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CHAPTER~ IV

RESULTS
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4.1 GENERAL INTRODUCTION

In this chapter the results obtained by (1) chrono-
potentiometry, (2) cyclic voltammetry, (3) chronoamperometry
and (4) sampled current voltammetry for the redox reacﬁions
of Pb++, Co++, Ni++, Fet™t ana cutt ions are given, A full
description of the results, of the calculations of transfer
coefficients, transition times, quarter - wave potentials,
diffusion coefficients ete., are given for lead only for each
technique, as the processes a¥é-only repetitions for other

elements.
4,2 CHRONCPOTENTIOMETRY

Chronopotentiometric experiments were performed in
the manner described in the earlier chapter. The concentra-
tions of the electroactive substance and current densities
were the parameters whiéh wéfe changed for the investiéation.
The apparatus and the three electrode cell have been descri-
bed in the earlier chapter. A repetition of the procedure is
not warranted. The details for the data obtained and the mode
of obtaining the data are described for lead only, as the

processes are repetitive for other elements.

4,2,1 Lead

The solute used was Pb(NO3)2 which was dehydrated

under vacuum at 383 K for 24 hrs. The residue was tested for
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any decomposition of nitrate. Tﬁe mechanism of dehydration
and so the complete absence of moisture was explained in the
earliex chapter. The weight of sclvent was kept constant
through the series of experiments as the solvent was not dis-
turbed and the solute was added to the same solvent to, incre-
ase the concentration. The volume of the solvent was caicula~

ted using equation 3.1.

Chronopotentiograms were recorded as a function of
concentration and current strength. The former was varied

from 0.5 to 1.5 mole cm"'3 and the latter from 200 to 400 uA,

The area of the foil platinum electrode was 2,23 cm2 and
hence the current densities Qaried from 89,7 to 179.4~PA cm'%

Both forward and reverse chronopotentiograms were recorded,

Fig. 4.2.1 gives a typical chronopotentiogram of lead
in the nitrate melt at 423K ., Table 4.2.1 lists the;current
strengths used, the conceﬁtration of the sclute and the tran-
sition time measured for the forward reaction. The method of
measuring the transition times has already been described,

The reverse curve was ill defined and i1l shaped and hence no
reliable data could be obtained from the curve, Exhaustive
compilation og data has not been given but only typicél values

have been reported in Table 4.,2.1,

In any chrdnopotentiogram the f£irst criterion which

has to be looked into is to test whether the reaction is
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Table 4.2.1

Chronopotentiometric Data on Pb'Y Ion in
(Li, Na, K) NO3 Eutectic at 423 + 2K (Forward)

GBS BB mm MM WD em e e M e G M M R SR G em M e e mE oW MM e e e e e e e

b
Concentration Current Transition ix 7T £ 2 Diffusion
¢ x 10° 1 x10° Time :jE‘"’ coefflClgnt
mole cm3 A 7°f A s“*mole cm3 (DO) x 10
2 <1
s cm” s

e e s e e e R s e M e e e R RS ey e M e e R L W e W e e a ame W el

0.51 300 3,94 1168 9.40
250 6.00 1200 9.96
200 8.40 1137 8.92
0.76 400 5.04 1151 9.21
300 6,96 1015 7.15
250 9.60 993 6.85
200 13.80 953 6.31
1,02 400 6.30 1287 6.56
350 7.20 1204 5.26
300 9.20 1167 5,10

- e e e e e ma ma e e e eee M M W R Ak MR e e e R me e wm  em  mm e e e e
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POTENTIAL ,-E( V Vs Ag/Ag")

TIME ( SEC)

FIG.4.:2.1. A TYPICAL CHRONOPOTENTIOGRAM OF Pb**
ION IN (Li,Na,K)NOy EUTECTIC AT
423+ 2K



107

diffusion controlled or not. This is verified from the con-

7
- C
res, 7 the transition time in seconds and C is the concen-

stancy of the factor 7%  where i is the current in ampe-

tration of the electroactive solute in moles cm >. As can .
be seen from Table 4.2.1 the factor igfi remained constant
within experimental errors and uncertaggties. After having
ascértained that the reaction is diffusion controlled the

Sand's equation

2i°

was employed to calculate diffusion coefficients. In this
equation 7 is the transition time in s, n is the numbér of
electrons involved, F is the Faraday i.e., 96,500 coulombs,
D, is the diffusion constant of the pbt* ion in cmzs"l, C
the concentration of the active electrolyte in mole cm""3
and i° the current densities in A.cm’z. The values of(Do)f
50 calculafed are listed in Table 4,2.1 together with  the
values of i 7}5/(:. Sand's equation can be used in any
chronopotentiocmetric process, irrespective of whether it is

reversible or irreversible.

The values of E 7/, were then obtained from the
several chronopotentiograms, It was found that E'ﬁ/4 varied
with current densities and concentration and not necessarily

ih;a regqular or predictable fashion., This has been observed
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Table 4.2.2

