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(1. ���
{����Æ���	�~� 510642; 2. ���
{�|�����
�~� 510642; 3. ��{�x����}z���y� 410082)q k
 11VD~s�Us[*<C+0<DK= TiO2 ,VD\�H�,VDqz	dN���x3&B�
0v:y1w}F�� S/Ti M 3.5 ��� 500◦C xL �lVD\l,VDJ�ra�?5 XRD � DRS : XPS o
	&B0<DfX
�Dy�$GYdD�*5vs%[+n#S~�GxL 5E^03 S2− ��DM S4+ *��h
�Dyl�!^o`+3� Ti4+ Q�fX+�!lS#�^b#N�S�fX�,l_&��+s�j,l�{�� 1 �
K= TiO2; 0<D
Q 
�j,VDqzvY�<�
TF123 \`�SE
A

1 li�ZT��N,< L> TiO2 m-WEK�z<Æ
v�m#2�x})�n (�1})�6�})=/�aG=/) =E TiO
[1∼6]
2 , b#�jmy4)\�>l0B�%(	0��Q�℄�,m6�});aG}�v1�O"�k.DE.2	Jg�emJk2�})�n=E��L> TiO2 �< `�k--WEK�m�j�� N[7∼10] � C[11∼13] �

F[14,15] p=E��	 Asahi (R" TiO2 N%��H N2(40%)/Ar I=e=_�6n�Æ\�, TiO2−xNx F;�
k48 N =/m p vn9; O =/m 2p 9y=A�_
$O�-^r.Cjf�i�k-m [7]; Umebayashi pzo TiS2 Z8�e_Vwx�M!A�
k
TiS2 Vw��E��D, TiO2, i6�*m S =/����Ez�"_�pa,4� O �}D, TiO2−xSx, T�gY TiO2 mI�`'_!h�i'qmRY�L�6#8< ��Ezm-WEK� [16,17]. b#�48 TiS2 ���%vU�s`Lkm1=E TiO2 -WE℄m�Iv℄�< K�0#>Cj	���/ z��"1wN1?+uN=E℄��63WE�t - VtÆ�=D1=EL> TiO2 -WE℄��6 XRD � DRS ; XPS Æ
, S=/=E� TiO2 m�|y)��k-`'W1H TiO2 _mXHj9m$EÆ+"
eP�NJ%r{℄Æ
 S =/=E�< L> TiO2 m�k--WER!	
2 Rj
2.1 �pCnVKG TiO2 �
#,�u�T�PN� 2005–08–12, T�g��PN�2005–11–18&5dI� CMW�\�."b|O| (4900-K06128)ws.4� d\$ (1976– ), N�."�p�� E-mail: zhouwuyi@163.com
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[#�o
0<DK= TiO2 l<DQ V�j,VDJ�l
	 777"z3x~Nz?�1w (CS(NH2)2) N=E℄gn℄�ho�z*m|)PiO/
(HPC) 
�ii6p2* 50%mZ-!Nm��_�" 1000r/minmh0u��VWr4�{}DCC���!u�!er
�z3x~�F`�u� 30min ki�� A. vAo1w
(1w;z3x~�G	��(N 0 � 1.75 � 3.5 ; 5, 2 S/Ti=0 � 1.75 � 3.5 ; 5 '! ) h
�I=� A _�+u��C	o�3�8$*mq�n-_�+
��gm/��Z-!N�XDI=�� B. wk!u�!o�� B er
��� A _�ki�CCCm�t	Fo\�m�tZ8�e_BEVW}DUzmVt	vA�oQVtZ8S��Jp_�~ 60◦C m�JM!kiL> TiO2 �I�FoQ�IZ88�3_" 10◦C/min m�T0��(H0BT�gx� 2h, vAov�tW%T�F�ÆEXki1=EmL> TiO2 G��=	
2.2 �t2 RigakuD/max 2550VB−118kW h� X �m���:z�Imoy)��A�LN
10◦ ∼ 80◦(2θ), �A0�N 8◦/min; +v�N 40kV;+v2N 300mA;2}�g~(. UV-240*=lI9��:z�Z�lI-m`'�RÆ,2 VG (.m MICROLAB-MKII X �m-vnR^�uz1=E TiO2 WE℄_ S =/mf9�1k�	
2.3 �
#%fM-"
eP�uNJ%r{℄�~-WEK�\f	+" 20mg/L 
eP�NJ%r{
D 1 ,VD�-
 'D
Fig. 1 Schematic diagram of photocatalytic re-

