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Photonic efficiency� � ��.j"�� 0.5 mol% Mo/Ti
 Z[ 0.28� kl�i�m, �� 0n) *+��	�� o@

c�� pqp� Z��� dopant
 erN� O�P
Q stc�� uHvw �F� 
"# ��	 ��� �x"0�,

cC%& ��� (�U� Z[�� yz{ uH/Co vw�^|
 }4 ]^� ,"# uH-Co
 gE+� �tU 

~��0. ��4 �&� O�P
Q BCa photonic efficiency� ]^"/�m, �� ��4 � �	GH�
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Abstract − In this study, molybdenum-doped TiO2(Mo/Ti) mixed oxide nanoparticles were prepared with the Mo5+ content

varying from 0 up to 2.5 mol% to shift the absorption onset into the visible part, and to enhance the efficiency by retarding the

e−-h+ recombination. They were characterized by UV/VIS, TEM-EDP, XRD, EDAX, and XPS. Photonic efficiency was also

investigated with the degradation rate of dichloroacetate(DCA) and light intensity measured by actinometry(2.68µE/sec). TEM-

Electron diffraction and X-ray diffraction patterns showed that particles were in the form of anatase with the diameter of ca.

4 nm. Appreciable red-shift in UV/VIS absorption spectra was observed with the addition of Mo, starting UV/VIS absorption
in the case of 2.5%Mo/Ti at around 0.22 eV less than in nano-sized pure TiO2(around 3.42 eV). EDAX verified that the amount

of Mo in the prepared mixed oxides was obtained as wished and XPS revealed that Mo(V) existed in TiO2 lattice. Measured

photonic efficiency turned out to be increased up to 0.28 at 0.5 mol% Mo, and then decreased as Mo content kept increasing

higher than that. This was explained by the changing prevailing phenomena - electron trapping and recombination - as the

amount of dopant increased.
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site� � , �x2�B7 ��� 0
 {|z� �A,  g�I� ��

M �3�� �����U(Eg)� ��, P7' uv��,� 0
 �]

��� � 3 ��� � , rs���, �� *� ��� �
 ��

de� 2� E ^[  U� !�M �� ��� ����1, ;A�

�5 G��a � �2 dopingk TiO2 ��	�2 doping�U �5

���Z !�!� ���U
 ��h � (', ���  5 ��	

deM /¡¢Z' �'�' (Z[1-4]. £
 Choi[5-7] E5 �x�

life time� ¤>�� V(IV)-, Ru(III)- E2 dopingk /¥�, ��	

� G�(¦ 50 ms)  doping�U �5 �	(200µs)�Z §E¨ � 


Z� �M �'
 q (Z. P[/ G�� ©ma� ª¨« ¬��

!2 ��!�� 2��B/ de2 ­�U� Gc� /¡/�1, 2�

dopingk TiO2� ��®��2 dopant� ¯�, dopant °±(TiO2�x

²�a� dopant energy level, dopant� d-electron� ³S), dopant� _

X, electron-donor� ¯�3 �� �, E ´µ
 ¶��� 8·L�

� ¸��, ¹º0 ��� »«¼ (Z.

��	�a ½7 ���' (� bulk8S� TiO2� �����U 

~3.2 eV(uv�wx� ~3.4 eV)� Z� �U¾ ¿À�, �Á�a� ²>

�, �ÂR ºAÃ� E ��	�a ��#,� ��� ²>�2Ä�,

2 Å}*+�M ���� deM � gÆ�a, x��, is��a�

��Ç � ($ #� H� ¥�2 �&�' (Z[8-11]. ©ma È ;

É�a� /¥�,� molybdenum 2Ê(Mo5+)M � �� #� Mo/

Ti yz��	
 Ai#Ë�f, Aik Mo/Ti� �����U� ¶+


ÌÍ#, W#^ UV/VIS ¬�eM ¤>#ËZ. 23 YÎ yz��	

� wx�,, |>8S, ÏF8S E� Ð�M _Ñ#Ë�f, ��	�

��M �?#, WÃa� dichloroacetic acid(DCA) _ÃeM Ò
 pho-

tonic efficiency
 ¤>#ËZ.
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�/�
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2-1. Mo/Ti ����� ��

Milli-Q plus systemM 2�#^ Ai
 uÓ�(ÔÕ>18 MΩcm) 600 ml


 1 oC2#� Ö×gØ Ù �Ú#$ ��gÆ�a MoCl5(Aldrich, Co.)