Chronopotentiometric Data of bt Ion in
(Li, Na, K)NO, Butectic at 423 + K

i
o
°
)
g
B

Current density

T = 13.8 s
~~~~~~~~~~~~~~~~~~ e Tl M U
E v t log[ Zgl/zt ] log Zz:ﬁé:—z"]
vs Ag/Ag+ s
~0,24 1.2 +2.388 ~0.152
~-0428 2.4 +1.,395 -0,.234
~0,31 3,6 +0,956 ~-0.311
~0.34 4.8 +0.694 -0,387
~0,38 6.0 +0.,515 -0,468
-0,44 7.2 +0.383 -0,556
-0.50 8.4 +0.280 -0,658 ;
~0,55 9.6 +0.197 ~0,780

~0,65 10.8 +0.,129 ~0,938

M e e w e W MR e A e e e S e e G e MR e A e e e e s e e e e
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3
by Reinmuth( 60.

in several other cases. Reinmuth has compiled
diagnostic features for the kinetic scheme for chronopotentio-

metry {(Section 2.2.7}.

The potential of the time~ potential graph should wvary
very abruptly at time t=0 (nglecting the charging of the dou-
ble layer) for a totally irreversible electrode process invol-
ing only one rate determining step. This is virtually the case
as can be geen -from Fig. 4.2.2. Again if the linear plqt of

1 351
Z =t %% , then the reaction can

E vs ln[T-—%—-inelds a slope” of
be deemed tz be reversible., In this case t is the time elapsed
from the start of the electrélysis to the time aé which any

value of E is reached., Thus E is the potential at time t. The
value of t are listed against values of E in Table 4.2.2. Hav~
ing found that this plot did not show any linear relationship,
(Fig. 4.2.3), a plot of E vs log [1~ QQ/q-)%] was drawn. A

linear relationship was obtained with a slope of 0.513, which
2,303 RT
o n
c oc 5
to be 0,164, The relationship is shown in Fig. 4.2.3. .This

was egual to « Thus the value of <, B was deduced

value of 0,164 was found to be reasonably constant at'different
current densities and had a variation of only + 0.009 which

wQﬁld not very much affect the magnitude of the rate constants

t0 be calculated from this value,

In the above computation the basic equation(61?
nFac k° 1
. 73 1
B o= S 1n - f’h—!- RT In {( 7 ~t2%)
‘o oo i C o T’i

LA 2K B BN BN BN N ] 208
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was used, In the above equation the intercept will be equal
to the first term on the R.H.S. At this juncture the log,

terms disappear and E can be termed at E

t=0
o)
nkFCk
- R T £,h . .
Thus Bt:O = ——3 1n ——-—-—-———-—~‘-.0 A4.1
c oo i

With the knowledge of o« e P and the intercept E £=0s One

can find ocut x° . The value of ko has been then calcu~
£,h £,.h

lated.

Table 4.,2,3 lists all the pertinent information that
can be obtained from the forward and backward chronopotentio-
grams, All the terms have been explained in the text, In

the case of Pb++, attempts to get reliable results from the

reverse curve were not successful and so were abandoned,

4.2.2 Cobalt

-

Chronopotentiograms of cot* ions in nitrate melt were

taken as a function of current densities and concentrations,

Co(N03)2 was taken as the electroactive solute and the area

of the working electrode was 0,181 cmz. The current densities

2 2

were varied from 4 to 3 mA cm ° or 4000 to 3000 PA cm €. Both

forward and backward chronopotentiograms were obtained as

well - difined curves, even though at the start of the electro-

3
%5
ly$i§ the change in current was abrupt. The factors 17¢7

s
Ty e ;
,b were found to be constant within experimental errors ine

and

diéating}that the reaction is diffusion controlled. These
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Electrochemical Chroncpotentiometric Constants

of Po'" Ton in (Li, Na, K) NO, Butectic at 423 + 2K

1. -0.340 V vs BAg/agt

i

B
Ya, £

2 -1
2. ()

7.47 x 10"6 cm” s

3. Slope of plot of

B wvs log\»vz»—-—rw——-J plot not linear

4, Slope of plot of

I

1 1
T o £
E wvs log —— ] 0.513

Se . on = 0.64 E

e P =0 ~0,062V vs NHE

i

0 - o] -4 -1
6. logkf,h = =3,344 k £,h 4.53x 10 ‘cm s

i
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quantities varied in magnitude due‘to’the difference in the
values of Te and ’Ti, Actually the average ratio of the

" factor from experiments of different current densities and
concentration was found to be 2,88, a factor very near .to 3
indicating a possible reversible reaction. The diffusion co-
efficients of Co'T ion calculated from both the forward. and
reverse reactions, therefore, would change only nominally,
i.e., not in the power function. The reverse diffusion co-

efficients were found to be smaller than the forward &alues.

Tables 4.2.4 and 4.2.5 list the above mentioned pa-
rameters and Tables 4.2.6 and 4.2,7 the above parameters for
forward and backward reactions, respectively. The diffusion
coefficients obtained using Sand's equation are also listed
in these tables. A typical chronopotentiogram of cott  ions

is also drawn in Fig. 4.2.4.

In order to ascertain whether the reaction is rever-
sible or irreversible and the extent of reversibility, a
graph of E vs log [1-&?7t)%'] was then plotted and éhis
graph is shown in Fig. 4.,2,5., The data used for plotting was
taken from one gqrﬁe, the details of which are given in
Table 4.2.8. The slope of this line was calculated be 0,017
which would vield an value of n as 5, This would’point‘ out
to an irreversible reaction and therefore a plot of E vs
log [1-(;/7)% ]'was drawn. This plot is shown in Fig. 4.2.6

Thg plot was found to be linear wifh the slope equal to 0,188,



Table 4.2.4

. I ; "
Chronopotentiometric Data on Lo+ Ion in (Li, Na, K)NO

Eutectic at 423 + 2K (Forward)

J e T T T T L

Concentration Current Transition ix 7

C x 105 ix 106 time cC -
mole cm™> A Te As? mole
S

2.94 850 7.44 78.87
800 8,40 78,35

750 9.36 78.03

700 10.56 . 77.38

650 11.52 75.09

,600 12,00 70,69

550 13.44 68.58

5G0 16.32 68,71

e G e Gea e e e De  BW W Wee  dmw e e e e e e e e o e

119

Diffusion
coefficient

- e e e e e e

2.85
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Table 4,2.5

% N
Chronopotentiometric Data on co™ fon in (Li, Na, K) NO

Eutectic at 423 + X (Forward) ’
;o;c;n;r;t;o; nc;r;e;tn ;r;n;i;i;n~ ﬂi"x-7i%~ S ;i;f;§;o; )
C x 105 ix 106 time e coefflciegt
mole cm > A Tz as? mole~!cm® (DO)fX 10
S em? 571
3.91 900 7.68 63.78 4,10
800 11,52 69.30 4.86
750 13.52 70.53 5.01
700 17.76 715,44 5.73
650 22.56 78,96 6.28
600 24,96 76,66 5,92
550 26,88 73.00 5.36
500 40,88 81,67 6.72

o o 2o o~

G e s e e N e Gd e M ma S W oW me e e e R AR M M B e R e e e e mD e e



Table 4.2.6

Chronopotentiometric Data on co™t

Eutectic at 423 + 2 K (Reverse)

117

Ion in (Li, Na, K)NC)3

Concentration Current Transition ix7 Diffusion
5 . & L coefficient
C x 10 ix 10 time c 6
L
mole cm> A e As“mole em® (Pg) _— 10
s em? s™1
2,94 850 2.16 42.50 1.03
800 2.64 44,22 1,11
750 2.84 41,45 1.05
