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ABSTRACT The carbon felt was modified by pyrolysis of Ir from H2IrCl6. After 50 charge-discharge
cycles, much of the Ir metal still cohere with the fibres, indicating the stability of Ir in vanadium flow cell
electrolyte. The Ir-modified carbon felts had improved activity and lowered overpotentials for the desired
V(�)/V(�) redox processes. The kinetics mechanism was studied for the VO2+/VO+

2 couple, and a
chemical reaction step suggested follow the irreversible electron transfer step. The Ir-modified electrode
decreased the energy of breaking/formation of the V-O chemical bond. A all-vanadium redox flow cell for
test was assembled with the Ir-modified carbon felt as the activation layer of the positive electrode, and
the acid/thermal treatment felt as the negative electrode. At an operating current density of 20 mAcm−2,
the voltage efficiency of 87.5% for the cell is achieved. The resistance of the cell using Ir-modified felt
decreased 25% compared to the cell using non-modified carbon felt.

KEY WORDS composite, vanadium redox flow battery, Ir-modified electrode, redox potential
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3 AB;6!��!<A=, =40!�>-
B>C������2�0&C6�*��!�5-
[5]. 2�06�*3 V4+/V5+ ��!!<��??
i0!7D,�4�&E?6Æ@,+!, i08F9�*
��:7!�41G++. =4./0-H8>-�

>D��!0-4I!;,.�%�*0->-!A
9��<5, E�BF��B4������2-C
:;�.GHJ+!��2 5. 1987 < M Rych-

cik 6� IrO2 H8!IJJ+%* (DSA) 3D<G
���!=*, - 6 mAcm−2 (����??K�*

02 ..!J+-"�5- [6]. 2001 < Ch Fab-

jan 6@2���> (Ru–dioxide) H840�*-
0.5 mol·L−1VOSO4/0.25 mol· L−1(VO2)2SO4 ;�.
!*�2�0+9 [7]. "LAA9E,��M��
..!1�-, Æ=-:-;�.-?J+. B Sun

6 [2] F40G>-B� Pt4+, Pd2+, Au4+, Ir3+ 6

B4!;�., Ir3+ H8��=�B4������
!F�-�+..3?NO@�K ��-D<!�
4�.!���-�, H�@E;,��!-�EH
8C��-�D�4�.!J+-. LNB H2IrCl6
3PIJ, �A34EAM Ir N?4F40, ��5

$(��C��0-GB! Ir !J+-, BEH8

C40!���-�.

1 ��CD
1.1 Ir ��Æ�E�FGH�

FKH--3 10 cm2 !7972440 (PAN,

polyacrylnitrile carbon felt) (�40, raw carbon felt)

- 400 OLB.A:M 30 h[8], ABA:M40
(heat–traeted carbon felt); CCB H2IrCl6(3QP)

3PIJ, FA:M40-D? (?�31) 3 10%

! H2IrCl6(3QP) RQ;�.G> 2 min C- 100

OIJ 0.5 h, I- 450OLB.RE 15 min, :CN
F. JK H2IrCl6 RQ;�G>&100 OIJ" 450

OLB.RE!SKL 8 $, +C,$RE!O3 1

h, AMT Ir H840. F�S'9!40-DC:
.G> 5 h, �GB4HIT 5 $, - 100 OLLI
JC- 450 OLB.IA 2 h, AB!40�%M*
�� [9].

�GN3 ZEISS SEM instrument!�PJKO

U Ir H840!UQ. � Dmax–RB 12 kW V!
%* X LWXLY (MLM�) UN Ir H840!
XRD ZO, Cu V, P�#3 40 kV, ��3 150 mA.

XL;/13 10–110◦.

1.2 MN���EO�
;,����������!=*�4�3

0.5 mol·L−1 VOSO4 / 0.25 mol·L−1 (VO2)2SO4,M*

�4�3 0.5 mol·L−1VSO4/0.5 mol·L−1 V2(SO4)3,

PH�4�3 3 mol· L−1H2SO4, ��QP3

Nafion117(RRSWTQ),QP"�*!KH--S

3 10 cm2, U��(��. A ��!=*"M*S
3A:M40, B ��!=*3A:MC40, M*

3:"A:M40, C ��!=*3 Ir H840, M

*3:"A:M40, ,[X1\�. ��56KU
�0Y VMP2, Multichannel Potentiostat(Princeton

Applied Research, USA)"-�*5���]VWY

"J�*�R^, XQ�*3KH--3 0.5 cm2 !

