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 #$%& '%( )*� Sol-Gel+� ���� ,#-.�� /012 34. 5 67�8� 9:;�+�� 7<�

TiO2-SiO2= ���> ,#%( :�#?� @A <B#$C #�� @A ����� DE F %GHI� @A 7#�� D

E> SEM, BET, FTIR, XRD> J%( 2K%L4. M�2 ,#N ��� ��� ��C [Ti]/[Si]� �� O&� PQ��

� ��� ��� R%( 2K%L4. HPC� S� T�U� @V WX� Y&� Z[\ , ]^ _`ab� S� T�c�

d WX� Y&� T�U
 _ � 3e4. Ti-_`ab� SC %GHI� T�� @V8 ��� ����� Yf gG%L

4. Ti� #�� T�U� @V8 Ti-O-Si� h:� T�%L�  %GHI� T�� @V8 400oCi\ Ti-O-Si� h:� T

�%4� M �j� %GHIT�� �%( gGU
 _ � 3e4. #�� @A �Gk�lm PQn" Ti� S� T�U�

@V8 Yf opq\r, s' Ti molet� PQn" Ti� #�� u[v� @V8 T�%L4. %GHI� T�U� @V8

�Gk�lm PQn� gG%L4. �wx y�" %GHI� T�� @A Ti-O-Tih:� T�� &�x ���� (Ti3+-O−)*

� gG� ����� gG� &�x4.

Abstract − The physical properties which affect on the activity of photocatalysts are active site number and surface area, etc.

Recently, to control these properties, ‘Sol-Gel’ methods are used to synthesize photocatalysts. In this study, we synthesized
spherical TiO2-SiO2 photocatalysts by mixed solvent method, and analyzed the changes in morphology of the catalysts with

synthesis conditions by SEM and the changes in physical properties of the particles and the variation of the crystal structure

with Ti concentration and calcination temperature by TGA, BET, FT-IR and XRD. Then we investigated the effects of the

physical properties and [Ti]/[Si] ratio on photocatalytic degradation of iso-propanol. The particle size was decreased with

increasing HPC concentration and decreasing Ti concentration. The surface area of the catalysts was decreased by increasing Ti

concentration and calcination temperature. As Ti concentration was increased, Ti-O-Si bond number was increased, and by cal-

cination, the number was increased until 400oC, then decreased with increasing calcination temperature. The extent of photo-

degradation of isopropanol was higher as photocatalysts have more Ti, but the turnover frequency of the Ti was higher as the

catalysts have less Ti. Because (Ti3+-O−)* number and the surface area of the photocatalysts are decreased by increasing cal-

cination temperature, the photodegradation of organic material is decreased.
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1. � �

���� �� ��	 
��
� ��� ���� �� �����

�� ��	�� 
�� �  !", #$ UV�� %& �'() *&

+!), -��
� #./� �  0, ��� 1*&2 34�0, 


�5 6�7 893:� �;<2 =� >?� 1-��
2 @A =

B. 2C�D ��� GaAs7 GaP E� �F$G HI�J K
�0 L

MN2 O�", PQ2 R0 S%T&2 UV�J �F$ H( 	�)

,� W&2 34�B.

��� %&� �� 	�)� ZnO, CdS, TiO2 E2  !7 ZnO7

CdS E� ��%&� +X YI2 Z/[� #\2  � >?� LM

N2 O�0 �� �] K
� TiO23 ^A _MH`2 [0  B[1].

ab7 .�� TiO2� cde2 f7gS� 3.23 eV20 hi� 3.02 eV

)j, 2� �k$ lm2 ^) no� p�j 5%� 
Q� q$��

YCr lm(400 nm 2�� st)20, F�� 1uv2 wx ��k$

PQ2 �] yB. zxj TiO2� ���)j� <4� {`|}� �

�J �� ~Y��� �] FD<2 R� Pt, Au, Ag E� ��� �

$|� FYG �B P��!) trapping� �  � ��7, F�� 


�G �3|}0, �� ��<� ��G �3|}� ��J TiO2-SiO2

� CdS-TiO2 E /v	�n� ��� v<� erithrosin B[2], Ru(bpy)

E[3] ��<� $� ���</SG ��� /��!) ��|}� �

� E2 _M[0  B.

