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Abstract - An electrochemical reduction of VO 2§ ions in a formic acid electrolyte was analyzed by cyclic voltam- 
metry. A new four step reaction mechanism, EECE, was proposed to derive the mass transfer equation, and then it 
was solved by numerical method, which enabled us to obtain theoretical cyclic voltammograms. Kinetic parameters 
such as diffusion coefficients, rate constants and transfer coefficients, describing the VO 2§ ion reduction system, 
were estimated by fitting the theoretical curve with the experimental data. The parameters obtained were then evalu- 
ated on their extended applicability in various concentrations and scan rates. It was shown that the theoretical vol- 
tammograms obtained using the above parameters fitted well with the experimental curves for the scan rate variation 
from 2 to 20 V/sec, while the deviation increased in proportion to the VO 2§ ion concentration. 

Key words: Cyclic Voltammogram, Electrochemical Reduction, Decontamination, Dynamic Simulation, Vanadous Pic- 
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I N T R O D U C T I O N  

Vanadous picolinate, V(II)(Pic)n (l<__n<_3) has been devel- 
oped as a decontaminating agent to dissolve the corrosion ox- 
ides containing Fe0II ) in nuclear facilities [Wood, 1991; Brad- 
bury, 1983]. The vanadous ion is prepared by electrochemical 
reduction of vanadyl ions in formic acid. 

Cyclic voltammetry has been widely used for kinetic stu- 
dies of electrode reactions [Bard and Faulk, 1980]. Cyclic vol- 
tammetry makes it possible to investigate the electrode reac- 
tion products and to detect electroactive intermediates, espe- 
cially for simple reaction mechanisms such as EC and ECE. 
In an electrochemical system, an electron transfer reaction on 
the electrode surface and a chemical reaction in the bulk phase 
can occur in sequence. When the electron transfer reaction 
is followed by a chemical reaction, the mechanism is referr- 
ed to as EC (Electron transfer-Chemical reaction), and that of 
the opposite sequence is defined as CE (Chemical reaction- 
Electron transfer). In this way, the ECE mechanism is defin- 
ed as the electrochemical reaction in which a chemical reac- 
tion is coupled between two electron transfer reactions. Ni- 
cholson [1964; 1965] reported the extended use of the basic 
theory of  cyclic voltammetry for analysis of electrochemical 
reactions with ECE mechanisms. He also suggested an experi- 
mental diagnosis method to evaluate kinetic parameters direct- 
ly fxom the cyclic voltammograms. And Polcyn [1966] illus- 
trated the general method to derive kinetic parameters such 
as rate constants and diffusivities for simple electrochemical 
reaction mechanisms such as EC and ECE. 

The reduction mechanisms for the vanadium systems, how- 
ever, can be different from the experimental conditions such 
as supporting electrolyte, accompanied anions, solution pFL etc. 
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In acid media, the electrochemical standard reactions for 
vanadium system proceeded with the two step electron trans- 
fer (EE) reactions as follows. 

VO 2§ + 2H § + e = V 3§ + H20 E ~ = 0.337 V (1) 

V 3§ + e -  = V 2+ E ~ = - 0.225 V (2) 

However, DeSesa et al. [1953] reported the direct reduction 
combined the chemical reaction referred to as EC mechan- 
ism for the reduction of VO 2+ ion in the acetic acid electro- 
lyte as follows. 

VO 2+ + H § + 2e-  = VOH § (3) 

VOH § + H § = V 2+ + O20 (4) 

And Jung [1989] reported another mechanism of ECE in 
his study on the reduction of VO 2§ ions chelated with EDTA 
and DTPA. 

Recently, we also found that the electrochemical reduction 
of VO 2§ ion in the formic acid supporting electrolyte could 
be explained by the four step electrochemical reaction mech- 
anism of EECE (Electron transfer-Electron transfer-Chemical 
reaction-Electron transfer), which is rather new and somewhat 
complicated [Oh et al., 1993]. The complication of the mech- 
anism made it difficult to obtain the kinetic parameters direct- 
ly from the experimental cyclic voltammograms. 

In this study, we conducted computer simulation to obtain 
the kinetic parameters for the VO z§ ion reduction system. In 
the diffusion controlled region, the mass transfer equations 
for electrode reaction of VO 2§ ions were derived based on 
the EECE mechanism and solved by a numerical method, 
which can give us the theoretical cyclic voltammograms. The 
kinetic parameters were then evaluated by fitting the theore- 
tical voltammograms with the experimental curves. 
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Fig. 1. Schematic diagram for the electrochemical reduction o f  
V O  2§ ion in the formic  acid support ing  electrolyte.  