650 4,80 48,44 1.34
600 5.7@ 49,00 1,37
550 6.24 46,77 1.25
500 7.68 47.13 1.27
mean 1.20

s e W e s mma G M M G s Ame M e e S el R e e SR B e G M ae eab e s e e
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Table 4.,2,7

Chronopotentiometric Data on co™t

Eutectic at 423 + 2 K (Reverse)

Ion in (Li, i\Ta,K)I\IO3

L T T e T T T e T T T S T T T ey

Concentration Current Transition i x T.° Diffusion
5 6 S 35 coefficient
C x 10 i x 10 time ) 6
mole cm® A 7;_ As?mole tem’ (Do:)c x 10
S
3.51 900 5.04 51.67 2.69
800 5.28 47,01 2623
750 6,72 49,71 2,49
650 7.20 44,60 2.00
600 8,64 45,10 2.05
550 10.88 46,39 2.17
500 13.44 46,87 2,21

e e e sm me oam e e M M m am e Em mm me e RN e am ke e Al e ee e e mm am e e



POTENTIAL,—E (V Vs Ag/Ag’)

TIME (SEC)

FIG.4:2.4. A TYPICAL CHRONOPOTENTIOGRAM OF
Co*™ ION IN(Li,Na,K)NO3 EUTECTIC
AT 423 *2K.
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s
Chrornopotentiometry of Co'' Ion in (Li, Na, K) NO,

Eutectic at 423 + 2 K

Current density

~3
]

2762 PA

15.84 s

-2
cm

- G e e s e e G e aws  mee e e ms e e G e e e s AR R R e e R e e

- e e e v e Me e e e e M e MEm M e Sme e mm R S W MR e e M sh e e e e

~0,500

~0.540

-0,560

-0,650

~-0.700

11,52

13.44

+1.872
+1,031
+0.658
+0.436
+0.285
+0.173
+0,087

+0,015

+0.272
+0.013
-0.182
~0.360
-0.546
-0,763
~1.067

-1.810

I I T T I T T R R TR S St Ry
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2.303RT

)
Ko D
ent or the kinetic shape parameters‘xbr%z was calculated to

As this slope is equal to the transfer coeffici-
0.446., This value was reasonably constant at different

current densities and had a variation of nearly + 0.015. The
magnitude of the rate constants will be not reflected in the

rate constants due to this small variation.

The values of E 7/, were then obtained for both the
forward and reverse reactions. The variation of E 7/, for

different current densities was not regular.,

The rate constants for electron transfer were then

calculated from the intercept of the plot in Fig. 4.2.6.

The available relevant information from this study
of the chronopotentiometry of cott has been summarised. in

Table 4.2.9.
4,2.3 Nickel

In the case of nickel also, chronopotentiograms in
nifrate melt were taken as a function of current densities
‘and concentrations. Nickelous nitrate was taken as the ele=-
ctroactive solute. The current densities were varied <£rom

2; The reduction in

0.2 to 0.05 mA cm 2 or 200 to 67 A cm”
current densities compared to those used in cobalt is due to
the larger area of the working electrode, Both forward and
backward chronopotentiograms were obtained as well defined
cu;&es, However, it was found thatnit was not possible to get

reverse chronopotentiograms at the same current densities as

for which the forward curves were taken. Fig. 4.2.7 gives a



124

Table 4.2.9

~

Electrochemical Chronopotentiometric Constants of

co™ Tons in (Li, Na, K) N03 Eutectic at 423 + 2K
1. E = ~0.490 V vs Ag/AgT
/4
£
2. BT/, = =0.05V vs ag/ag”
r
3. Ratio of 7} = 2,88 (mean)
/T
D
4, () = 4,32 x10™° cm? st
©r
(Dg) = 1.743:10‘6 cm? s~1
T
54 Slope of
- L i
. Tiot?
Plot of log vs E = 0,017
-
6. Slope of
-1, 1
2 L
Plot of log| ~m=fe | vs E = 0.188
is
L 7
7. X, 0. = 0,446 Etzo =-0,337 V vs NHE
8. Log kX% . = -12.00 % . = 1x 10712 cm st
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/

typical chronopotentiograﬁ obtained in the series of experi-
ments. Table 4.2,10 lists the values of the concentration,
current strength, the transition time obtained and the factor

A
1xTg?
C * .
are given for in Table 4,2,11, As ?an be seen from Tables

Similarly the same factors for the reverse curves

. 2 ; i
4,2.,10 and 4.,2.11 the factor l}ZT remains constant show-

ing that the reactions were diffusion controlled. The factor

s 5
1 XTE2  yas higher in magnitude than ix Ty

due to the

ratio T§/73: being of the order of 2,48. This factor points
out to an irreversible process, The diffusion coefficients.
were, as usual, calculated using Sand's equation and are list-
ed in Tables 4.2.10 and 4.2.11 for the forward and reverse

processes respectively.,

In order to accertain the reversibility of the process
1

1
P
a graph of E vs logft-%§- }(Fig. 4,2.8) was then plotted and
tz

the relevant data given in Table 4.2,.,12. The slope of the
straight line obtain;d was 0,075 and the valﬁe of n, calculated
from this slope works out to be 0,089, a value which does nét
confirm with the normal.value. of 2 for Ni'T ion. Therefore

log [1- (E/??%?]w was plotted against E, the potential values,
the relevant data for which are given in Table 4.2;12.,This
graph is depicted in Fig. 4.2.9 and the linear curve yielded

a slope of 0,117, from which the:value of the fransfer coeffi-~
cient R, Ty, works out toc be 0,718, It was confirmed that

the variation in this value with different current strengths
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Table 4,2,10

Chronopotentiometric Data on it Ton in (Li, Na, XK)NO

Eutectic at 423 + 2 K (¥orward) ’
Concentration Current Transition ix 7%% Diffugiqn
¢ x 10° ix10° time — coetiicient
mole cm > A 7¢ A s? mole™! em’ (Do)fx;O .
s cm” s
0.89 400 2.16 65.98 4.54
350 3.12 69,38 5.02
300 4,32 69.98 5.07
250 5.76 67.34 4.73
200 7.92 63,17 4.15
150 14.40 63.88 4,20
2.23 500 18.24 66.10 4.56
450 23,09 66.84 4,66
400 31.80 62.84 5.09
350 38.40 67.18 4,71

e i o s s 2

. e e e em e e e e e e s e s e M e e e e e e s e e s e s e aew
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Table 4,2.11

Chronopotentiometric Data on wit* 1on inLi, Na, K) NO
Eutectic at 423 + 2 K (Reverse)

L . T T R T T T T T T T e B e . . ]

Concentration Current Transition i x ‘ﬁr Diffusion
¢ x 10° 1 x 10° time e coefflmgnt
-3 (b ) x10
mole om A T 1 Or
r As mole cm
2 =1
s cm S
0.87 300 1.32 38,73 1.56
250 1.92 38.80 1.58
200 3.18 40,07 1.67
150 5.94 41,08 1.76
2,23 500 6,95 . 40,84 1.74
450 9,12 42,07 1.84
400 11.00 41,07 1.76
350 14,11 40,73 1,72

mean 1,70

W G awe e s M m e e e IR e Ame  me e e ek e R Mk MR U M AN M e %P W e e mer e e
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Table 4.,2.12

++

Chronopotentiometry of Ni' ' Ion in (Li, Na, K) NO

Eutectic at 423 + 2 K

3

Current density = 112,10 PA cm2
7 = 5,76s
T T T T T T T T T T Ty 7:3; —‘Li ~~~~~ T i;. ) ;/; |
E t log[ t } log[ ‘%'t 1
v £2 CRR
+
vs Ag/Ag S
-0.64 0,96 +0.,161 ~0,228
~0,66 1.92 ~0,136 ~0,374
'-Oa68 2‘88 *‘06383 "'00533
~0,70 3.84 ~0,648 ~0.735

~-0.72 4.80 ~1.020 -1,060

sew e mE e e em O am R e e A e em mm e ma e W e e M W R e e e e e we m s
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did not exceed + 5%. The value of the heterogeneous rate con-