actor

1. Light; 2. Glass vessel with 1mol·L−1K2CrO4; 3.

Photocatalytic reactor; 4. Magnetic stirring

D 2 xL S~�0<D TiO2 ,VD\lqzQ&l/q
Fig. 2 Effect of heat treatment on the photocat-

alytic ability of S-doped TiO2℄�p 2mg �=-WE℄��8 20mL J%r{℄��_��A�-�� 10min AZ8E
1 6!m-�.d"	H�_.2_�48��mlInH�z=ID	7�8u0"��4Wnm-��LN 300∼700nm,℄4�H�k-m��z=ZB0HID	7�B��o6#8e2�k"8�-�u-?m�AJm	)Q�V<�Km-?N 150W m4WnÆ�Z;-?Ugo� 10cm, +H�Z;-?Ug�Z�$i 1 mol·L−1 K2CrO4 ��m,(9�Jm#7J4�lI-�+�-H�6,(9_m��AR�CQ�iJ%r{℄_�< -WEw6 [18]. ;#�z�go�ZpJ���{��A2}�e~(.�>m 1501 |lI�k-�--�^:z
eP�Hs℄`'-� 660nm m`'� A, &
g+ Beer z5^4qK6	
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3 2� XD
3.1 C�pKG TiO2 
#,��
#%f�℄Æ
y4'C�yM!#< L> TiO2 -WEK�m�a6wm�Æ [19]. E 2 N1w;z3x~G	�N 3.5 �Lkm-WE℄�0BT�yM!A�
eP���mr{6�`_r{�g�N 4h. TE_�k�5kT�m� �WE℄mr{R'emMh�
500◦C �m-WEr{R's℄	�dyM!T� 8 500◦C A�WE℄mr{R'�0gr� 750◦C A`r{6grW 33%. 4Q�k� 500◦C N-WE℄yM!�msbT�	HyM!6F_ TiO2 m�o��%mHZ��'�U"W1=EgY TiO2 �=y)m$Ep)/}H0riWE℄m-WEK�	E 3 N=E0B℄*���1wmL> TiO2 �
500◦C x�A�
eP���r{R'm0r	TE_�k�d S/Ti<3.5 ��-WE℄�
eP���mr{65k S =E*mM
�M℄Æd S/Ti>3.5 A�-WE℄�
eP���mr{6L5 S =E*mM
emrq	b#}� 8:6=E1�mP TiO2 �I
(r{6N 67.5%). 4Q�k� S m=E*� TiO2 m-WEK�Æ6b�u2	d S/Ti=3.5� TiO2 m-WEK�s9�`�
eP�mr{6[i, 93%. d S/Ti>3.5 A�486�m1�n�R}D,zm�=_{�gY-�vn;��m}D�=�� TiO2 �-m#26gr�T�rq,-WEK�	

D 3 S/Ti F���,VDqz	dN�l/q
Fig. 3 Effect of S/Ti mol ratio on photocatalytic

degradation methylblue

D 4 S/Ti=3.5 � TiO2 VD\G/AS~fl XRD D℄
Fig. 4 XRD patterns of S-doped TiO2

(S/Ti=3.5) calcined at various temperatures

3.2 C�p�KG TiO2 �7b3��m
1=E�L> TiO2 �oy)m0r�E 4 6!�H 300◦C � TiO2  �Jrh$N�z�o,�i5kT�m� (300∼ 650◦C), �z�o�mh�emM℄�B� (101) �
(2θ=25.4◦) m���� �em$O	 750◦C � �Jrh$N}?�o	4Q�k�4�z�t}?�oh$m6Fv�0� 100◦C m�LP�
�,4�z�t}?�omJrh$	R'C���\�m1=EL> TiO2 HvqT�g��"JD4�z�t}?�oh$�R�R#481=/m=E�L> TiO2 m�%HZiu��'�Uv℄� TiO2 �%'�RM℄�T�gY�=y)o�t0Uz�"YHo�vqT�g
�4�z�t}?�oh$	



Jo
ur

na
l o

f I
no

rg
an

ic

    
    