 0-2.5 mol%� �e� ×× Û�Ü Ù, 2 �Á� −20oC2#�a �Ì

k TiCl4(Junsei, Co.)
 ÝÝ¨ 
 bÞß � gàa á�2â 8S

� ãÁM Ai#ËZ. 2 K>� ��
 äå g¦�5 �67 æ2

P�� ��#ËZ. ç° á�2â 8S� wx�� )�
 �!M  

)� �A#' ²>+gÆ, W#^ ionic strength
 ��gè�1, 2


 W#^ ãÁ <� é{#� Cl−M Spectra/Por Membrane(MWCO

: 6-8000)M ��#^ ãÁ� pH  ¦ 2.5-3.5 >�  Ç ¹êU 8Ê

�a dialyzinggèZ. DialyzingM °ë
 Ù� ãÁM ìigÆ, W

#^� rotary evaporator(BUCHI Rotavapor R-114)3 aspirator(EYELA,

Tokyo Rikakikai Co. Ltd)
 ��#ËZ. Cold trap��� Á���


��#Ë�f, Ö×�� Ê�� ¦ 15-20oC, P7' water bath� Ê�

� 8Ê�� íU#�a rotary evaporator <� î�M ¦ 25-30 mb >

�� iï#f ìigÆZ  ç°���� î�M ¦ 1 mb  ��ð

%=M ¾�� �� ×× 0-2.5 mol%� Q-sized Mo/Ti mixed oxide

_ñM Ai#ËZ.

2-2. Mo/Ti ������ 	


Mo  � k TiO2 ò, Mo/Ti yz��	� ¬� onset2 !�! óô

�� red-shift ��U� ^Â
 ÌÍ#, W#^ Ai_ñ� �� ¬�

eM UV/VIS spectrometer(Perkin-Elmer, Ramda II)
 ��#  ̂ 200-

800 nm� �!VW�a ¤>#ËZ. P7' bandgap ��U� ¶+


�0#, W#^ 2 12õ� × �!ö absorption coefficient α� �*


 Ù ln(α)3 photon energy(Eλ)� {��#ËZ[12]. Absorption coefficient

α� Z÷� R (1)K ¶�øM ��#^ �*#ËZ.

(1)

^,a A(λ)� × �!�a ¤>k ¬�e, gëù� ρ=3.9 g/cm3, colloid

¯� c=0.5 g/L, P7' optical path length d=1 cm
 ��#ËZ.

Aik Mo/Ti� wx�,� TEM(Philips EM430, 200 kV, L=600,

λ=0.025ú)M L�#^ ÌÍ#Ë�f, |>�i� electron diffraction

(EDP)K X-ray diffraction(XRD) pattern��a �0#ËZ. £
 Ai


 yz��	�a Mo� _*>�3 Mo/Ti� û67 �K Ù� 8S


ÌÍ#, W#^ energy dispersive x-ray spectrometer(EDAX, Pilips PV9


 ��#ËZ. ÏFk Mo� é{ 8S �05 X-ray photoelectron spec-

troscopy(XPS, Fisons, ESCALAB220I-XL, Al Kα, 10 kV, 15 mA, 2-8ü10−8

mbar)
 ��#Ë�f, ý�% 12õ� C1s(284.6 eV)
 ,Ü�� charge

effect þ work function� �
 shift
 �>#^ �ÿZ.

ç°��� Aik �	� �+�� ���
 �?#, W#^ pho-

tonic efficiency
 ¤>#Ë�1, _Ã �8���� 1 mM DCA(Aldrich

Chemical Co. Inc.)
 I>#ËZ. 50 mL quartz �®,� Mo/Ti y

z��	
 0.5 g/L� ¯�� ¾å Ù xenon lamp(500 W)�Âõ� �

M i�#^ DCA� ��® _Ã}�
 ¤>#ËZ. DCA _Ã}��

614 Impulsemat, 713 pH meter3 665 Dosimat(Metrohm Co.)
 ��


‘pH-stat’ b��� ¤>#Ë�f, Aberchrome �ÁM ��
 actino-

metry b��� ¤>
 |K �ã� �,� 2.68µE/sec2ÿZ. i��

� ���U¾� �
 �n�0 �_Ã
 bU#, W#^ 320 nm

cut-off filter
 Ò#^ �2 i��ÿ', *�
 10 ml/min� �®,�

�w#ËZ.