o)
stant k £,h

plot in Fig. 4.2.9.

was then calculated from the intercept of the

The relevent data has been summariéed in Table. 4.2.13,
4,2.4 Irons

In the case of iron, ferric nitrate Fe(N03)3 was used
as the electroactive solute. Chronopotentiograms, here also,

were taken as a function of concentration from 20:{106 to

3 2

10x 107° mole an™3 ana curréht densities of 4.5 to 2.0 mA an™
or 4500 to 2000 PA cm-z. The reverse chronopotentiograms wefe
ill shaped at high current densities due to the fact that the
transition times were often below one second. Hence, recourse
had to be taken to the use of smaller currené densities, as
under these conditions the transition time will be higﬁer. The
mean ratio of Tf/,Tr was as high as 5.8 approximately and
that was the reason for the difficulty of measuriné transition
times at higher current densities. Fig. 4.2.10 shows a typical
forward and reverse chronopotentiogram of the ferric lon in the
nitrate melt., Tables 4.2.,14 and 4,2,15 list the current streng-

s L i T
ths used, transition times measured, 7f and T} and rx

factors for the forward and reverse reactions. The constancy
g 4
ix 772
C
ed by diffusion alone. The forward and reverse diffusion co-

of the factor Jindicates that the reaction is controll-

efficients were calculated by Sand's equation and are 1listed



Table 4.2.13
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Electrochemical Chronopotentiometric Constants of

N

1.

1™ Ton in (Li, Na, K) NO

3

Eutectic at 423 + 2 KX .

Eg = ~0,650 wvs Ag/Ag+
/4
£
ET/ = +0,275 V wvs Ag/Ag+
4
r
Ratio of Tg¢ = 2.48 {(mean)
/T
x
(D) = 4.69 x 10°° em® s~1
o)
£
(D) = 1.70 x 107% em® 71
o)
r
Slope of
L. i.
T2t
Plot log } va E = 0,75
e
Slope of
o=
Plot of log[ AGEN } vs E = 0,117
3
X N = 0.718 ‘Et‘?‘o =-0,547 wvs NHE
(o} - o} _ - 19
log %k £,h = ~84575 k £,h = 3.0 x 1C cm
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Table 4,2,14

+ Ton in

at 423 + 2K (Forward)

, s 4+
Chronopotentiometric Data on Fe

(Li, Na, K) No3

L T T T e . T . T . T R T .

Concentration Current Transition ix fz Diffusion
Clx 106_3 i](lOG time C ?gefftfizgt
mole cm pa Tf As?mole=t em3 cmg £ -1
S
20,5 200 3.88 86.48 7.78
850 4,08 83.78 7.34
800 5.28 89,68 8.35
700 8.88 101.80 10,76
650 12,00 109.83 12.25
600 14,40 111.07 12,82
550 17.28  111.50 12.96
500 19,20 106,88 11.96
mean 10,53
15.3 650 4,05 105.21
600 .42 107.62

500 12.44 115.34

e wme e wme e e wme s e e eee S e eem s ek el e e e A e e i e e e e e eue s
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Table 4.2,15
- . bt \
Chronopotentiometric Data on Fe Ion in

(Li, Na, K) NO, at 423 2K (Reverse’)

L T e T e e T T T S N . T TV S e U Y

Concentration Current Transition ix f2 Diffusion
6 . 6 , e coefficient
Cx 10 ix10 time ¢
mole c:m'"3 pA 7 Y4 1 3 (DO) * 106
£ ¢ . -
As“mole " cm em? £ g1
8
20.5 700 1.68 44 .25 2.04
650 2.00 44,83 2,10
600 2,40 45,34 2.25
550 2.88 45.53 2.25
500 3.36 44 .71 2.08

mean 2.14

15,3 650 1.18 46,21
600 1.31 44.90
500 1,91 45,16

400 2,72 43.12

e WM mE ek s MR e O e e Al e e e S e e e e e e e ke e e e e et e e e e
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FIG.4:2.10. A TYPICAL CHRONOPOTENTIOGRAM OF
Fe' ~ ION IN (Li,Na,K)NO, AT 423%2K.
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in Table 4.,2.14, The E'ﬂé values were found to vary within
a slight margin with concentrations and current densities. The
rise in the potential was sharp indicating the irreversible

nature of the reaction.

Table 4,2.16 lists the values of the potentials E

1 1
. 7. %] T t?
together with t, log | ~—r—— |and log T « The plot of

b _
E vs logi:sz§E~ J did not show any linear relationship, con-
t

firming irreversible nature of the electrode process. This

plot is given in Fig, 4.2,11, Fig. 4.2.12 gives the plot of
Bk '

E vs log[:z%#gg— J and this straight line yielded a slope of

0.683, which is equal to +22303RT « Thus the value of .c_n
. oKL noc c o

c

works out to be 0,123. The intercept of this graph yvielded the

first term of the right hand side of the eguation 2.8 from

which the kof h~va1ues were obtained. The reievant values, put
#

in as a summary, are given in Table 4,2.17.

4,2,5 Copper

+

Chronopotentiograms of cutt were taken with Copper

Nitrate Cu(NO3)2 as the electroactive solute. The concentra-

tions were varied from 7 to 5:{10"5 mole cm'3

densities from 2.5 to 4.5 mA cm"z. Both forward and reverse

and the current

chronopotentiograms could be obtained. The cupric ion yielded
a double wave at all concentrations in the both forward and
reverse direction. The transifion times obtained from these
curves were nearly equal in magnitude, both in the forward and

reverse direction. Tables 4.2.18 and 4.2.19 lists the current



Table 4.2.18

Chronopotentiometxyy of Fe
Eutectic at 423 + 2K.

(i, Na, K) NO3

Current density

i

t+ 1on in

3867 PA cm2
T.68 s

138
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7

E t.
Vi

vs Ag/Ag% S
~0.350 0.96
-0,400 1.92
~0,435 2.88
~0.450 3.84
~04475 4,80
~0,500 5,76
-0.525 6.72
~0,565 T.44

~0.383

'-'OB 577

~0,811

~1.161

~1.769

~0,873

-1.187
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Table 4.2.17

Electrochemical chronopotentiometric constants

of Fe'" Tons in (Li, Na, K) NO, at 423 + 2K.
E 7 = ~0.425V vs Ag/Agh
/4f
BT, = +0.400V vs ag/agt
r
Ratio of T¢ = 5,8
/T
r
(Dg) . = 10.53x 107% em? 573
(D) = 2.14x10% cn® 571
r

Slope of 1 1
plet of log {-——-—-r-—--} vs E = Not linear

Slope of 1 F
Téa?
plot of log \ vs E
2 r

= (0,683
oC, n,. = 0,123 Et= 0 =-0,247V vs NHE
O — O _ . |
log kf,h =-3,.07 kf,h = 8,50x 10

141
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Y
ijélﬁ_ and from

ix Tffi is ix Tey%
C

C
in both typical concentrations cited. The mean factors T£1/7¢q

strengths, transition times and the factor

these Tables it can be seen that

—

and Tf2/7}2 works out to be 3.1 and 2.9 respectively.

. . :5.}(7"f;i .
Because of this factor difference —c—— was greater in
N R . iXTrl/Z'
magnitude in comparison with mee————,

C

The relevant data for the reverse chronopotentiograms
is listed in Tables 4.2.20 and 4,2,21, The diffusion coeffici-
ents 'for the waves one and two calculated from Sand's equation
are alsovlisted in the relevant Tables and it has been found

that the mean diffusion coefficient (Do)f v 2x(Dg) .
r

In order to ascertain the reversibility of t?e r?dox
reaction the potential E were plotted against 109[2:&:£2—}and
even though this plot was linear it 4did not yield valu: of
0.042 for n=1 reduction, The presence of two waves for Cu++
indicates strongly that the reduétion takes place from cupric