M
ate

ria
ls

4 _ 
[#�o
0<DK= TiO2 l<DQ V�j,VDJ�l
	 779� 1 S/Ti=3.5 Q TiO2 �6a�A�6�	Æ*��H)WO
=Z���!
Table 1 Variation of crystal phase contents, size and BET area of S-doped TiO2 with heat

treatment at S/Ti=3.5

Temparature/◦C Content of crystal phase/% Size/nm Surface/m2
·g−1

300 A:100 R:0 DA:5.5 174

400 A:100 R:0 DA:7.9 135

500 A:100 R:0 DA:12.7 108

650 A:100 R:0 DA:14.3 85

750 A:0 R:100 DR:33.7 48

A—Anatase phase; R—Rutile phase; DA— Graine sizes of anatase phase; DR—Grain sizes of rutile phase

3.3 C�p�KG TiO2 ;0�^UfL�m
E 5 N1=EL> TiO2 �IH0BT�gyM!A�lI�k-m`'k�	dWE℄H 500◦C x�A�lI�k-m`'h�s℄�i5kT�m� �WE℄H�k-mm`'h�emrq�H 750◦C �[isq	�+H Tgx�Am1=EL> TiO2 �IH�k-mm`'h�emrq�b#H 400nm M|vJk,?�	H0BT�g�z�o8*Wo��'�U�' 1 6!	5kyM!T�m� ��%m�'�Uemrq��z�o8*H 8 650◦C Ar4h$N,}?�o�v��TE 5 �k1=EL> TiO2X�H}?�o�|v6�$vum?�	

D 5 /AxL S~l<D�Yl DRS _&D
Fig. 5 DRS of S-dope TiO2 photocatalyst cal-

cined at different temperatures

D 6 � 500◦C L 3h l S <D
TiO2(S/Ti=3.5) �Yl XPS D℄
Fig. 6 XPS of S-doped TiO2(S/Ti=3.5)

calcined at 500◦C for 3h

3.4 C�p TiO2 �(?�℄WE℄m'�j9H0r`-WE�R�1>n�� TiO2 AXHmE�9�2 X �m-vnR^ (XPS) �1=EL> TiO2 �Z��~h:	E 6 N��ZH 500◦C yM!
3h Am XPS r^E��kH XPS ^E_Jk, Ti2p1/2

� Ti2p2/3
� Ti2s � Ti3s � Ti3p �

O1s � S2p ; C1s ^��`_ C1s ^��R#gn=_79m6R℄MS�:*%_K*m6R℄Xw6Y	JkH 741eV m^�N O >nm�yvn�� 891eV m�N Ti =/m�yvn�	 459.4 � 465.1 ; 562.5eV �.m Ti2p1/2
� Ti2p3/2

; Ti2s �N Ti4+ ^��'Cz�nf�#" +4 fXH	�1=E�Z�~ Ar+ j�A�~���^�
kK*
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780 Y Q 5 - � � 21 �m S4+ XH	��ZHP�~yM!g�#" S2− �nXH�R#481w�n_ S2− �n6Y�'CH?Tg1#" S2− �nXH�:6��E	d�Z� 500◦C yM!A�
kH 168eV Jk,�$v�m S2p ��7f�# S m�E9� S4+ �n9m;T� [20], `
S4+ H TiO2 �=_m℄*����N 0.85%. )Q��"I2{N S #" S4+ �� TiO2 =o_�b# S4+ H���=_A#pa TiO2 m�"RZF#��,�
_�ZÆuz	N,��2uz1=E+a TiO2 �=y)m$E��1=E TiO2 m XRD _m (101) �~,�^�y4�E 8 6!	1=E TiO2 �Z;P TiO2 H (101) �m���RZP�0$�b#Cj�E�R'C48 S4+ �� TiO2 �"_gY�4$}�v�[�����:6�$	 Umebayashi o TiS2 VwZ8�e_yM!Aki,1=E TiO2, �6��H�{NK* S #"*�n (S2−) �� TiO2 �"_pa O2− �}D, TiO2−xSx �=�48 S2−�� (0.184nm) ℄8 O2−(0.140nm) �gY�"T$�T�>�, O sl [16]. ����y4L{N1#"��nj9 (S4+) ��L> TiO2 m�=y)pa, Ti4+ �"RZ�}D,
Ti1−xSxO2 *�=�48 S4+ �� (0.037nm)u8 Ti4+ �� (0.074nm),d S4+ p Ti4+ AgY
TiO2 �=y)m$}��"6,H
��zm�$	 TiO2 �=m��6,HP=E S4+�N� a=0.3804nm, c=0.9531nm; � S4+ =EAm TiO2 �Z (S/Ti=3.5) � 500◦C yM!Am�"6,N� a=0.3794nm, c=0.9476nm. 4Q�k S4+ =EA+a, TiO2 �=
�,�4T$�T�gY, TiO2 -WE℄℄!�Rm�$	

