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 410083; 2. ������Æ������100080)t p� &�3�5<uGG�UeuiuM�P'	�9��	uM�P'℄M uZ�	 30mA·cm−2 u<K~{	u"��Z 90.96%, u<�Z 92%. XPS r&P	uM�P'G	�Ue&Mi O/C #,K 0.085 ap{ 0.15, v
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1 rn��2jwI:	^�%�[�|h4B*FH��80(���$HQ^5R^WYO��^W��S+Hj��R�wI�{�N�^jÆY	m>?Æ~�.OSU6=wI��Ao8��O^wIj`'�SoCwI�$�DN�|LjI!�*dV+e8\_�((�nj0Æ [1∼7]. Yt��wI^8_:!FHQ�.�w>�wax�gF,^4��wim�	\�Æb�wIj�g�+e8����wd37j?P#8#E�1jB7Æ�Njwd37�1Æd�-%wdAI7%wd�o��I7wd;o/?jmy�P�M&^jI!��I7wd���Vf37O;op�'NbX^QjB'NbjIt�h��dpiÆ S.Zhong[8] S B.Sun[9,10] m(4�Vf37j[OQ(� B.Sun 4H:96�.O�A�r.O���Vf��[OQ(���^^^N!o^�wI�jwO��^Æ�.O�;(<ta�	��b6����.O�F/= �Æ:9.O��Hj(l�Æ��(4O�<[�^Æ�wO�.O
��o.O�FTA�=Q ��Q(Æ:���w=Q��(4O6� [11,12]."l4HwO�.O���Vf��'NQ(��:4Q(tH�Vfwd^�wI�jwO��^�H FT-IR � SEM � BET A XPS m
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2 Xo
2.1 1A/{$�+4H�<�℄I7N�,4jÆ)v ℄ (PAN) �Vf�midÆsUÆ{�Vf�,d�!g�Cd�^u:9 (1mol/L) �6�4HFw=���Vf��F�wO�,d.O�w#^ 5∼15V xsÆQ(?j�VfHr;2KÆwo�^ 120◦C |p��`
5h, |M�HÆ
2.2 +31B1>lhR)[wO�.OQ(Hj�Vf�wIt�d�!L��V��e=P�8<&�}US
PE-01 �"S� 1.6mol·L−1V(�)+3mol·L−1 H2SO4 A 1.6mol·L−1V (�)+3mol·L−1H2SO4 �6Æ(�t�dw�6���B
GwI�K�w9(Æ{Q(?jwd87H�#L��wdNÆNbd 1cm2. -wdd�wd��A�-wdd5$wd�V;?�Ez3�B	wdPy�^ CHI660 �wO�(�i��� R��9(Æ
2.3 'y5b

XPS 4HE8 Vaccum Generator ,4�<j Escalab MK-��w�^l9Æ9(Ry�
MgKα,Vf^ HV100eV,�bqw# 3.0kV,�&�xwÆBETat$'Nb9(^Monosorby}�$'NÆs9 (H8 quantachrome ,4) ����q�j� 150◦C, V He+30%N2 rP�#.d 0.1MPa. {/hS�`�Or^D�(+�KÆ(T�*#g�� FT-IR9(Æ
3 E:<℄M
3.1 1>lhR[ 1 dwO�Q(tH�Vfwd^td��6�j R��{���;�M�Q(

Z 1 P'sG�Uei�Q��Z
Fig. 1 Cyclic voltammogram for graphite felt

electrode before and after electro-oxidation in

positive electrolyte. 0.0087mol·L−1V(�)+

0.0087mol·L−1V(�)+3mol/ H2SO4, scan rate

v:1mV·s−1

Z 2 P'G�UeiJ�uz�Z
Fig. 2 Charge-discharge curves for graphite

felt electrode after electro-oxidation at 30 and

50mA·cm−2H� V4+/V5+ w�^o�jwO�[�Q�N!�.OSU�u���bu��wi^^���3Q�a�heQ��
Æh	'NQ(j�Vf37y���wIwd�LQ'
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1116 n ^ 1 5 � � 21 �N2��_BdOE%��E[NmyjK�wjEÆQ(Hj�Vf�wd�wI'�M/?jK�w�^ ([ 2). 30mA·cm−2 K�ww=L�|�K�wj�w#Æ(d 1.472A 1.339V, w#ÆAd 90.96%, w=ÆAd 92%. wIK�wÆAFj�|B!Q B.Sun H9\�Q( [9,10] hej�+�:�h 25 mA·cm−2 w=L�|�w#ÆAd 90.9%, w=ÆAd 96.9%.