to cuprous. The magnitude of the transition times confirms
this factor. Even then, it cannot be positively said that the
reduction is due to the simple transformation from cupric to
cuprous., Fig. 4.2.14 shows the relationship between E and
lOgW:ZEE%EE }and the re%?vint fetails are given in Table 4,2.22,
Next a ;lot of E vs log'{ziﬁ§zj:]was made (Fig. 4.2.15). The
data is given in Table 4.,2.22. The slope of this ling worked out

to be 0,207 which gives a value of o« n = 0,406, The variation

K



Table 4.2.18

Chronopotentiometric Data on cu’

144

Ion in
(Li, Na, K) NO, Eutectic at 423 +K (Forward)
Concentration = 7,89)ccm'5 mole cm™>
First Wave
L
Current . Transition ix7p Diffusion
. 6 time -1 coefficient
i x 10 & 6
Te g (D.) . x 10
A 1 " -1 gfl -1
s A 8% mole cm s
800 10.16 32.31 4,36
750 12,72 33.91 4,80
700 13.44 32,53 4,42
600 16.80 31.18 4,06
mean 4.41
Second Wave
Current Transition ix 7% 2 Diffusion
6 time 2. coefficlient
i x 10
7 ¢ (D)
A 2 As* mole o' £,
S 2 2 -l
om s
800 ©10.38 33,43 4.64
750 13,20 34,53 4.98
700 . 14,38 33,64 4,75
600 16,20 33.32 5.44
4,95
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Table 4,2,19

o+

Chronopotentiometric Data on Cu Ton in
(Li, Na, K}NOB Eutectic at 423 + 2K {Forward)
. -5 -3
Concentration = 5,61x 10 mole cm
First Wave
____________________ L— . e - - - -
Current Transition ixTg < Diffusion
. 6 . 1 coefficient
i x 10 time C ) 6
T 1 D x 10
A £, As* mole"l cma Ozfl 1
S cm s
900 4,36 33,50 1,92
850 5.04 34,02 2,20
750 7.64 36,95 2.40
650 9.88 36.42 2.35
mean 2.22
Second Wave
T R S T
Current Transition ix &, 2 Diffusion
ix 10 6 +ime s coefflcieng
3 -
A 7%2 As® mole 1 cm3 (Do)f x 10
2 72 .1
5 cm s
900 3.36 29.41 3.60
850 5.52 33,59 5.29
15Q 6.24 33.38 4,60
6850 10,32 37.21 4.78

. - S o) s
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Table 4,2.20

g

. + .
Chronopotentiometric Data on Cu Ion in

(Li, Na, K) NO_, Eutectic at 423 + 2K (Reverse)

3
Concentration 5.61){10“5 mole 053
Prist Wave
e e e e o e - - - - - - - - qmmmmmmm ==
Current Transition ix 7f1é Diffusion
i>c106 time c coefficient
A 7}1 as~l mole™! omd (Do)rix106
s cm s"l
850 1.30 17.27 1.25
700 1,92 17.29 - 1,25
650 2.40 17.94 1.35
600 2.60 17.25 1.25
mean 1,28
Second Wave
...................... I
Current Transition i>:7}2” Diffusion
ix lo6 time — coefficient
A 7“1.2 as™? mole”!en® (Do)rzx106
2 -1
_____________ S o s
850 1.90 20.88 1.82
700 3.36 22.87 2.19
650 3.60 21,97 2,02
600 4,32 22,22 2,06

S - —— —— -
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: Table 402&21'
Chronopotentiometric Data on cut? Ion in
(La, Na, K) NO, Eutectic at 423 + 2K (reverse)

3
Concentration 7.89}(10‘5 mole cm—>
Pirst Wave
- wm em mw mw e wm mm em mm ww e wm e e e wm e e e ST T mmm -
Current Transition ix 7}f§ Diffusion
. 106 time - 1 coefficien
T x o 3y, C 1 3 (Dg) _ x 10
r - - -
A 1l As mole cm” cmz 1 s 1
S
800 2.64 16.45 1.13
750 ' 4,00 17.01 1.51
700 4,51 18.82 1.45
600 5.01 17.00 1.21
500 6,00 15.52 1.01
mean 1,26
Second Wave
““““““““““““““““““““ ;5” -~ -~ -~ - L g L -~ —.- - -
Current Transition ixo, Diffusion
6 time 2 coefficient
ix 10 ol 6
Tr : (D,) . x10
A 2 L 1 3 °,ry 1
S As mole cm cm s
800 ‘ 3.52 19.02 1.51
750 ) 4,22 - 18,52 1.59
700 5440 20,61 1.78
600 ’ - 8,02 21.53 1.94
500 k 10.23 - 20,26 1.72 -

mean 1,71
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Chronopotentiometry of Cu

Table 4.,2.22

Eutectic at 423 + 2K

Current density

++

Ion in (Li, Wa, K) NO

3
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~0.653
~0,693
-0.718
~0.728
-0.768
-0.803

~0,853

= 3867 PA cm2

= 11.28s

. * 5
T - t l log [—*—§¥E-

L ¢
+0.180 ~0,194
~0,979 -0,308
~0.,616 ~0.419
-0.399 -0.545
~0,252 ~0.697
~0,143 ~0.903
-0.058 -1.260
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Table 4.2.23

Electrochemical Chronopotentiometric Constants

of Cu
423 +

E
774 £

' Ratioc of

Diffusio

Diffusio

SIQPe of
plo

Slope of
plo

n

OCCOQ

log x°

++

£,h

Ions in (Li, Na, K) NO
2K

= ~-0,703 V vs Ag/Ag+

T, Te
1/ Te L

= 3.31

n coefficient (Do)f

L

H

n coefficient (Dg)
r

[

t of log 0.131

t of 1log

i
(o)
.
b
o
-~

- 5¢71

3 Eutectic at

3.32x 10"

4.89x10"

1.27x 107

1.87x 10~6

cm s

6
6

6
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in this quantity with différeﬂi éurfent densities was found
to be minimal andAkizki va;ues~calculated using the equation
2.8 was found to be 1,95 x 107%, All the relevant data which
could be obtained from the chronopotentiometric waves are

listed in Table 4.2.23.
4.3 CYCLIC VOLTAMMETRY

In the next few pages are given the data of cyclic

voltammetric experiments conducted on Pb++, Co++, Ni++, Fe

+++
and cu*t ions in the (L1, Na, K} NO, melt at 423K . The deta-
ils of calculation are given only for lead, as the calculations
are only repetitions for the other elements. The parameters,
which have been changed, are .the concentration of the solute

and the scan rate,

4,3.1 Liead

Experiments on the cyclic voltammetry of Pb++ ions were
conducted as described in the earlier chapter. The solute used
was Pb(N03)2 which was dried_and dehydrated before weighing,
The mechanism of dehydfation and so the complete absence of
moisture was explained in the earlier chapter. The weight of
solvent takeﬁ‘wééﬁkept constant through the series of experi-
ments as the solvent was not disturbed and the solute was added
to the same solvent to increase the concentration, Thg volume
of the solvent was calculated using equation 3,l. The same

§§lﬁtiop could seldom be used for cyclic voltammetry as the
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ones used in chronopotentiometry. This was deliberately
followed because of therféar of coatings on the working ele-

ctrode due to adsorption.

Fig. 4.3.1 gives a typical voltammogram of pott ions .
(concentration 2.88 mM) in the nitrate melt. The first run
yvielded a wave the shape and magnitude of which changed on
the second run., The runs were repeated until successive runs
yvielded reproducible waves. Reproducibility of the waves
resulted from the conditionihg»of the working electrode and
was finally lost, presumably, due to adsorption of oxides on
the electrode. The peaks started shifting to more negative

values,

The concentrations were véried from 2 ~.10 mM., However,
only certain values, representative of the experiments, are
quoted here. These typical values for 3 concentrations,‘ viz.,
2.88, 5,54 and 8,02 mM are given in Table 4.3,1. The various
scan rates used for various concentrations, the peak potential

ES wvs Ag/Ag+ and the half - peak potential, E_,€, at which

P . 1%

the current is half of the peak current ;;:, are given in this