T H E O R Y  

1. Reduct ion Mechan i sm 
The electrochemical reduction of VO 2§ ion in the formic acid 

supporting electrolyte includes two electron transfer reactions 
and a chemical reaction. These reaction steps are represent- 
ed in Fig. 1 and described in the following: 

VO2++2H++e - ~ va++H20 (electron transfer) (5) 
knb 

k~ V2 § (electron transfer) (6) va++e- 

VO2++V2++2H§ ~ 2V3++H20 (chemical) (7) 

3+ ~ 2+ 
V +e- ~3b V (electron transfer) (8) 

The reaction starts with VO 2§ ion reduction to V 3§ ion by 
an electron transfer reaction as in Eq. (5) which is known as 
a very slow reaction with high activation energy [Lingane, 
1945]. The high activation energy of the reaction causes the 
reduction potential on a cyclic voltammogram to shift more 
cathodically than its standard potential which is reportedly 
0.337 V [Bard and Faulkner, 1980]. The VO 2+ ion reduction 
is then followed by V 3+ ion reduction by another electron trans- 
fer reaction as in Eq. (6). This reaction is reportedly very fast 
with a standard potential of -0 .225 V [Lingane and Meites, 
1948]. The V 2+ ion generated from the V 3§ ion reduction re- 
acts chemically with the VO 2+ ion in the bulk solution to 
form V 3+ ion again. Finally, V 3§ ion is then reduced by elec- 
tron transfer reaction to form V 2§ ion as in Eq. (8). This set 
of  reactions, electron transfer-electron transfer-chemical-elec- 
tron transfer, is referred to as the EECE mechanism. 

The reactions of Eqs. (6)-(8) are very fast and occur simul- 
taneously [Lingane and Meites, 1948; Oh et al., 1993]. There- 
fore the characteristic peak for each reduction step does not 
appear clearly on the cyclic voltammogram. This fact makes 
it very difficult to analyze cyclic voltammogram and to ob- 
tain the kinetic parameters experimentally. 
2. Modeling 

The mass transfer equations for the vanadium components 
are represented as follows. In the regions where the diffusion- 
al mass transfer dominates over the migrational effect, 

~C4 ~2C4 1 k42C2C 4 (9) 
~t = D4 ~X 2 2 ' 

OC 3 ~2C 3 
0t = D3 ~ + k42C2C4 (10) 

~c2 ~c2 1 
~t =D2 ~x 2 2 k42C2C4 (11) 

where, Ca, Ca, C4, are ion concentrations of V 2., V 3§ and VO 2§ 
respectively, and C4" is the VO 2§ ion concentration in the hulk 
phase. 

The initial and boundary conditions are: 

for t=0, x>_0 C4(x , 0)=C*, Ca(x, 0)=0, C2(x, 0)=0 (12) 

for t>0, x--~ oo C4(x ' t)=C4*, C3(x, t)=C2(x, t)=0 (13) 

for t>0, x=0 

~C 4 3C 3 OC 2 
D4 ~ I x=O + D3 -ffX--X I x=o + D2 ~ I x=o = 0 (14) 

~C4 
D4 ~ - x  ]x=o = k4/C4- k4bC3 (15) 

~c2 
D2 ~ [x=o = k3bC2- k3fC3 (16) 

If the charge transfer is irreversible, Eqs. (15)-(16) can be 
defined in terms of the Eyring equation [Nicholson and Shain, 
1965] providing the relationship between the ion fluxes and 
the applying potentials as follows: 

D4 ~ I x=o = ~4s Exp - (E - E4~ 

D2 - ~ x  Ix=0 = - k3, Exp - (E - E3 ~ 

where, 

E=electrode potential, 
E2, E~=standard reduction potentials for V 3§ and VO 2§ ions, 

respectively, 
k~, l~--standard rate constants for V 3§ and VO 2§ ions, re- 

spectively, 
F=Faraday constant, 
eq, ~=charge transfer coefficients for V 3§ and VO 2§ ions. 
The current flowing through the electrode can be express- 

ed by 

D ~C2 ~ OC3 i=FA 4 ~C4 [x=O -D2 ~ -  Ix=O~ "{-FAD 3 --~x Ix= 0 (19) 

where, A is electrode surface area. 
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For the case of cyclic voltammetry, the potential in Eqs. (17) 
and (18) is a function of lime, given by the relations [Nicholson, 
1964] 

for 0 <_ t _< 3. E = E~- vt (20) 

for ~. < t E = Ei - 2v~. + vt (21) 

where, E, is initial potential, v is the rate of potential scan, 
and ~, is the time at which the scan is reversed. Eqs. (9)-(11) 
and their initial and boundary conditions can now be convert- 
ed into dimensionless expressions, using the following dimen- 
sionless variables. 