��� <4� l{� ��� 	�� �<!)� ��� ���, s

t, �D, ��, T���� ��� �<\(active site)� �2", ���

���� T���� ���<� ���� ��J Sol-Gel �2 �2

2&[0  B[4].

���!) Sol-Gel �
�  �j 9�	�) �2 2&[0  � �

� � *2¡� �W�D� ��2�� ¢£� zx l{� ¤�B.

Si(OC2H5)47 W(OC2H5)6� 3�
� �W�D� `H�!) ¥�0,

Zr(OC2H5)4, Al(OC3H7)37 Ti(OCH(CH3)2)4� �W�D� �] ¦§B. �

� � |¡� �W�D� q2� �� 2�� F�¨<D� ©�  B.

ª _M�j Ti « Si ¬Y� 9�	�) *&� titanium iso-propoxide

[Ti(OCH(CH3)2)4, Fluka, 2� TIP) ��]� tetra ethoxy orthosilane[Si

(OC2H5)4, Merck Co., 99.5%, 2� TEOS) ��]� ­
 oF�3 ®®

δ(+0.61) « δ(+0.32)!)[5] TEOS� T�J TIP� �W�D3 �] ¦§

B. zxj Ti-� |¡� Si-� |¡G *&�j TiO2-SiO2 
(G v<

�� ̄ ], ° � |¡� �W�D q2 >?� ° � |¡G ±|� 	

� �W|}� 
Y�²� ³�� L­uv� ́ � TiO2-SiO2 �
(G v

<�� �µB. 2b� ° 	�� �W�D� q2G �u�� ��J �

W�D3 ¥¶ TEOSG ­
 3�
�|}�7, �W�D3 ¦· TIP� �

W�DG ̧ ¹� ��J TIPG acetic acid7 acetyl acetone E!) �� ester

/ |º » TEOS� �W|}� ��¼2 _M[0  B[6].

ª _M�j� 9�	�) *&� TEOS� TIP� �W�D ���

�� ³�� Ti-O-Si uv� ´� �
(G S��� �� ­
3� 


��� M�� 0T���� ´� �
( S�3 34� ½v&���

2&�J TiO2-SiO2 ���G S��¾!", v<�¿2 �
(� 	�

� �<(~D
À, T���, �<)� u
` Á/� ��� l{� S

�5 �
(� 	�� �<(�Â�D� z· T���)� [Ti]/[Si]T3

���� 2ÂÃ)ÄÅ 
��<� ��� l{� H�J 0Æ�¾B.

2. ��� �	 
 ��
 �� ����

2-1. ��� ��

50oC�j Ç�È ¬É TEOS, n-Octanol[CH3(CH2)6CH2OH, Yakuri

Pure Chemical Co., 99.5%] « �£� ½v &Ê� 2� ËÌ5 �£�

) 208 ÍÎ5 �Z[HNO3, Merck, 65%]� ��) Ï3�J Ë���

j 24|d ±K �W|� TIP� T� `H�!) �W �D3 ¥¶

TEOS� H� ­
 3�
� �W� ÐU �Ñ�¾B. TEOS3 ­
 3

�
�5 &Ê� TIPG Ï3� B¨ Ë���j 24|d ±K �W|�

Ti-O-Si Òv � *2¡G S��¾B. a�0 Ti-O-Si Òv � *2

¡ &Ê� �DG 30oC) �O|º » ~Y� Ó< �
�j Ê��


Z<� �$�� �� Ê�� K
/S) *&5 hydroxy propyl

cellulose(Aldrich Chemical Co., Average M.W. 100,000, 2� HPC) �

�)3 &�5 n-octanol� �W �¿� zx Ï3� B¨ 15
d Ë��

J HPCG &Ê� ³��� 
Z|ÔB. 2 &Ê� �£�, n-octanol,

ÕÖ×f�[NH4OH, Junsei Chemical Co., 29%],« Acetonitrile[CH3CN,

Yakuri Pure Chemical Co., 99.5%] ½v &Ê� Ï3�0 1
d eØ�

� Ë�� » 1|d ±K Ù�� �$��j �W|� M� TiO2-SiO2

F�
(G S��¾B(2� ®®� |ÚG Ï35 Ti-� *2¡� o

� zx Ti 5%, Ti 10%, Ti 15% « Ti 30%) ��). �W2 ¢Ú5 »

