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Reaction M echanisn of V () / V ( ) Redox Couple at Graphite
Felt Canposite Electrode Bonded with Conductive Carbon Plagtic

L I Xiso-gang’, HUANG Ke-long'*, L U Su-gin’, TAN Ning, CHEN Li-quan"?
(1 School of Chamistry and Chemical Engineering, Central South U niversity, Changsha 410083, Hunan, China;
2 Institute of Physics Chinese Acadany of Sciences Beijing 100080, China)

Abstract: The rate-detemining step of V() /V () redox reaction was investigated at graphite felt (GF)

camposite electrode by various technigques cyclic wltanmetry, polarization curve and impedance ectrosopy.

Cyclic wltanmetry analysis indicated thatV () /V () redox reaction at GF electrode is quasi reversible A
certain cheanical reaction step is upected © follov the electron trander step of this reaction The Tafel slope
value (Q 124) obtained fram the polarization curve agreeswell with theoretical value (0 12) , which supposing
the electron trander step was the rate-detemining step. Impedance Soectrosoopies at various potentials were
studied and smulated by equivalent circuits The mpedance value of the electron trander step modified is greatly
higher than the others, which shows that the electron trander step is the rate-detemining step.  This further con-
fims the conclusion obtained by polarization curve test
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1 Introduction Pecies and its electrochanistry S far, Sum E et

[2, 5] . . .
The all vanadium redox flow battery (VRB) has al studied the electrochamical behavior of V

become the research focus, and it has received more (
and more attentions after itwas first reported by Skyl- ~ 9ld electiode aswell as grephite electrode using cy-
lasKazacosM. et al '*? in 1985 due D its unique clic wltanmetry and rotating dik electrode The dif-
technical advantage TheVRB has been tested in the fusion coefficient and the dynamic paraneter of V
goplication for the power of wind and olar aswell as () /V () redox couple on grephite electrode
peak shaving in electric-netvork for a long time, and ~ Were obtained Recently, Oriji Gaku'®' pointed out

) /V( ) redox couple at glassy carbon and

now the technology is coming into cammerce **'. that the redox processof V () /V ( ) couple at
The vanadium redox battery enploys theV () glassy carbon electrode inwolves the post chamical

/IV( ) adV ( ) /V( ) redox couples in trandoming processwith the traner of oxygen atom.

H, 0, in the negative and positive half-cell electro-  GattrellM. ' alo reported that the reaction mechar

lytes, regpectively The integral perfomance is re- nisnofV( ) /V( ) redox couple agreed o the
stricted by such reaon as the camplexity and instabil- models of CEC and ECC in the low and high over-po-
ity of vanadium eciesof different value in electrolyte tential ranges, regectively In ite of thexe re-
®lutions, and the indefinite relationship beiween ion search, there ismuch less research on the controlling
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step and alterating current (AC) impedance of V
() /V( ) redox reaction

W e have investigated the electrochemistry activi-
ty and kineticsof V() /V ( ) redox couple at
various electrodespreviously ®'. In the present study,
the reaction mechanisn and controlling step of V ()
IV ( ) redox couple at graphite felt canposite elec-
trode were studied by the methodsof cyclic voltanme-
try, polarization curve and mpedance ectroscopy.

2 Exper mental Details

2 1 Preparation of Electrode
Polyacrylonitrile-based GF (A. R , provided by
Shanghai Energy Carbon L imited Ca ) wascut into a
Qitable size of 10 an x 4 an. The electrochamical
oxidation for the GFwas carried out in Imol/L H, SO,
®lution for 8 minutes under the constant current den-
sity of 30 mA /an’ and a wltage ranging from 5 © 15
V, the oxidized GF srved as anode and Ti plate as
cathode, regpectively The treated GF was faked in
deionized water and washed thoroughly © ramove the
adorbed H, 0,. Finally, the treated GF was kept in
a vacuum drying oven under 120 for 5 hours The
one side of dried ssmple was bonded with conductive
plastic under 175  for 15 minutes® , and let the
other side area of 1 1 5 an’ for the electrochemical
reaction
2 2 Preparation of Electrolyte Solution
The analytic grade V,0s and V, 0O, (provided by
Tianjin Kemel Chemical Reagent Development Cen-
ter) with the ratio of 1 05 1 O were mixed with 3 5
mol/L H, S, smultaneoudy, and then the mixture
was heated and filtered The clear filtrate was collect-
ed b giveaV ( ) olution containing 2 0 mol/L V
() + 3 0mol/LH, D,. The lution of V ( )
was prepared by electolyzing VO, lution using
an electrolyzing devicewhich wasmade up of graphite
felt electrode, and ion exchange membrane was used
o sparate the electrolyte near anode from cathode
The purity olution of V () was obtained at anode
after electrolysis The electrolyte lutionof V () /
V () wasobtained by mixing and diluting the above
tvo olutions at a certain ratia  The concentration of