~t = c4/c*,  v = cdc4* ,  (o=cdc* 

x = (Fv/RT)t, y = x/fi 

Yl = D4/D3, Y2 = D4/D2 

k=(1/2)k4z. C* RT/Fv 

D = (D4 RT)/(Fv~5 2) 

(22) 

(23) 

(24) 

(25) 

(26) 

where, 6 is the thickness of the diffusion-convection layer when 
the C 4 equals bulk phase concentration C*. 

Then, 

3]/ = D 32]/ - k/.uo (27) 
T 

3v D 32v 
- - -  + 2 k ~ 0 )  (28)  

3"t" ~ 3y 2 

3o9 D 320) 
- k#0) (29) 

3"s ~/2 ~y2 

The initial condition is given by 

for t=0,  0 <  y<__ 1, kt= 1, v = o ) = 0  (30) 

And the boundary conditions are given by 

for y=  1, t_> 1, p.= 1, v=o~=O (31) 

for y=0 ,  t> 1, 

3 ] /  : r ~x'" ]/ly=0 -- r  a-~ ' V G o  (32) 
3y y=O 

30) [ = r  0)1.o - ~ C  V]y=o (33) 
3y y=0 

311 §  3v 1 30) 3y ~ ~-y + --~ --3y = 0 (34) 

where, 

~1 = exp[ (~T-T ] (E - E~ (35) 

~2 = exp[/~TT ) (E -  F-~)] (36) 

r = k,~ RT / D F v  ,~ (37) 

~2 = k3s RT/DFv6 (38) 

To simplify the notations 

R1 311 3v ------- 3y ly:0, -- 3y Jr=0, R2 ~ -  R3 [y=o (39) 

Then the Eq. (19) can be rearranged to 

i -  F2AC~Dv6 I R -  R2 / 
RT I 1 -~-2J (40) 

These boundary value problems make it possible to evalu- 
ate the dynamic potential-current response resulting from the 
electrochemical reduction of vanadium ions. 
3. Numerical Analysis 

An orthogonal collocation method [Finlayson, 1980] was 
used to solve the transient problem composed of parabolic 
partial differential equations. As the solution has no symme- 
try property, it can be given by a polynomial expression. 

N 
C(x, t) = a(t) + b(t)x + x(1-x)/~ a/(t) Pi-1 (x) (41) 

This expression can be rearranged to 
N+2 

C(x,t) = i__]ld i (t)x i-1 (42) 

For every collocation point, 
N+2 

C(xi, t) = i=~1 d i (t)x} -1 or C(t) = Q d(t) (43) 

The fast order space derivative at each collocation point is 
given by 

3C N+2 3C 
3x ~, : i~d/(t)(i-  1)xi-2 or ~ =_Cd(t) (44) 

where, Qji = ~-1 which is independent of time, and Eq. (44) 
can be expressed by 

3__CC = C 0 -1 C ---- A C (45) 
3x 

The second order space derivative is also given by 

32C =DQ-1C=--BC 
3x 2 

The time derivative expression is given by 

(46) 

(47) 
dCj c3C d C(xj, t) - 

- - g  x = ~ (  

In this way, the collocation method transforms the partial 
differential equations to ordinary differential equations. Using 
the collocation method, the differential equation describing 
electrochemical reduction of vanadium ions can be represent- 
ed by the following equations. 

311j N+2 
--~- =D ,~lBji 11i -k] / j  0)~ (48) 

3Vj _ D N+2 
3t ~ i~=1 aji vi + 2k]/j 09j (49) 

30)i = D ~v +i~=~B ii 
- N -  r2 : ~ - k & 0 ) j  (50)  
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Initial and boundary conditions are 

Itj=l 0=1, 2, 3 ................. N+2) (51) 

vj=oj=0 (j=l, 2, 3 .................. N+2) (52) 

ItN+z = 1, v;~+2 = (oN+2 = 0 (53) 
N+2 -c~ ~(1-a,) 
Z Al j  ]./j = @1 ~1 ]21 - 41 ~1 v1 (54) 
i=1 

N+2 
]~ Alj t0j = ~ ~l-o0 oh _ 02 ~2 ~ Vl (55) 
i=1 

N+2 1 N+2 1 N+2 
i~Au/.tj.= + - -~  i__~=IAlj.= Vj +~2 i--~IAI' 09j=O (56) 

The parameters, It, v, and r can be calculated by using 
Eqs. (54)-(56) and then there are 3 N unknown variables of 
Itj, vj, and coy 0=2, 3, 4 ..... N+I). The gear method in IMSL 
(international mathematics and statistics library) was used to 
solve the ordinary differential Eqs. (48)-(50), and to calculate 
the unknown variables. 