~Y� J� �
� Û�J 
��0 100oC�j 24|d ±K ¿��

¾B. ª _M� ÇÜ�¿� Table 1� 7gLÝB.

Table 1. Experimental conditions

1. The effect of HPC contents
[HNO3] = 0.45×10−2mol/l, [NH4OH] = 0.14−1mol/l, Acetonitrile vol% = 40, [TIP]/[TIP+TEOS] = 0.15, unit: mole

Name
Partial hydrolysis of TEOS TIP added Octanol+HPC Condensation

TEOS H2O Octanol TIP Octanol HPC(g/l) H2O Acetonitrile Octanol NH4OH

HPC=0 0.01 0.01 0.15 0.00176 0.318 0 0.0472 2.3 0.7660 0.014
HPC=0.05 0.05
HPC=0.1 0.10
HPC=0.2 0.20

2. The effect of alkoxide contents
[HNO3] = 0.45×10−2mol/l, HPC = 0.1 g/l, Acetonitrile vol% = 40, [NH4OH] = 0.14−1mol/l unit: mole

Name
Partial hydrolysis of TEOS TIP added Octanol+HPC Condensation

TEOS H2O Octanol TIP Octanol HPC(g/l) H2O Acetonitrile Octanol NH4OH

Ti 5% 0.01 0.01 0.15 0.00052 0.318 0.01 0.0321 2.3 0.7692 0.014
Ti 10% 0.00111 0.0445 0.7677
Ti 15% 0.00176 0.0472 0.7660
Ti 30% 0.00429 0.0572 0.7513
���� �39� �1� 2001� 2�
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2-2. �� �� �	

Ó<5 ~Y� �n� Þ� 
À� Scanning Electron Microscope

(SEM, Philips 535M)� 2&�J 20 kV� �¿!) ©Æ�¾B. S�5

TiO2-SiO2 F�
(� /� �<� 0Æ�� ��J X-Ray Fluorescence

Spectrometry(XRF, Philips/PW 1480) 
Î� Ñ�¾B. �Â �D� z

· T���� Á/G 0Æ�� ��J BET 
Î(Micromeritics, ASAP,

2000, V3.01)� Ñ�¾B. �Â �
� Û�J �<5 u
`� 0Æ�

� ��J �<� �D Á/� H� Xr ß� 
Î(XRD, Rigaku, Scanning

speed 1o/min, Target=Cuka, Power=30 kV, 20 mA, 10à2θà90)� �

¾B. TiO2-SiO2 �
(� uv `n� �Â �D Á/� z· �
(

L� uv ̀ n� Á/G 0Æ�� ��J á-�� �
(G KBr pellet

�!) ¬Ä� |â� ã¼� FT-IR(MIDAC GRAMS/386) 
��G

*&�J 400-1,400 cm−1� ̂ s�� ���j 
Î�¾!", á-�5

�
(� KBr� ä�T� 1 : 200) 0
�¾B. �
(� á
��<�

0Æ�� ��J TGA(TGA2950HR, å� �D 5 oC/min, 
�� Air)

ÇÜ� �¾B.

2-3. 
��
� ����

ª _M�j �
� t�) �� æ�D3 ç� Îl1�� �
�

�W�G *&�¾!", UV �¬!) 100 W Hg gas lamp(Eiko-Sha

400, λ >300 nm)G *&�¾!", �W� �D� 35oC) �$�¾B.