vanadium gecies in electrolyte lution wasmeasured
by ZDJ-4A automatic coulometric titrimeter (Shanghai
Precison & Scientific Instrument Ca Ltd, Chi-
na) .

2 3 Electrochanm icalM easureaments

The cyclic woltanmetry, polarization curve and
AC mpedance were carried out with CH 1660 electro-
chemical workstation (CH Instruments, Inc Ameri-
can) in a termate electrode system using Pt as counter
electrode, SCE with Luggin Cepillary as reference e
lectrode The scan rates in cyclic voltanmetry and po-
larization curvewere 10 Q 2mV /sand ImV /s re-
pectively The sensitivity was st as 10 ® The
measurenent of AC impedance was processed after
five scansof cyclic wltanmetry, and the datawas fit-
ted by Zsmp Win 3 20 Dano ftvare on CH 1660B
work station

3 Reaultsand D iscussion

3 1 Analysisof Cyclic Voltammetry

The curvesof cyclic wltanmetry forvV () /V
() reaction at graphite felt electrode under differ-
ent scan rate were diplayed in Fig 1 As can be
sen, the electrode reaction is a partial reversible re-
action because the peak redox potential sgparation
(Epa-Eyc) exceeds 60 mV. The peak redox potential
sparation ( E,,-E,. ) reaches 100mV under the mini-
mum <can rate (O 2mV /s). The peaksof redox po-
tential exhibit symmetry at a certain extend, which in-
dicated that the reaction is not abslutely irreversible

0.04}
002
g
g 0.00¢
3
T 002!
| VR ¥ B 1)
EfV(vs. SCE)
Fig 1 Cyclic woltanmogransforV ( ) /V ( ) reaction
at GF electrode in Q@ 0087 mol/L V( ) + Q 0087

mol/L V (V) + 1mol/L H, 30, slutionwith vari-

ous scan rates
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The peak current density as a function of the
gyuare oot of a can rate (V') forV () oxidation
is shawn in Figure 2 The peak current density in-
creaseswith the augment in scan rate However, The
peak current density is not strictly proportion o v'2.
The reaction gpproaches reversible process at a lover
<an rate, but gopraches irreversible process at a
higher <can rate The reaults indicate the reaction of
V( ) /V( ) redox couple at grgphite felt elec-

trode is quasi-reversible
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Fig 2 Peak current density as a function of the square root
of scan rate forV () oxidation
The half wave potential density A E,,,) as a function
of the scan rate @ logv) forV () reaction is shown
in Figure 3 A s can be sen, the half wave potential
density tends o increases as the scan rate increases
This indicates that the electrode reaction is a reaction
of EC and including post-transition according o the
classification of electrode reaction that acoompanied

chamical transition
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Fig 3 Half wave potential density as a function of the
) reaction
3 2 Analysisof Polarization Curve
A cocording the above analysisof cyclic voltanme-
try, the schematic diagran on the oxidation p rocess of

<can rate forV (

- 370-

V( ) /V( ) issown in s<hame 1
2+ € 3+ H*
vO** . 5H,0—— VO’" - 5H,0
HVO:® - 4H,0—— VO, - 4H,0 Schemel

If the reaction is assumed as the rate controlling
), the steady-state
polarization curve of electrochemical polarization on
porous graphite felt electrode can be fomulated as
Eq 1:

=1 em[%‘fn} (1)

And the kinetic equation of polarization can be
epresed as Eq 2:

2 3RT, o , 2 3RT 0
T E o+ e gk (h>>1) (2)

step during the oxidation of V (

Na=

It denotes tranderring coefficient and varieswith
different electrode reaction, buta is about equal o
Q 5 canmonly. The dlop of polarization curve of the

oxidation of V () deduced fran above equations

D. 2 3RT_
dlgl, ~ Q5F =012 )
r.of
& o8
?
£
E 0.6}
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Tog(H# Avem™)

Fig 4 Polarization curve at grgphite felt electrode in Q 03
mol/LV( ) +Q 03mol/L V (V) +3 mol/L H,

D, <anrate1mV/s

The polarization curve at GF electrode in lution
withQ 03mol/LV( ) +0 03mol/LV( ) in3
mol/L H, 0, is hown in Figure 4 The Tafel slop of
anode regresed fram the curve isQ 124 The experi-
mental reqult is agreed with the theoretic value

If the process of post chanical transition is as
amed as the rate controlling step, and the balance of
electrochamical reaction does't change, the function
of electric potential of electrode vs oconcentration in
®lution can be expresed by the equation of Nemst
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before or after polarization There is no difference be-

tween the twvo chamical transition steps The Tafel

dlop derived from revised Nernst equation as belov

Eq 4:

2 3RT
F

The Tafel slop is calculated asQ 06 And there
ismuch difference betwween the theoretic value and the

Na=a+ gl (4)

value obtained fran experiment

The above analytic reaults indicate that the elec-
trochamistry reaction of the oxidation of V () isthe
rate controlling step at the porous grephite felt elec-
trode

3 3 Analysisof AC Impedance

The mpedance pectra of GF electrode at differ-
ent potentials are shown in Figure 5 There exist o
smi-arcswith different size and a beeline The smi-
arc at high frequency region changes little with the
change of polarization potential And the impedance
at this region is caused by the polarization of otm.
The sami-arc at lov frequency region increaseswith
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Fig 5 mpedance ectraof the grephite felt electrode at
potential of 0, 100, 150 mV, regectively

the decreasing of polarization potential The mped-
ance at this region is caused by electrochemical polar-
ization of the oxidation of V ( ). The diameter of
smi-arc increases at lowver polarization potential is
due © the relative snall AC current density (i) of
oxidation

Fig 6 The equivalent circuits of graphite felt electrodes

The mpedance 9Pectra were fitted using the
least-sguare procedure, and the reaults are listed in
Table 1 The equivalent circuits of grgphite felt elec-
trodes at some potential are shovn in Figure 6 R,
R, and R, denote the ®lution resistance betveen
working electrode surface and reference electrode, the
ohm polarization resistance at graphite felt, and the
redox electrochenistry impedance, regectively Q,
and Q, denote constant phase element (CPE) , which
related b aborbed intemediate and Faraday reac-
tion, regpectively And the gpecial physical mplica
tion of CPE is dtill unclear.
paraneter introduced o fit the mpedance data Gen-
erally, the value of CPE is related © the roughness of
electode aurface The electrode surface resistance

It isonly an experimental

and cgpacity increase with the augment in surface
roughness due © the increase of surface area At the

Tah 1 Electrode kinetic paranetersmodified by equivalent circuit at open potential

Polarization

potential R/ _nCPE ,nCPE Rl wis §°
iy . oam? YIS s n(0<n<1) Q. an? Y,/S s n(0<n<1) Q. o
0 2 686 Q 0771 Q 2142 202 30 Q 0184 Q 782 1 82e4 2 659e- 10
100 1 798 Q 0247 Q0 3688 42 78 Q 0559 Q 468 2292 1 522e-5
150 2 168 Q 1423 Q 2926 Qa 02 Q 0209 Q 294 271 2 751e- 8
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sane time, the current density becomes inhamogenous
when the surface mughness increases, which results
in the occurrence of digperson W standsforW arbrug
impedance, i e impedance caused by concentration
polarization A scan be sen fran Table 1, R, is the
maximum impedance under three potential, which in-
dicated the electrochamistry is the controlling step.

4 Conclusions
Cyclic wltanmetry analysis indicates that V

() 1v(

ite electrode is quasi-reversible, and a certain chemi-

) redox reaction at grephite felt compos-

cal reaction step is ugpected o follov the electron
trander step of this reaction The study of polarization
curve indicates the electrochemistry reaction of V
() (VO*") is the rate-controlling step during oxi-
dation process mpedance ectiosopy study al
verified the conclusion obtained by polarization curve
test
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