EXPERIMENTS 

The cyclic voltammograms were obtained using the poten- 
tiostat (EG&G PAR model 273) in which HMDE (hanging 
mercury drop electrode), Pt and Ag/AgC1 were attached as 
the working electrode, the counter electrode and the reference 
electrode, respectively. VOSO4.3H20 (99.99 %) was used for 
the vanadyl ion (VO 2.) source and GR grade formic acid (99.0 
%) for the supporting electrolyte, respectively. The concen- 
tration of supporting electrolyte was adjusted using ultra pure 
water purified through the three step purifying processes. Ex- 
periments were performed for the various VO 2§ ion concen- 
trations in the range of 2.7 mM to 25 mM and for the scan 
rate variations from 2 to 20 V/sec under nitrogen atmosphere. 
The scan rate and the potential were controlled precisely by 
PC with M270 software. 

RESULTS AND DISCUSSION 

1. Kinetic Parameter Evaluation 
For theoretical estimation of the kinetic parameters, a com- 

puter simulation was conducted using the following experimen- 
tal and well-known values. 

C*=5 • 10 -6 mol/L 

F=9.64846 • 104 C/equiv. 

A--0.02 cm 2 

R=8.31441 J/mole. K 

v=2 V/sec 

T=293 K 

F~=-0.4962 V vs SCE (saturated calomel electrode) 

E ~  0.0958 V vs SCE 

(~3=0.5 

k3s=l.0• 10 -3 cm/sec 

November, 1997 

4.0x10 "e , , , , . . , , 

I-- o =o I 
30~10" I .......... k =1.0E4 I / / 

~'~ ~ i  -1.0x10 .=2.Ox11.0x1040.00"n . . . . . .  = " 

-2.0x10 ' ' " ' " ' ' ' ' -200 -400 -600 -800 -1000 -1200 -1400 
P o t e n O a l  [mV] 

Fig. 2. Effect of k42 on cyclic voltammogram. 

Then there are four variables, k42, k~, or4 and D4, to be de- 

termined. 

To check the effects of parameters on the shape of cyclic 
voltammograms, the simulations were performed with vary- 
ing parameter values. 

Fig. 2 shows the effect of k42 on the curves. No signifi- 
cant effect was found when the k42 was less than 104. When 
1(42 became larger than 106 , however, the curve of the reverse 
scan was crossing the forward scanning line, which might be 
due to the increase in V 3§ ions by the chemical reaction. 

The effect of D4 on the cyclic voltammograms is shown 
in Fig. 3. The peak current increased in proportion to D 1~ as 
expected. 

Fig. 4 shows the effect of k4s on the cyclic voltammograms. 
The cathodic peaks are displaced anodically along the poten- 
tial axis when k4s becomes large without a change in peak 
current intensity. Whereas, the increase in k4~ caused the cur- 
rent to increase without any anodic peak displacement. 

The dependence on (~ is shown in Fig. 5 where the cur- 
ves for the three values of oq are compared. The peak cur- 
rent increased and shifted anodically as the o,4 increased. 
For the irreversible reaction, it is well known that peak cur- 
rent is proportional to (x 1~ and peak potential shifts anodically 
according to the equation, IEp- Ep~ I = 1.857RT/t~F [Bard and 
Faulkner, 1980]. 

From the above results, it was found that the simulation 
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Fig. 3. Effect of D4 on cyclic voltammogram. 
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was conducted well and described the parameter effects cor- 
rectly, and each parameter had characteristic effects on the 
shape of the cyclic voltammogram, which can be used for se- 
lection of experimental data points for simulation. The Mar- 
quette Parameter Estimation Method was used to find the 
optimum va/ues of  k4, k4~, 134 and tz,. Nine data points, which 
characterize the experimental cyclic voltammogram, were se- 
lected to estimate the parameters. The best fitted curve, tak- 
ing into account the spherical correction factor (SCF), is shown 
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Fig. 6. Comparison of experimental and theoretical cyclic voi- 
tammogram for the VO2+-formate system; [V02~1=5.2 
raM, [HCOOH]=I M, scan rate=5 V/see. 

in F i g .  6 ,  and the optimum parameters were obtained as follows. 