3. �� 	 ��

3-1. UV/VIS ��
, TEM-EDP, EDAX,  ��� XPS 	


Fig. 1a� UV/VIS spectrometer
 ��#^ 0.5 mol% Mo/Ti �Á

� Ai ��ö� ¬�e� ¤>Ï
 /¡¢ �2Z. P��a ��

q3 42 dialyzing g�2 GKY� ©ma _x��ä�� �#^

�sÇ � (� red-shift  /¡/�1[13], 2� colloid�Á <�a

particle�2 �!YM /¡<f 1g� 2ÙÂõ ¬��!2 �>
 �

�� �	 �!2 B� ¶+  æ÷M » � (Z. £
 Ó� TiO2�

G��a� ¬��!2 bulk8S� ca. 385 nm�Z ��!�� 2�


��� �	(Fig. 1b3 Fig. 2), Aik wx�,  quantum confinementd

K
 /¡<� �,
M �s#� £ #/� �a  Ç � (�f, Z

� º�� /¡
 �Ï0 3.37 eV3� í�
 |K
 ýÿZ[14].

Fig. 1b� yzk Mo mol% ¶+� ©� á�2â �Á� ¬�e

¶+
 �^�' (Z. 2 P��a �� q3 42 Mo5+� T2 �

 #� ¬��!5 �%��� red-shift�' (�f, 2[
 |K� �

a R (1)� ln(α)3 photon energy(Eλ)�� Ì�R��Âõ �g
 Fig. 2

�a �0h � (Z(Ó� TiO2 : 3.42 eV, 0.5%Mo/Ti : 3.34 eV, 2.5%

Mo/Ti : 3.2 eV). 2� Mo/Ti yz��	
 Aih ¹, Ó� TiO2 �x

<� ÏFk Mo(V)�(Fig. 4) redox potential2 TiO2 ���(conduc-

tion band, CB) 	� é{#^ Ó�
 TiO2� Eg�Z �5 ��U�

� �x  ^,Ç � (�f, £
 dopant Mo3 TiO2� CB �2�

�#2�M Ò#^  g�I� ¬�
 í"#� charge-transfer

transitions� ��/� ��� �sÇ � (Z.

ÏFk Mo5+ �W�� Ti+4 �� �,� �³M 2�, W#^ �

x�2 ³��� ��#  �x0 n-type� ��� ��M c8gÆ$

��1, 2�$ �x
 trap#$ �� e−/h+ �� {|z }�
 ~�

�$ �f �de� ócM �,� #� �2Z[15].

α=
2.303 ρ× 1000×

c d×
--------------------------------------- A λ( )×
���� �38� �3� 2000� 6�
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Fig. 3� TEM _Ñ|K� �%�� �% 8� ]gk ¡ã5 Mo/Ti

wx� particle size
 /¡<' (Z. 2 ¡ãK �% 8� dimension

]g
 ��#� wx� U�2 ¦ 3-4 nm2' �x ��2 ¦ 3.57

ú
M » � (Z. EDP�a� Z÷ R (2)�a |>k d ø� �Ã

(101), (200), (103) anatase|>�i� TiO2  �0�ÿZ.

λ�L=Ri�d (2) 

EDP�a ScherrerI2 �$ �¼(� �5 uv�� |>M �v#f

TEMK EDP�a Ó� TiO23 Mo/Ti3� �2�5 æÿZ[16, 17].

EDAX _Ñ�� ;A Mo� ¯�
 �0Ã È |K 2���� �*


 Mo� ¯�3 �ÏYM �0#Ë�f(Table 1), XPS� ÏFk ³

S  Mo(V)(3d3/2 233.1 eV, 3d5/2 231.5 eV)
M �0#ËZ[Ti(IV)� G

� 2p1/2 464.2 eV, 2p3/2 458.5 eV](Fig. 4).

Fig. 5� 2.5 mol% Mo/Ti� Ê�ö û67 Ù XRD _Ñ|K�, 6

7Ê�  � h�ð anatase TiO2 TK rutile|>2 � YM /¡<

' (Z. P7' 23 45 û67 Ù� photonic efficiency
 ¤>


|K û67 Ê�  � h�ð de2 ����� ��â� �82

ÌÍ�ÿ�1(Fig. 6), 2� SEM_Ñ(Fig. 7)�a � � (�2 û67


 �&Y��� particle�2 agglomeration2 k �K �+�� ��

�8S� »«% rutile |>�  �2 �k ã02m �sh � (Z.

3-2. Photonic Efficiency

Fig. 8� Mo� � ©m photonic efficiency
 ¤>
 |K 0.5 mol%

�a ç�
 /¡<', P 2Ù� ¯�� �a� ª¨« photonic effi-

ciency2 ��#� GcM /¡¢Z. 23 45 ��Gc5 Z� dopant

� � Ì
 ���a� !¨ ÌÍ��1[7], 2í� � k dopant�

T� � � ©m trapk �x->= �2� B7  ��#^, |K��

� {|z}� � #� ��� �sÇ � (�f, Z÷K 45 R (3)

� �Ã ]�kZ[18, 19].