Table, It can be seen from this Table thatnﬁgf values not inde-
pendent of the scan rates, but show a trend towards higher

negative values with increase in scan rates. Though marginal

Egz shows some variation with concentration, also.
The curves obtained were marked by the conspicuous

absence of an anodic peak. As explained earlier the most marked
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CURRENT { !J.A)

POTENTIAL (V Vs Ag/Ag™)

FIG. 4.3.1. A TYPICAL CYCLIC VOLTAMMOGRAM OF

Pb™ IGN IN (Li,Na,K)NO3 EUTECTIC
AT 423*2K.
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Table 4.3.1

Cyclic Voltammetric Data on pb™t Ton in

(Li, Na, K) NO3 Eutectic at 423 + 2K

Concentration Vbltagé EC EC
c sweep rate P B/2
" y V. v
+ +
v S~1 vs Ag/Ag vs Ag/Ag
2.88 4‘0 “’0»623 "004'85I
50 ~0,626. ~0,474
5.54 30 -0.581 ~0,470
40 ~0,581 -0.471
50 -0,609 ~0,468
8.02 20 -0,509 ~0.427
30 -0.515 ~0.416
40 -0.552 ~-0.442

50 ~0.663 -0.527

G oE e Ow WM MW R R R MR e e R e M e Ok e DN W M e e e e e e e
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Table 4.3.2

Cyclic Voltammetry of pb*t Ion in (Li, Na, K) NO,
at 423 + 2K, Relationship between-Cathodic Peak
Current and Voltage Sweep Rate

i (o
Concentration 1€ Voltage i€ o) ) 4
p sweep rate P/yi /cxy 1
© P A mv—i oF pa ! mvE %
mid PA mv. st P
2.88 65.4 40 10.34 3.59
69.4 50 9.82 3.41
5.54 106.2 30 19.39 3.50
112.3 40 17,76 3.20
122.6 50 17.34 3,13
8.02  120.5 20 26.95 3,36
153.2 30 27.97 3,49
157.3 40 24,87 3.10

i81.8 50 25.71 3.21

W W G WS Em S AR AW P i B MM am, MR S MR M IR MW s M WM MR MR Al M W MR W G D e WS
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feature of a cyclic voltmmnoéra;n of a totally irreversibie
system is the absence of a fe\(erse peak. Such a feature on
its own does not necessaril_y imply an irreversible electron
transfer process, but could be due to a fast following che-
mical reaction. The test of the magnitude of the irreversi-
bility of the reaction is to verify the linearity of the
plot of I; vs );1/2 and also to see whether the s;:raight'

line passes through the origin., Alternatively the - function

c
Ip_ should be a constant within a reasonable limit of con~

c. Y7
centrations and scan rates, Table 4,3.,2 lists the values of

. 1
the peak current ipc v ipc / ,;1/2 and i; /Cy? where C is the

concentration in millimoles. It can be seen from this Table
i
that the values of ipc/ C ¥* are reasonably constant in the

concentration range studied,

The variation of E; with scan rates can be guanti-~

fied by the equation

- x . 2.303 RT

%
. Zocc n, F

log v 2.32

A fuller discussion of the calculation « . the transfer

n

RRESS

coefficient, will be given in the chaptexr on Discussion, but

it can be shown that the shift in E‘; ét 298 K with scan

‘rate will be equal to ;—g—qﬁ- for each decade change in . In

c o
effect it becomes more negative as 3 is increased. The shape
c

factor «?Ep »Es/ { for an irreversible case is given by
®/2



Sl 158

c . 48,0

T o< n
pl/2§ [T~ ¢

™

= -2

mV at 298K 2.34

In all the above equations corrections for the temperature
becomes necessary as the experimental temperature was 423K,

Thus the above sguation 2.34 will be converted into the form

[Epc.-z' | = 8821 v at 423K 4.2

c

| P4 | %o T
The above equation pérmits the calculation of the transfer
" coefficient required for tﬁgﬁgélculation of the diffusion
coefficient Do and the electron transfer rate constané ks,h‘
In the present case the scan rates have been varied only

from 20~ 50 mvs'l and hence the shift in Eéz, which changes

ﬁgﬁ?ﬁ mV/decade change in vy, could not be calculated di-
o HeC

rectly, However equation 4.2 has been used to calculate the

by

transfer coefficients. Thése values together with the factor

c c
E - B
l b P/o
the transfer coefficient values was found to be within limits

are'listed in Table 4.,3.3. The variation of

with a mean value of 0,431.

The shape of the voltammogram does not satisfy the

conditions of reversible nature of the electrode reaction.

Thus the peak current density can be equated as per

Randles - Seveik equatidn(72'73> in the following manneif

1 L
Ipc = (2.99x105)n (acc noc)2 Ctow~f_:o02 P4 2.31
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Table 4.3.3

Cyeclic Voltammetric Data on bt Tons in (Li, Na, K) ’NOB
Eutectic at 423 + 2K, Calculated Values of Transfer
Coefficient occn o0 -and Diffusion Coefficient Dy

Epc - Epc Transfer Diffusion
/2 coefficient coefficient
6 2 =1
v OCc noc Do x 107 om s'
0.138 0.494 2.59
0.152 0.448 2.64
0.140 ' 0.487 2.61
0.110 0.619 1.64
0,141 0,483 2.06
0.082 0.831 1.35
0.099 0.688 1.83
0.110 0.619 1.61
0.136 0.501 2,18
mean .. mean

0.431 2.06

W Gus SR e W B M R AR M W M @R R M W IR e e W e e
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at 298K, As the Randles - Sevcik constant is inversely pfo—

portional to temperature, the equation takes the shape

1 00 1. 1
15 = (2.53x 10°)n (ec_n )% C3° Do * 5 4.3
where I;: is the current density in A cm“z, n is the number

of electrons invelved in the reaction, Co°° the bulk con-

1

centration in moles cmf3, Y is the voltage sweep rate in vs~ ",

and Dy the diffusion coefficient in om® s”l. Thus in the
above‘equation all values except D, are known. The area of
the electrode was taken as 0,181 cmz. The values of Dy so cal-

culated are also listed in Table 4.3.3.

The extent of irreversibility or reversibility can be’
determined from the calculation of the standard rate constants
Ko n from the data already obtained. As discussed earlier the

2

enpirical constant K in equation 2,32 can be calculated(76)

with the knowledge of p and oDy o The values of K so cal-

‘culated are listed in Table 4.3.4. K can now be equated ﬁo

o _n F D .
K=E" « B2~ | 0,78 22303 1o9( = 0 2,33
C e 2 k RT
s,h

This equation enables one to calculate ks e’ once K, L N s
14

DO and E;’ ére known, Here Do is the diffusion coefficient in

gmz s”l. The significance of the values of k_ , so calculated

. L4
from the mean valuz of K is discussed in the next chapter.



Table 4.3.4

The Values of K, the Empirical Constant of Pb++ Ions

in (Li, Na, K) NO

Eutectic at 423 + 2K

161

3
EI)C = K - 20303 RT lOg y
2“%I%nF
c
Ep Voltage
corrected sweep rate ) K
to vs~1
NHE
\'
—90523 0005 ""00646
“'04478 0003 "‘OaGll
"‘Qa478 0004 "‘0.551
~0,506 0,05 -~0.,621 .,
~-0.412 0.03 -0,506
~0.449 0.04 ~0,545

- em ete e e s e s

e e 153 W i i
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(142) .

Yet another eguation which can be used for cal-
culating kg h the forward electron transfer rate const-
4
ant and therefrom ks h the standard electron transfer rate
2

constant is given by