40, X/�*3<"YZ�*, =�*3[OP*

+Z.

2 RS !"
2.1 Ir ��Æ�E SEM H#$%G XRD &'

9 SEM UQ!/<�BTT, �40!0-[
\&�T? (Z 1a), ./0-[\ (Z 1b). "0S,

A:M,C400-T?BEAQ2]._F!T
U5^G), UT !-0-. "S!40UH-A
B>V. :MC!*+0-#-!*+89V9, 0

-�C6, W% ,[4I3] [10]. B H2IrCl6 3

PIJ, A34C� Ir 4F-4./0- (Z 1c). Ir

H840V2 50 $(��]V,C, Ir -��0-
!4FWC.. (Z 1d). Z 20S, IrH8400-
Ir N?!B�3 99.77%, ,X3X�T?, YS-4
./3AB!�N? Ir 95. V2 50 $(��]V

C, ./3 Ir "./!3]�^W?, YS Ir -�
���D!�4�.Z3J+. - Ir H840_[
! XRD ZO (Z 3) ., 26◦ GX!*�*+31!

002 `YXL*. 40.46&47.03&68.9 " 83.3◦ :!*

32 9U Ir !`YXL*, 0S Ir H840��
-a2 9`=�-. H2IrCl6 -LB.IAB 450

O!\, IrO2
[11],  4./��.! C @\���

�, -4./0-ABN? Ir.

2.2 Ir ��Æ�E()ZN*+
Z 4 �bV:M!�40&A:M40" Ir H

840-=*;�.!%*"[**�]W. -�
S!��??K, �0!*�2�0+' (Z 4a, f),

A:M>C 40!*�2�0 (Z 4b, e), Ir H8

�2�0Sc>C (Z 4c, d). 9_�Y, IrH840
!F�!-Æ%A:M"bV:M40. `�*0

-BAA9 Ir 3F�4I!, ,�F�2] !-
.a!�41G�?^!,�. VO2+ " VO+

2 ��
LOaDa-531 [12], dG-A9F�J0-3
BC, V&O  6;-;U3-b Ir �43], Ir �
4_BZc V b O ,d3]��4�, V 3]
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, 1 >5e Ir =4>5@`a>[e
Fig.1 Surface morphology of graphite felt (a) raw felt, (b) thermally treated felt, (c) Ir-modified

graphite felt, (d) Ir-modified graphite felt after 50 charge-discharge cycles

, 2 Ir =4>5fg@ X bh�c

Fig.2 Energy Diffraction X ray (EDX) of Ir-modified

carbon felt

, 3 Ir =4>5fd@ XRD e

Fig.3 XRD pattern of Ir/graphite fibres powders

(the pyrolysis temperature is 450 c)

, 4 \>5 (a, f)dee�>5 (b, e) e Ir =4>5
(c, d) ] VOSO4+(VO2)2SO4 ^\fi_@\
�gh (hjf`kl\gg, ]jf`ka\
gg)

Fig.4 Current density-potential curves on different

electrodes (0.5 mol L−1 VOSO4/0.25 mol L−1

(VO2)2SO4 in 2 mol L−1 H2SO4) vs SCE for

the raw carbon felt (a, f), heat–treated car-

bon felt (b, e)and Ir-modified carbon felt (c,

d) (solid symbols are for anodic process, open

symbols are for cathodic process)

,i,!Q�. V4+/V5+ ��!^ASK��4!
m"����3]!^ASK, ,bSK��4h
VO2+ .!mB�*0-, _,bSK��*0-�
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`" C 3]-,_!�!mB VO2+, 1, VO2+.

,��^ASK�� V—O ,!1,"i" [13]. b
_, �*0-! Ir ��62>C V—O ,1,"i

"!��Æ>C ��2�0. F�J!!- dh

Kj31 (d%, abbA9�4! dhK=,,iO

!j31) �,+!,c. A9,! d% c', \�
! d �k.!�4c5, F�J�4! d hK��

 ��M34!��/<jk. Ir ! d% 3 49%, �

�<6!!- [14].