3.2 WPv'9|K5b�%w=A�s���Vf��wO�.OQ(�he.OE� (C·g−1) S�Vf�2?�xsj0y ([ 3). 0�Q(
�|��:℄"�YÆwO�.OLn��Vfj�2?��Æ$=.OE�jb^�b^�e8yE�HyQmy�xH�^.OE�!Q
3000C·g−1 ���Vf�2?�AO!8bqÆoS Z.R.Yue[13] j(�:%5��n�do;(�^#LQ4Hjw�6;g�VfU37/YB~Æ Z.R.Yue[13] NM��Vf�2j?�#BdI~f'Nj�A\/�AIU�	z!.O�W C–OH, e C=O, COOH�H%B CO \ CO2 !%�M�o�F�|�

Z 3 �Ue�1>��R-MD~i.x
Fig. 3 Weight loss of electrochemically oxi-

dized graphite felts versus the extent of elec-

trochemical oxidation

Z 4 .X-MQx{Ag�Uei FT-IRZk
Fig. 4 FT-IR spectra of graphite felts under

different oxidation conditions

3.3 FT-IR5b[ 4 d/Y.ORy|Bh�Vfj FT-IR [lÆ�Vf^�<;E��^D�8yjT�JAWmN`q��B;hQ(j�Vf/hj FT-IR [ ([ 4) �M�4 C=O j��q{� (1654cm−1), –OH j��q{� (3421cm−1), –OH j`{q{� (1400cm−1), T\J� C–O j��q{� (1049 A 1250cm−1).wO�.OH� FT-IR [�GNM��jLs��z#UNLs�ju���4%OÆÆ(d� –OH 2^℄Ls� (3421cm−1) Q�%"�u�b^�� C–H 2^℄Ls�
(2975cm−1) u�	zu��| 12000C·g−1 ��VLs�:/�Q��SVY�� 1654cm−1QB`'j C=O Ls��=.OE�b^�u�bqÆ9_� 1400cm−1 `'j –OH `{q{�=.OE�bqBNBu���^#Bd.O;E��?�4T"℄Y�bq4#
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�	k��5<uGG�UeuiuM��& 11179"℄�BV�2GQ�%OÆ 1049 A 1250cm−1 B`'jT\J� C–O j��q{�=.OE�bq�u��3QI~f'NTgJj=2uÆ��B/� FT-IR ['Q�wO�.O��1bqj#�Vf'Nj –OH � C=O 2^℄j=2�Y��TAJj=2u�BV�;�d�wO�.O�1�I~f'Nj
–COOH =2bqÆ
3.4 XPS5b[ 5 � 6 dQ(tH�Vf/hj XPS �l[Æ[ 5 'Q�Q(tj�Vf/h�N=N�1T7Ix_�S=Nb2j Si A S T7�;g8y2j.��^#<h�<;E�_�jÆwO�Q(H� XPS l[ ([ 6) 'Q�Vf'N/bGND��j℄�T7�*wUN<h�_j℄�T7 (Si, S) 	��w�$QhQ(j XPS �: ([ 5), O/C =2$��4��%O�V;n:hw� O/C $-LQ(tj 0.085 bq|Q(Hj 0.15.� C1s���`DÆs��ÆBp% [13]: C–C(��284.6eV); C–OH(��286.1∼286.3eV);

C=O(��287.3∼287.6eV); C=OOH(��288.4∼288.9eV);t�j CO/CO2(��290.4∼290.8eV).[ 7 � 8 '�Q(tH�Vf'N C1s jÆ�`D�goB`'j$*^IU�=2ÆW[ 7 � 8 ��M�N	�*^IU�j=2����%O�Æ(#����Fj C–C =2L 58.23%|n| 50.80%; ���Fj COOH =2bq�LU$j 11.059% ��| 15.89%; ��`'jt� CO/CO2 =2L 6.525% b| 9.51%; 9_���`'j C=O BNBbq�W
5.93%%d 6.71%; ����Fj C-OH =2BNB||�W 18.25%|| 17.09%. oS FT-IRÆs�:�8~Æ

Z 5 P's�Ue℄k�Z
Fig. 5 General spectra of major elements for

untreated graphite felt

Z 6 P'G�Ue℄k�Z
Fig. 6 General spectra of major elements for

electro-oxidized graphite felt(5000C·g−1)�Vf'N O1s jÆ�`D[go�Fj$%.U�j=2v[ 9 � 10. ��
(531.2∼531.6eV) �F C=O, �� (532.2∼533.4eV) �F C–OH, �� (534.6∼535.4eV) �FO�t�. [13]. [ 9 � 10 'Q�wO�Q(H����Fj C=O =2��bq�W 35.55%bq| 47.45%, ���Fj C–OH =2��L 45.97% u�| 38.44%. wQ(tjI~f'N C-OH h�d�Q(H%B C=O h�dÆ��B/�wO�Q(�hej�VfI~f'N�1bqj# C=OOH 2^℄j1YÆ B.Sun[7,8] d(;�Vfj�Q([O`(��d�1# C–OH p�H�*NM4�FjXO�F`( [7].
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1118 n ^ 1 5 � � 21 �;wItd�Fd-��F
E�d�
VO2++H2O⇐⇒VO+