�W�� ­è� 130 ml2", YÎË��) �� Ë�� ̂ Ý0 �W�

� lamp�� ��� 15 cm) �
�� �$�¾B. �
� ��	�)�

iso-propanol(Carlo Erba)� *&�¾0, GC
Î| L­ �²	�)�

acetonitrile� *&�¾B. �W&Ê� iso-propanol� éDG 100,000

ppm!) 0
� �&Ê� *&�¾!" Ï3[� acetonitrile� éD�

50,000 ppm!) 0
�¾B. F( �W&Ê� o� 80 ml) �¾!"

TiO2-SiO2 
(� o� 0.1 g!) �
�� Ï3�¾B. �W |% F�

30
d O2 gasG 50 ml/min!) ê�² ë �W� '|�¾!", |d

ì) ^*�G 2&�J 0.1 mlí |ÚG îï�J GC(Hewlett Packard

5890 II, ðñ	 T = Porapak Q(80/100mesh), ò2=3m(OD : 4 mm, ID :

3 mm)  
Î� �¾!", ó9�)� Thermal conductivity detector(TCD)G

*&�¾!", �ô �DG 130oC, ̂ ~M�DG 110oC a�0 ó9

� �DG 160oC) �$�¾B.

3. �� 
 ��

3-1. HPC � ����� �� ��� �� � ����� ��  !"

Fig. 1� ½v&�� Ï3� �� � |¡� &�D õÂ� ��J

Ê�`n) `
�[� Ê�� K
/|}� ��J Ï35 HPC� é

DG Á/�J S�5 �¢~Y� SEM 
Îu�2B. Fig. 1� ���

HPC3 Ï3[$ ö� �¿�j� ê÷ø� �n� �
(3 S�[Ý

!", HPC� éD3 0.05 g/l2`� �¿�j� M� ~Y3 S�[Ý

!", HPC� éD3 �3��ù ú³ ~Y� Þ�� õÂ+� � �

 B. Jean� Ring[7]� K
/S) HPCG 2&� TiO2 �
( S��

©� _MG Û�J K
/S) *&5 HPC� <t�
�  � ~Y

� ��� 	��!) uv�0  !", �-û�� �Ò��j Ó<�


� ~Y¼� Wü� �$�B0 ���¾B. Hwang[8]� K
/S)

HPCG Ï3�0 octanol� acetonitrile� ½v&�) 2&� mullite F

�
(� S�� ©� _MG Û�J ½v&����� Z/	 S��


� ½v&�� H� � |¡� &�D q2G 2&� ý!) Ê�

� �n) `
�5 ­
� &�/[�  � ��W � |¡� þp

v �W� �� Ó<5 �ÿ~Y� `�%&� ��J �¢~Y3 Ó

<5B0 ���¾B. zxj Fig. 1� (a)� ¯]� �2 HPCG Ï3

�$ ö� ¯] ê÷ø� �n� ~Y3 S�[Ý�� 2ý� ½v&

�� Ï3� ��J Ê�� �n) `
�5 Òv � |¡3 M��

�$�$ ���j þpv �W� ��J �¢~Y) <t�� >?2

x0 *Ú5B. �� HPC� o2 �3��ù M�� %� ~Y3 S�

[Ý�� 2� �� �`� Hwang� _M�j-� HPC� o2 �3

�� Ê�� �nG `
�[� <t�� ~Y� &�/[Ý� � |

¡� þvpv �W� ��J Ó<5 �ÿ~Y� Wü�`2 	�¼Ý

� >?2x0 *Ú5B.

Fig. 2� �
� TEOSéD� H�J TIP� o� Á/|� S�5 �


(� H� SEM 
Î u�)j, � |¡� éD3 �3��ù �¢

~Y� Þ�� �3�¾!" Fig. 2� (d)� �2 Ti-� |¡� �<2

30%É �¿�j Ó<5 �
(� ¯]�� M�� �$[7 ��2 �


�$ �� ý� � �  B. Ti� éD3 �3+� zxj �<5 


(� Þ�3 �3� ý� ½v&�� H� � |¡� &�D q2�

�É� ý!) ±�� ½v&�3 Ï3[Ý� > � |¡� o2 �

��ù Ê�!) `
�[� � |¡� o2 �3�0 ±�� Ë��

¿�j � 
 � Ê�2 Ó<[Ý� >?� �¢~Y� Þ�D �3�

¾B0 *Ú5B. Fig. 2� (d)� �2 ��2 �
�$ ��0 ê÷ø

�� 5 ý� � |¡� o2 �2 Ï35 ¯] #� ~Y� HPC�

o2 õÂ�J ð
� ~(t�P�� �� Wü�$�`2 ��7$

öf �ÿ ~Y3 ê÷ø�� Wü[Ý� >?2x0 *Ú5B.