Fig. 1. UV/VIS spectra of Mo/Ti(0.5 g/L in water, top: at each stages,
bottom: with mol% of Mo).

Fig. 2. Plot of ln(αααα) vs photon energy.

Fig. 3. TEM-EDP of the prepared 0.5 mol% Mo/Ti.

Table 1. EDAX analysis of Mo/Ti

Element
0.5 mol% Mo-TiO2 1 mol% Mo-TiO2 2.5 mol% Mo-TiO2

25oC 450oC, 2 hr 25oC 450oC, 2 hr 25oC 450oC, 2 hr

Ti(atom%) 84.94 98.83 84.07 98.05 80.91 96.78
Mo(atom%) 00.94 01.17 01.85 01.95 03.69 03.22
Cl(atom%) 14.12 00. 14.08 00. 15.40 00.
HWAHAK KONGHAK Vol. 38, No. 3, June, 2000
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krecomb"exp(−2R/a0) (3)

^,a a0� trapk �x�� hydrogenic wave function2' R5 trap

k �x->= �2� B72Z. 2 R�a » � (�2 dopant̄ ��

� Y� ©m particle<� dopant� �  � #Ä� trap site� �

D B7  ��#^ {|z}�
 � gÆ$ kZ. |���� trap

site� de� 2�K {|z  t�K� i+� �Ã ç�� dopant

¯�� |>kZ.

4. � �

Mo5+
 0-2.5 mol%� ¯�VW� TiO2� � 
 Mo/Ti� UV/VIS

spectrometer ¤>|K, ��	� �� ¬��!M  g�I óô��

2�gÆ' �g� ��	� deM c8g#M ÌÍh � (ÿZ. TEM,

EDP3 XRD pattern� i�|K wx� U�2 ¦ 4 nm0 anatase TiO2

M �0#Ë�f, EDP�a� anatase|>�i� TiO2
 �0#ËZ.

EDAX|K Aik Mo/Tiyz��	 <� Mo� Y$5 Ai#'x#

� 2�øK ��#Ë�f, XPS� Mo(V)� é{
 �0#ËZ. Mo5+�

� $2 � h�ð Mo/Ti� �� ¬��!�  red-shift�� �2

%&'�f 2.5 mol% Mo  � k Mo/Ti ��	� G� ¬��!�

onset2 3.2 eV >�� 2�#Ë�/, DCA_Ã
 Ò
 photonic effi-

ciency� 0.5 mol% Mo/Ti� G� 0.28� ç�2ÿZ. 2� Mo� Yí

$2 � h�ð �%��� �x() dK� �#^ ��	 de2

8*#Z , 0.5 mol% 282 � �� G��� ª¨« �x/>= (

) B7� ��� 0#^ �x->=� {|z2 �%�, ¹º�� ^

Fig. 4. XPS fitting of the 0.5 mol% Mo/Ti mixed oxides(Mo(V) 3d3/2

233.1 eV, 3d5/2 231.5 eV; Ti(IV) 2p1/2 464.2 eV, 2p3/2 458.5 eV).

Fig. 5. XRD pattern of 2.5 Mo/Ti with different heat treatment temper-
atures.

Fig. 6. Photonic efficiencies for the heat-treated 2.5 Mo/Ti mixed oxides
for 2 hr.

Fig. 7. SEM image of afflomerated particles after heat treatment at
450oC for 2 hr.

Fig. 8. Photonic efficiency for the photocatalytic degradation of DCA
with 0.5 g/L Mo/Ti mixed oxide colloids of different Mo content
(1 mM DCA, measured at pH 3, O2-sat.)
���� �38� �3� 2000� 6�
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o-

t, P.

s.),

tti

IS-

ac-

is:
+%Z. û67 Ê�  � h�ð ¤>k photonic efficiency� ��

#Ë�1, 2� û67 Ù �	wx�� agglomeration� �
 �]�

� ��3 �+�� ���0 rutile|>�  �2 �k ã0�� _Ñ

�ÿZ.

� �

È ��� K�,-Â� , U>��;�-� �Â |K�, K�,-

Â� {>Uã� ��â7f, TEM-EDP_Ñ� �.M �/ 
,K�

,-ã {ë=�K 2>� ��0Î ��â12Z.
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