D 7 0<DK= TiO2 ^0�ml XPS D℄
Fig. 7 XPS of surfur ion in S-doped TiO2

photocatalysts

a. As prepared; b. Calcined at 500◦C

D 8 0<D TiO2 VO�y� TiO2 l (101)?�Æ�
Fig. 8 XRD peaks of S-doped TiO2 and pure

anatase of TiO2

a. S-doped TiO2; b. Pure TiO2481�nm=EgY TiO2 �=
��4}$	Ra}$#gYWE℄��k-m`'W`'_!��� 400 nm m<mb�)/	d:6=E1�� TiO2 �=mf_;g_�4 Ti3d ; O2p 0j6qD	48 Ti3d 0j�.N)4��X t2g ; eg 9�g_o��D)4��}Dvq;v R9	d1=E TiO2 A�Hf_
o}D�$vnP
RY�B� S3p 9�6g8}D�$4 O2p ; Ti3d 9)Dmg_	f_
mvnP
RYmf_yRf�4 S3p 9)D�`gY TiO2 mf_;g_Ugm_
$O�T�< , TiO2 m�k-m-^r.	T�oy)�^�$dm1=ER� TiO2 4�z�ot}?�omo$T�rq�
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[#�o
0<DK= TiO2 l<DQ V�j,VDJ�l
	 781&\��Ez%nm�℄	d1w;z3x~mG	� (S/Ti) N 3.5 ��481=/=E� TiO2 H 300◦C mqTgXr4}D�z�o�i6wt&\,�%m���gY�%eE	W 500◦C ��E���2J�	d1w
�*6���X S/Ti G	� >3.5 ���z�om}DT�Cj< i 400◦C t7��%HZ�M℄,�i�z�t}?�h$mT�� 	)Q�$*m=E℄#6#8vn - ���6w���6#8< WE℄m-WEK�	
4 2D23WE�t - VtÆ=D,1=EL> TiO2 -WE�I�-WE��y4'C�d1w;z3x~G	� S/Ti N 3.5 ��� 500◦C yM!A`-WEK�sb	�6 XRD �
Raman�XPS ; DRS pÆ

k�HyM!6F_ S2− �EN S4+ m SO2, `_�4� S4+��i TiO2 m�=y)_pa Ti4+ RZ���"}$��"?,rq	Hf_
o}D�$vnP
RY�gY, TiO2 mf_;g_Ugm_
$O�T�< , TiO2 m�k-m-^r.	�9[_
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Doping Mechanism and Visible-light Photocatalytic Activity of S-doped

TiO2 Nano Powders

ZHOU Wu-Yi1, CAO Qing-Yun2, TANG Shao-Qiu3, LIU Ying-Ju1

(1. Department of Applied Chemistry, College of Science, South-China Agricultural University, Guangzhou

510642, China; 2. Center of Testing, College of Animal Science, South-China Agricultural University,

Guangzhou 510642, China; 3. College of Materials Science and Engineering, Hunan University, Changsha

410082, China)

Abstract: S-doped TiO2 nanopowders were prepared by a sol-gel method with acid as the catalyst.

The results of photocatalytic degradation methylene blue demonstrated that the doped TiO2 exhib-

ited the highest photocatalytic activity when the mole ratio of thiourea and tetrabutyltitanate[Ti-

(OC4H9)4] was 3.5 and the doped TiO2 was calcined at 500◦C for 2h. The results from the X-

ray diffraction (XRD), diffusion reflectance spectra (DRS) and X ray photoelectron spectroscopy

(XPS) showed that sulfur doping controlled the increasing of nano TiO2 and restrained the trans-

formation from anatase to rutile. S2− was oxidezed to S4+ during the thermal treatment. The

trance of sulfur ions (S4+) substitued partially for the lattice titanium ions (Ti4+), which resulted

in the localized crystal deformation of TiO2 and the bandgap between valence band and conduction

band narrowed, and the absorption light transferred to visible light region.

Key words nano TiO2; sulfur doping; mechanism; visible light catalytic degradation


