at different W0 ratio

Reaction conditiona k×(10−3min−1)

Pure TiO2 1.32

W0 ratio 1 1.84
5 1.67
10 1.46
20 1.53

aR=2; calcination temperature=500oC; C0=100 ppm.
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