3-2. ��# TiO2-SiO2 ��� �$% &'( )$

Table 2� ª _M�j S�� 
(� �<� XRF) 
Î� u�)

Fig. 1. Electron microscope of particles produced by different HPC con-
tents.
(TEOS = 0.01 mol/l, [TIP]/([TIP]+[TEOS])=0.15)
HWAHAK KONGHAK Vol. 39, No. 1, February, 2001



62 ���������	��
����
�������������
j TiO2� SiO2 9�	�� �<� T�J TiO2� �<2 � 
 R�

7g��� 2� �� u�� TIP� T�J �W<2 ��$� TEOS

� �­3 ��W`n) �f � >?2x0 *Ú5B.

Fig. 3� [Ti]/[Si]TG Á/|� S�� �
(G 5oC/min� �D)

600oC�$ �Â�DG �3|}0 600oC�j 1|d �$|º |Ú�

H� T���� Á/G 7g� ý!), Ti� �<2 �3��ù T�

��2 õÂ+� � �  B. 2� �� u�� Fig. 2� SEM 
Î�j

� �2 Ti� �<2 �3��ù ú³ ~Y� Þ�3 �3�¾� >?

2x0 *Ú5B.

Fig. 4� Ti 10% |ÚG 100oC�j 24|d ¿�� �
(� 600, 700,

800, 1,000oC�j �Â� |Ú� H� T���� Á/G 7g� ý!

) 600oC�$ �Â�DG �3|}
xD T���� Þ� õÂ�$

ö�!7, 700oC 2`!) �DG �3|}Y Âu �`� �É�J

�e� T���� õÂ�`2 ���� � �  B.

Fig. 5� Ti �< Á/� ��J Ó<5 |Ú� H� TGA 
Î u�

2B. Fig. 5� ��� ��� ��5 �
� ½v&�p ��\2 y�

acetonitrile(b.p = 82oC)� ��� �É� � 200oC�$� 1q ä�õ

Â� M��, octanol(b.p = 190-199oC) « HPC� ��� �� 2q ä

� õÂ �`2 Ti �<2 õÂ��ù 0��j ���� � �  B.

3-3. FT-IR �� *%

Fig. 6� �<� Á/��j S�5 |ÚG 100oC�j 24|d ¿��

»� FT-IR
Î u�2B. .�� SiO2� ¯] 980 cm−1 ­� ^s�

�j Si-OH� Iþñ±� �� ��H� Si-O-Si uv� Iþñ±� �

� 1,103 cm−1 ^s� ­��j� ��H3 7g7$ã[9] Fig. 6� �

�� TiO2-SiO2 
(� ¯] Ö� |Ú�j Si-O-Si ��ñ±� ��

800 cm−1� 460 cm−1 ­�� ^s��j� ��H� 954, 1,085 cm−1

a�0 1,170 cm−1 ­��j ÿ '� ��H3 7g�� � �  B.

Fig. 2. Electron microscope of particles produced by different Ti-Alkox-
ide concentrations.
(HPC = 0.1 g/l).

Fig. 3. BET surface area of particles produced by different Ti-Alkoxide
concentrations.
(HPC = 0.1 g/l, calcination temp. = 600oC).

Fig. 4. BET surface area of the Ti 10% samples dried at 100oC & cal-
cined at 600, 700, 800, 1,000oC.