(o)
k
c RT R T £, ) _ RT
Ep = 1,14 + ln(—-—-»f;—) lnoccn

°CcnocF occan Doz 2cn F
eeseseoe '4.4
To)
- n FE
[o} oC e
and kg p = kg,pn ©XP- RT } 43

From the first of the above equations k°f n can be
[
calculated with the knowledge of Ep, L PO Do and Y. The
values of k°. . and log k% so calculated are listed in
f,h £,h
Table 4.3.5.

For the determ;ination of ks,h from k° £,h additional
information of Eeo is required. This is true for the solu-
tion of equation for K in the first instance, too. Eeo is the
formal redox potential of the reaction taking place., As it is
difficult to determine this quantity directly, the same has
been approximated to E’r/4 . Which is the potential at % of
the transition time 7 in chronopotentiometry. The justifica-
tion for the same has been given in Chapter 2 of the thesis
and the E7/, values are mentioned in Table 4.2,3. The value:

of kS h S° calculated is discussed in the next chapter.
L4

H



Table 4,3.5
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The Values of Forward Electron Transfer Rate Constant

K, Of ot fon in (Li,Na, K) NO
[

= 1,14

corrected to
NHE
RY4

-0,520
-0.523
-0.478
-0.,478
~0.506
-0.406
~0.412
~0.449

Eutectic at 423 + 2K

3
RT . _RT ]'tlgﬁh)_ RT _ jnocn v
e I-]ocF % Pt DQ;5 208 n F ¢ e
log k°f'h k°f’h
x 107 |
em st
~6.03 9.07
-5.89 12,95
-7.31 0.49
-6.42 3.76
-6.04 9.04
~7,31 0.49
~-6.56 2,76
-6.23 5.99
3.56

~0.560

-6.45

U S G O W S

mean 5.35

- s ew @K we MR M wm e e e e A
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The foregoing calculatibns have been based on the
value of n, the number of electrons involved being taken as
2 and may not give a true picture of the actual reaction
taking place, i.e., whether electrode position of the metal
is taking place or the reduction of the nitrate complex, A
full discussion of the ambiguity of these reactions as well
as the significance of the values of «c n .. Do' kof'h and

c
ks h &re given in the chapter on discussion of the results,
’

4de3.2 Cobalt

Experiments on the cyclic voltammetry of cott ions
were conducted in a manner similar to Pb'' ions. Co(NO3)é

was dehydrated before use as described earlier.

Fig. 4.3.2 gives a typical voltammogram of co™ ion
in the nitrate melt, Here also the curves were run until
successive runs gave reproducible curves. The concentrations
were varied only in a limited range due to the low soiubility’
of Cd(N03)2 in the eutectic. It was found that above 0.5 mM
the kinetics of the solubility process was increased and hence
higher concentrations did not yield reproducible results.

Table 4,3.6 lists the values of the peak potentials

Eﬁ? and half peak potentials Epc as a function of the scan
2

rate and concentration, E;: values were not independent of
scan rate and showed slight deviations with concentrations.

These factors together with the absence of a reverse peak and
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CURRENT (‘J.A)

POTENTIAL (V Vs Ag/Ag®)

FIG.4:3.2. A TYPICAL CYCLIC VOLTAMMOGRAM OF
Co™ ION IN (Li, Na,K)NO3 EUTECTIC
AT 423 *2K.



Table 4.3.6

Cyclic Voltammetric Data on Co't in (Li, Na, K) NO
Eutectic at 423 + 2K

- s e e G M G AW e W G BN WM G MGl M DR UM MW e R MR A v e mm e e

Concentration Voltage Epc Epc/
C sweep rate ) v V2

mM mv st vs Ag/Agh vs Ag/AgT

0.138 20 ~0,471 ~0,402

30 -0,489 -0,414

40 ~0.499 -0.,425

50 -0.512 ~0.437

0.430 20 ~0.471 -0,402

30 ~0,489 ~0.414

40 -0.487 -0.425

50 ~0.506 ~0.442

- e s M e e AN SR S mE T M W GR GR WR R WO W A AW e

166
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the shape of the curve indicated an irreversible process for
the redox”reaction of Co++.,Table 4,3,7 gives the peak current

i;: again as a function of -voltage sweep rates and concentra-

tion. It was found that i;: increased with 'y% but was not
c_gC ‘
PP/
for calculating <xE:na:which yielded a mean value of 0,972, an

proportional to it. The shape factor | E was utilised
unusually large value. The significance of this value is dis-
cussed in Chapter 5, The diffusion coefficient of co™ in the
nitrate melt was obtained from Randle -~ Seveik equation to be
4.43x107% en® s71. The values of ec_n, and D, are quoted, in
Table 4.3.8., The values of the empirical constant K are given
53 Table 4.3.9 as a function of voltage sweep rates. These
Qalues were obtained using equation 2.32. The values of K were
utilised for calculating ks,h which are given in Chapter V.

Using equation the values of kcf h and log k°f h have been cal-~
r

L4

culated and are given in Table 4.3.10.

-

4,3,.3 Nickel

Fig, 4.3.3 gives a typical voltammogram of Ni* ions
in the nitrate melt (concentration 0,176 mM) and as can be seen
from this figure the anodic peak is conspicuously absent. Table
4.3.11 lists thé peak potentialS«E};2 and the half - peak poten-

tials Ep; as a function of scan rates and concentration which
2

was varied upto 0.236 mM only. The variation in Eg: with con-

géntrggign scan rate was minimal. Peak currents iC showed a -
." o e ,(4. N 5 l
near linear relationship with C )fﬁ, thus confirming the

o
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Table 4.3.7

Cyclic Voltammetric Data on co™ 1on in (Li, Na, K) NO,

Eutectic at 423 + 2K . Relationship between Cathodici
Peak Curvrent and Voltage -Sweep Rate

- mm e G @M me Em WD M W W MR ME ML Gm WS SR W WS MR Sm S s G W A W e Em ow e

. c c
Conceztratlon ggi:;ge iﬁ: :i.p/)’;5 ip/b‘y%
rate Y
o mv =% T]A pA mvE g? }.xA ™y E 52
0.138 50 7.07 1.99 0.14
40 6.33 1.86 " 0.14
30 5.48 1.64 0.12
20 4.47 1.37 0.10
0.430 50 20,02 2,75 0.06
40 11,74 1.81 0.04
30 8.99 1.64 0.04

20 6.13 1.34 0.03



Cyclic Voltammetric Data on co*t Ion in (Li, Na, K) NO

Table 4.3.8
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3

Butectic at 423 + 2K . Calculated Values of Transfer

Coefficient o n

C

-and Diffusion Coefficient D0

W MR AE e M RS G RS S W s M S W M A G G A ML R e M R I am TR W oW e

0.074
0.075
0,069
0.075
0,063

0.063

Transfer
coefficient

0.920

0.908

0.986

0.908

Diffusion,
coefficient

6.41 .
6.86

1.16

g — a0 -
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Table £,3,9

The Values of XK, the Empirical Constant of cott
Ion in (Li, Na, K) NO, Eutectic of 423 + 2K

Epc = K M log )}
zogznocF

Eé? Voltage

corrected to sweepvrate Y X
NHE vl

- - Y- mmmmmmmmm MG e M @R S e G e v X e e M W e wes -
"00368 0&02 "'00441
=0,386 0,03 -~0.457
~0.396 0.04 «0,461
~0,409 0.05 «~0,470
-0,368 0,02 -~0,441
~0,386 0,03 ~0,457
0,384 0.04 ~0,439
=0,403 0,05 ~0,454

mean 0,452
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Table 4.3.10

The Value of Forward Electron Transfer Rate Constant