SCF=I.51 

I~4=-5.81 X 10 -6 

k4,=5.31 x 10 -6 

~z : l .O0 x 10' 

~=0.23 

From the simulation results, the theoretical cyclic vollam- 
mogram was found to be fited well with the experimental 
curve, except the slight deviation in the anodic scanning curve, 
which requires further study to explain the reasons. 
2. Effect of VO z• Ion Concentration on the Simulation 

Using the simulated parameters, a simulation was conduct- 
ed to demonstrate the extended applicability of the parame- 
ters for the wide experimental ranges. The VO ~* ion c o n c e n -  

trations were varied from 2.7 mM to 25 raM, with the scan 
rate fixed at 2 V/see as represented in Fig. 7. 

This showed that the simulation could predict approxi- 
mately the electrochemical reduction of the VO z+ ion. How- 
ever, the deviation increased in proportion to the VO 2~ ion con- 
centrations. This might be due to the increase in migrational 

~ 1 0  4 

at(~lO ~ 

' ~,~ h , c ~ ' z  7.,,u . . . . . . .  . 
~ I~polmealll l " - .  

D~IO~ f ]  ~ )  Wo2'J~ .~mst  ~ . . .  

-3,OJ, lO [" ~'"-. .-""  

Fig. 7. Comparison of experimental and theoretical cyclic vol- 
tammograms for various VO ~ ion concentration in the 
VO2*-formate system; [HCOOH]--I M, scan rate=2 V/ 
s e c .  
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Fig. 8. Comparison of experimental and theoretical cyclic vol- 
tammogr~, .s  for'Vario~ scan rate of the VOW-formate 
system; [VO2+]=5.3 raM, [HCOOH]=I M. 

mass transfer effects of  the bulk solution, which were not 
considered in this study. 
3. Effect of Scan Rate on the Simulation 

The scan rates were varied from 2 V/see to 20 V/see to 
check the applicability of the estimated parameters for the 
extended scan rate conditions. The results in Fig. 8 reveal 
similar trends between the theoretical and the experimental 
results in spite of slight deviation. 

N O M E N C L A T U R E  

A : electrode surface area [cm 2] 
C2, C3, C4 : concentrations for V 2+, V 3+, VO 2§ ions, respectively 

[mol/cm 3] 
C~*, C3", Ca* : bulk phase concentrations for V z§ V ~, VO 2+, ions, 

respectively [mol/cm 3] 
C(x,t) : concentration at distance x at time t [tool/era 3] 
D2, D3, D, : diffusion coefficients for V 2§ V 3§ VO z§ ions, respec- 

tively [cmZ/sec] 
E : electrode potential vs. reference IV] 
E ~ : standard electrode potential [V] 
~o, E~ : standard reduction potentials for V ~§ and VO 2§ ions, re- 

spectively [V] 
Ei : initial electrode potential IV] 
Ep : peak potential [V] 
E m : potential where i=iJ2 [V] 
F : Faraday constant [C/equiv.] 
i : current [A] 
k3r, k3b : reduction and oxidation rate constants for V 3§ ions, re- 

spectively [cm/sec] 
k4~ k4b : reduction and oxidation rate constants for VO z§ ions, 

respectively [cm/sec] 
k3s, k4, : standard rate constants for V 3§ and VO 2+ ions, respec- 

tively [cm/sec] 
k42 : rate constant for chemical reaction between VO z§ and V 2+ 
n~ : number of electrons involved in the rate determining step 

[-1 
R : gas constant [J/mol. K] 
T : absolute temperature [K] 
t :time [sec] 
v : rate of potential scan [V/see] 
x : distance from an electrode [cm] 

Greek Letters 
a3, ~ : transfer coefficients for V 3§ and VO 2+ ions [-] 
~i : thickness of the diffusion-convection layer when the C4 

equals Ca* [cm] 
X : time at which the scan is reversed [sec] 

R E F E R E N C E S  

CONCLUSIONS 

Electrochemical reduction of VO 2§ ion in the formic acid 
electrolyte could be explained by dynamic simulation of cy- 
clic voltammetry based on the EECE reaction mechanism. 

The optimum kinetic parameters were obtained by fitting 
the experimental and the theoretical cyclic voltammograrns. The 
simulation using these parameters could be extended for a scan 
rate from 2 V/sec to 20 V/sec, while the deviation increased 
in proportion to the VO 2§ ion concentration. 

In spite of the fact that the suggested dynamic simulation 
could be used to analyse approximately the electrochemical 
reduction of VO 2§ it was also shown that further study to re- 
duce the deviations for the anodic reaction and for the con- 
centrated solutions was also required. 
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