Table 2. Compositions of TiO2-SiO2 catalysts determined by XRF

Sample
Titanium added in reactor

(mole%)
Titanium in the sample

(mole%)

Ti 5% 15 17.19
Ti 10% 10 10.08
Ti 15% 15 16.11
Ti 30% 30 37.18
���� �39� �1� 2001� 2�
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Hwang[8]� ½v&��� �� M� mullite F�
( S�� ©� _

M�j �DP�� ��J 0�H`É ©4�� �� � �Ì�� F

� ¨<D3 %��ù Iþñ±� �� IR ��H3 U^s�) 2±

�J 7g B0 ���¾B. zxj .�� SiO2�j Si-O-Si� Si-OH

uv� Iþñ±� �� 1,103 cm−1 « 980 cm−1� ̂ s� H�j� �

�H3 1,085 cm−1� 955 cm−1 ^s� ­�!) 2±�J 7g  ý�

.�� SiO2�j Si-O-Si « Si-OH uv� �1�� Si� H3 F�¨

<D3 y� Ti) �Ì[Ý� >?2", (Pauling �� ��� Si, H a

�0 Ti� F�¨<D� ®® 1.90, 2.20 a�0 1.542B[10].), Si-O-Si

uv� �!� ý �B Si-OH� �!� ��H� 2±2 Þ� 7g 

ý(� 25 cm−12±)� H� Ti� F�¨<D q23 Si� Ti� F�¨<

D q2 �B Þ� >?2x0 *Ú5B. zxj ª _M�j S�� �


( L�� Ti-O-Si uv� ´0  !", Ti-O-Si� uv
D� �
(

L� Ti� �<2 �3��ù �3+� � �  B.

Fig. 7� 8� Ti 5% |Ú� Ti 30% |ÚG 400oC­" 200oCde!

) 1,000oC�$ 5 oC/min � å��D) �Â� » ® �D�j 1|d

�$|º |Ú� H� FT-IR 
Îu�)j, Si-OH uv� H3 Ti) �

Ì[� 7g  950 cm−1 ^s��j� ��H� 1,000oC�j �Â�

|Ú�jD JF� 7g�!", 2� �� �`� 900oC�j� �Â�

��J Si-O-Ti uv2 *xñB� Nishide[11]� Best E[12]� _M

u��� q23  ¨� � �  B. a�0 ¿��
� �# |Ú�j

� 1089.6� 1081.89 cm−1� ^s�� ���� ��H3 400oC�j

�Â� |Ú�j� ®® 1078.03� 1066.46 cm−1� U^s�H) 2±

�J 7g�!", 1,000oC�$ �Â �DG �3|}� B| 0^s�
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Fig. 6. FT-IR spectra of the particles produced by different Ti-Alkoxide
concentrations.
(HPC = 0.1 g/l, drying condition = 100oC, 24 hr)

Fig. 7. FT-IR spectra of the Ti 5% samples calcined at various temper-
ature.

Fig. 5. TGA trace of the particles produced by different Ti-Alkoxide
concentrations.
(HPC = 0.1 g/l, heating rate = 5oC/min)
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Fig. 8. FT-IR spectra of the Ti 30% samples calcined at various temper-
ature.

Fig. 9. XRD patterns of the particles produced by different Ti-Alkox-
ide concentrations and dried at 100oC for 24 hr.

Fig. 10. XRD patterns of the Ti 5% samples calcined at various temper-
ature.
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 PQ�2 5B. zxj Fig. 13� �2 Ti� �<2 y��ù Ti '

�� �<(turn over frequency)2 �3(B0 *Ú5B.
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+� � �  B. Fig. 3� ��� 600oC�$� �Â�D� Á/� �

Fig. 11. XRD patterns of Ti 30% samples calcined at various tempera-
ture.
(a = anatase, r = rutile)

Fig. 12. Iso-propanol conversion curves of the particles produced by
different Ti-Alkoxide concentrations and calcined at 600oC.

Fig. 13. Turn over frequency of the particles produced by different Ti-
Alkoxide concentrations and calcined at 600oC.

Fig. 14. Iso-propanol conversion curves of Ti 10% particles calcined at
indicated temperatures.
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