2.3 Æ�E-def��
-Z 5 ., O1 " R1 *� V2+/V3+ �=!�

���*, O2 " R2 *� V(�)/V(�) �=���

���*. Ir H8�B>C40 V(�)/V(�) �=

������!2�0, E�]VWY]W�0+%
*j!Q�*�0"+[*j!Ql*�00S, Ir

H840�*3!Ql"Q���2�0n>C 
[15]. -��(�����0/1Æ,�!QT��m
 k7D V(�)/V(�) �=!������. E�l

QT���0 –0.38 V(vs SCE), 0S V3+ ����
@\�!�Qll��@\. "0S, Ir H840n
o%���!=*Æ o�QM*��.Æ:"A:

MC!40�*�<'!Ql2�0, =*���0
l ΔEp 3 0.37 V, '% Ir H8�*!=*���0
l (0.28 V), ;no�QM*��.

2.4 .g/Nh012MiEjkM��
3 /<, �%(��R^!���� �!�

*��. A ��!=*"M*S3A:M40, B �

�!=*3A:MC40,M*3:"A:M40, C

��!=*3 Ir H840, M*3:"A:M40,

��,[X1\�. b��=*"M*���� 
�!D/�`Y [15], =*�=!�*0-��6d
o^A, ÆM*��"�6�4!m��!^A, l
IM*!!-0--�>CLR��??,M* =
*40m?,/3 2 : 1(#p)), 2!�+B=*"
M*��!D/�qn. A&B&C ��!X1e%0
1. Z 6oT A&B&C ��,$(��]W!/<.

A:M�''>C40��!��2�0, E�Ql

2�0n>C , 1m��A=C (qS3 62%)(Z

6 ]W A), (�!OmBM*�B>QT. B ��!

, 5 \>5dee�>5e Ir =4>5] 0.2 mol

L−1VOSO4 fi_@ppqÆgh (`arr

2 mVs−1)

Fig.5 Cyclic voltammograms on carbon felt elec-

trode in 0.2 molL−1 VOSO4 solution, scan rate

2 mVs−1

, 6 >fgrk 30 mAcm−2 @hnssq�t\i
f>nou>gh

Fig.6 Charge-discharge curves for vanadium redox

flow cell employed different methodes treated

graphite felt, charge-discharge current density

is 30 mA cm−2

o 1 p>n?�qt

Table 1 Cell resistance values and cell efficiency values for cell A, B, C

Current Resistance/Ωcm2 Current efficiency/% Voltage efficiency/% Energy efficiency/%

density mAcm−2 A B C A B C A B C B C

20 7.8 7.8 4.9 61.2 80.6 79.7 80.4 80.6 87.5 65.0 69.7

30 7.5 6.6 3.8 67.7 78.5 75.2 67.9 77.5 83.0 60.9 62.4

40 8.4 5.1 4.6 57.8 61.4 77.3 60.4 73.8 74.2 59.0 57.4

50 6.35 6.1 4.8 61.4 82.1 71.8 62.7 64.0 86.3 52.5 61.9

60 5.9 4.8 78.8 67.1 59.2 87.2 46.7 58.5
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Æp2 /�A:M40;,M*!��6, E��

A=+B 78.5%, (�!OmBB>QTiX. "
qS:"A:M�iXQll��!�A E. �
Ir H840Q3=*>C *�2�0, ��!�

5-/ � Ir H8�*! B ��C6 5.5%, �

�A=qSC6 5.2%. ��??3 60 mAcm−2

!, � Ir H840Q3=*!����!<A=W
�+ 58.5%, �#A= 87.2%, ���rT..!�
5- [16].

3 R "
A:M40- H2IrCl6 ;�.G>2-LB.

450OIA,�AB IrN?H8!4./,V2 50$

(��]VC Ir-*+./3GB...-���=
*;�. Ir H840��A>C V(�)/V(�) ��

����*��0. �*0-! Ir b3>C V—

O ,1,"i"!��Æ>C ��2�0. ��
Ir H840;,!N��!�#A=- 20 mAcm−2

!+B 87.5%, ��A=+ 69.7%,  bVH8!4
0;,!��/<, �#A=qSC6 8.6%, ��

ÆpqSK> 25%.
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