2 +2H++e (1)

Z 7 P's�Ue C1s �_C�
Fig. 7 C1s curve-fit spectra on graphite felt sur-

face before treating

Z 8 P'G�Ue C1s �_C�
Fig. 8 C1s curve-fit spectra on graphite felt sur-

face after treating

Z 9 P's�Ue O1s �_C�
Fig. 9 O1s curve-fit spectra on graphite felt sur-

face before treating

Z 10 P'G�Ue O1s �_C�
Fig. 10 O1s curve-fil spectra on graphite felt

surface after treatingr80� VO2+ ^wd'Njt��OÆ
(2)r�0�w�)� –C–O–V– wW VO2+ Se VO2+.

(3)�H� VO2+ Wwd'N^����6Æ
(4)
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B.Sun �d C–OH jY^8
Nq!4w�jSs�98
N2N+Q O U�W H2O�e VO2+, BV� VO2+/VO+
2 �Fpe4XO�H�S�d�Vfwd[�j!n�1Swd'N C–OH j�N0ÆWtlÆs�w�wO�.O�Q(hej�Vf'N�1bqj# C=OOH, LQ C=OOH $ C–OH &�=&} H, BV&N+Q (2) �j���B;��hej�Vfwd1$9\�Q(�j�: [7,8] �?�o�W 3.1 �K�wÆAj�$��MÆ

3.5 SEMB BET 5b[ 11 � 12 dQ(tH�Vfj SEM mgÆ�;�M�Q(t�I~f'N$�4L�Q(HjI~f'NC,6���p$?�NoCq���^�N��^tNj XPS Æs��*GN���jq�Æo�;!�d#^Q(;E��~f'Nj/�AIU�	z!.OB CO2, ��Vb�!��B_BjÆH BET att��9yQ(tH�Vfj$'Nb�Q(td 0.33m2
·g−1, Q(H%d 0.49m2

·g−1. $'Nbj%O2��dSI~f'Nj.O���N0Æ

Z 11 P's�Uei SEM lf
Fig. 11 SEM photo of graphite felt before

treating

Z 12 P'G�Uei SEM lf
Fig. 12 SEM photo of graphite felt after treat-

ing

4 EM4HwO�.O���wIH�Vfwd��4'NQ(���BjwIK�w�^I�� 30mA·cm−2 w=L�|�w#ÆA�[ 90.96%,w=ÆA[ 92%. H FT-IR A XPS 'sÆs�wO�Q(�1�%j#�Vf\I~f'Nj O/C $-A=.2^℄j1Y�Jo# COOH j2Æ SEM A BET Æs'Q�I~f'N!���8yE�pbq4I~fj$'NbÆQ(Hwd[�jN!�7BQ0
N�8
N� C=OOH 2^℄1Yjbq�V;�B –C–O–C– w�N+Qw�jh�S O U�^ VO2+ A VO+
2 sSs�BV�wd�Fpe4XO�H�XO[�j^�Swd'N C=OOH j�N0�98
N�I~f$'Nbjb^�bq4�Fjp�NbÆzg ��evJ�T(Zd"�ON+j���Æ
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Electrochemical Modification of Graphite Felt Electrode for Vanadium

Redox Flow Battery

LI Xiao-Gang1, HUANG Ke-Long1, TAN Ning1, LIU Su-Qin1, CHEN Li-Quan1,2

(1. School of Chemistry and Chemical Engineering, Central South University, Changsha 410083, China;

2. Institute of Physics, Chinese Academy of Sciences, Beijing 100080, China)

Abstract: Electrochemical oxidation of graphite felt was investigated so as to enhance the

electrochemical performance of this material for using in vanadium redox cell. Electrochemical

activity of the graphite felt in vanadium electrolyte increases with its extent of oxidation. Cell

voltage efficiency of over 90% and current efficiency of over 92% are obtained after treatment. Both

XPS and FT-IR analysis demonstrates that surface functional groups of COOH increase mainly

compared with untreated samples. SEM shows the surfaces are eroded. BET/N2 measurements

show the surface area increases. The improvement of electrochemical activity for the electrode is

ascribed to the increase of the number of COOH group and the special surface.

Key words vanadium redox cell; graphite felt; electrochemical oxidation; XPS