x° of Co't-Ton in (Li, Na, K) NO, at 423 + 2K

£,h 3
i Epc log k"f,h k°f'h
v x 108
corrected to cm 5™t
NHE
~-0,368 -7.10 7.9
-(,386 | ‘ ~7.01 2.9
~0.396 «T7e.13 T.4
~0,409 -7,13 7.4
-0,368 ~7«54 2.9
-(.386 ~7.30 5.1
-0,384 ~T7.96 1.1
-0,403 ~7.96 1.1
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—hm——

CURRENT (‘.LA)‘
—

POTENTIAL (V Vs Ag/Ag*)

FIG.4.3.3.A TYPICAL CYCLIC VOLTAMMOGRAM OF

Ni** ION IN (Li,Na,K)NO3 EUTECTIC
AT 423* 2K.
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Table 4.3.11

Cyclic Voltammetric Data on witt

(r.i, Na, X) NO

Ion in

3Eutectic at: 423 + 2K

Concentration Voltage EC E ©
c scan rate ) P P/2
' \' v

i v os™t vs Ag/Ag+ vs Ag/AgT
0.176 20 -0,456 - =0.397
30 ~-0.452 -0.397
40 -0,450 ~0,390
0.236 20 -0.,470 ~0,409
30 “0.465 -09404

50 ~0,456 -0,398
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irreversibility of the reabtibh; This daig is given in Table

T - c
eJs - W - B
4.3.12, The shape factor 1Ep o/,

‘culating ‘occnc>c and the transfer coefficients were found to

1 was utilised for cal-

yield values above unity which has been found to be a pecu-
liar factor with nickel., The values of <£cr%x'togetﬁer with
the diffusion coefficieﬁts are‘given in Table 4.3.13. The
values of the empirical constant K and kof'h calculated from'
equations 2,32 and 4.4 are listed in Table 4.,3.14 and Table

4.,3.15 respectively.

4,3.4 Iron

Fig. 4.3.4 gives a typical voltammogram of Fet*t ions
in the nitrate melt (concentration 0.63 mM). Table 4.3.16

lists the peak potentials Eg: and the ha;f-péak potentials
g C
P/2
anodic side a small anodic peak was observed near +0.0V vs

as a function of scan rates and concentration, On the

Ag/Ag+ which could have resulted from the reduced ferrous

+

form of ion getting oxidised to Fe++ . However the shape of

the wave was irregular and difficult to repeat. With higher

it

concentrations of the Fe ion, the peak current was found

to decreasg. AEP, the difference between E; and Epa was
found to be of the order of 400 mV, a value which could not

be reasoned out for such scan rates as 0.0SV[s-l. The ano-
dic peak is not due to tlie electrolyte, however, as it was
not npoticed in other cases, Under these circumstances the

agodic_peak was ignored and the data on the cathodic peak

alone was taken.
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Table 4.,3.12

Cyclic Voltanmetric Data on NitY Zon in
(Li, Na, K) NC)3 Eutectlc at 423 + 2K.
The Relationship between Cathodic Peak
Current and Voltage Sweep Rate

e e ap Aam M M e Sm BB MM R s G CE M G DG SO D Mm ME SR M WR e We e me @2 e e

c ; © c
i

Concen- Voltage 1 i 1
tration sweep p P/y7 P/cy2.
c rate L L
-1 - % ~1 5 &%
M mV s FA PA mv. “ s PA mM mv*e s
0,176 20 T.20 1,826 0,092
30 8,17 1,491 0.085
40 10,40 1.644 0,094
50 11,03 1.598 0.091
0.236 20 9.02 2.017 0,086
30 9.87 1.802 0,078
40 13.3 2,102 0.089
50 15,0 2,121 0,080
0.359 20 15,93 3.5€2 0,099
30 20.22 3.691 0,103
40 . 21,04 3.326 0.093

50 21.86 2.838 0.080

CH SR SR G e e M o D AmE WS ML M R WD G NAe wAr ek e stk Am  wem s e M e am e
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Table 4.3.13

Cyeclic Voltammetric Data on Nitt  in

(Li, Na, K)NO3 Eutectic at 423 + 2K
Calculated Values of Transfer Coefficient

occ n, and Diffusion Coefficient DO
ES - g° Transfer Diffusion
P P/ coefficient coefficient
v oc_c n Dg ); 18?

cm® s
0.059 1.156 8.29
0,059 1,156 8,00
0.060 1,135 8.35
0,061 1.116 7.84
0.061 1.116 0.33
0.061 1,116 6.57
0.058 1.174 11,14
0.058 1.174 7.18

N L -y k2 ou o

e s e R e s s G e e N i e G e M e Gl A e MM e e ae e M e mae
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Table 4.3.14

Values of K, the Empirical Constant of Ni++
Ions in (Li, Na, K) NO, Eutectic at 423+ 2K.

3
Epc = K - M log ')}
20% noQF
c .
E Voltage
b sweep
corrected to rate K
NHE
~1
v Vs
-0,353 0,02 ~0,415
~0,.349 0.03 ~0.405
04337 0,05 -0,387
‘-00362 9903 "00420
~0.358 0.04 ~0,409

D T T S . T S i T T S R I
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Table 4,3.15

Values of Forward Electron Transfer Rate Constant

kg, of Ni'" Ton (Li, Na, K) NO, Butectic at 423+ 2K.
c o)
Ep log kf,h kf,h
corrected to X 1010
NHE cm s"l
A\
"Oo353 ‘“"9062 2.4‘
-~0,349 9,60 2.5
~0,347 ~9,37 4.3
~0,337 -9,12 7.6
-0,367 -9 77 1.7
-0,.362 ~9.60 2.5
-0,358 9,72 1.9
0,353 -3 .59 2.6

- A aen me e S melew e am e e e e e ke e e e e me e we s e ew  em  we e e owe
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CURRENT (‘..LA )

POTENTIAL (V Vs Ag /Ag™)

FIG.4:3.4. A TYPICAL CYCLIC VOLTAMMOGRAM OF

Fe*** |ON IN (Li,Na,K)NO3 EUTECTIC
AT 423 *2K. '
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Table 4.3,16

: N . = .
Cyclic Voitammstric Data on Fe Ion in

{(La, Na, X) NO,_; Eutectic at 423 + 2K,

L I T T e . . L T S L T T T R S S E—

Concen- Voltage EC Enc
tration sweep P B/ 2
c rate v v
+ +
M . s-l vs Ag/Ag vs Ag/Ag
0.63 30 ~0.505 ~0,450
40 -0.512 ~0.456
50 ~0.512 ~0,449
1.21 30 “0‘560 "‘00509
40 ~0,579 ~0.521

50 -0.583 -0.,531

- e e e AW e e e Ee mR M MR MR G e M W A e e e e e e
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Table 4.3.17

Cyclic Voltammetric Data on Fe' T

in (Li, Na, K) NO,
Eutectic at 423 + 2X ., Relationship between Cathodic

Peak Current and Voltage Sweep Rate

B I I S . T T I T T T v UG

Concen- Voltage i 1 i 1
tration sweep B EV?,Zl p/C'y .
-3 &7 - 1.
c rate pA PA mo? s FA RVl S R
-1
M mV s
0.63 30 11.15 2,035 3,23
40 13.0 2.055 3.26
50 14.8 2.093 3.32
1.213 30 22,0 4,02 3.32
40 25,35 4,01 3.31

50 30.21 4.27 3.52

A I MR R M AN e AL s I A3 eI A GR MM e WG e e e e e e e W dam e e e e e v
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Table 4.3.18

. A4 .
Cyclic Voltammetric Data on Fe + Ion in

(Li, Na, K) N03 Eutectic at 423 + 2K.

Calculated Values of Transfer Coefficients
oC_n and Diffusion Coefficient DO

C ToC
E:C - B c Transfer Diffusion
P p/2 coefficient coefficient
106

X 1 Dox
v @ e 2 -1

cm” s
0.055 1.23% 1.19
0.056 1.217 1.23
0.063 1.081 1.43
0.951 © 1,325 1.17
0.058 1.181 1.29
0.053 1.285 1.35

U R G A s e e R R M e W e e G s e s e e e e e e e e e e e e
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Table 4.3,19

The Values of X, the Empirical Constant of

ret™ Ions in {Li, Na, K) N03 Eutectic at 423 + 2K
Ec =K - 2.303RT log ¥
P 2 n P
o T
Epc Voltage
corrected to sweep
NHE rate Y K
v v st
~0.,402 0.03 «-(,454
""004:09 0004 “09458
-00412 0.05 "'00463
-~0,475 0,03 ~0,.506
~0,476 0,04 ~0,526
“00480 ) 0905 “‘0@523

o ot e ot o

mean -0,488

— - — - — —— - R d - — — e — — - — Ed R - e — - Ead - — ——— e - —‘»— R
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Table 4.3.20

The Values of Forward Electron Transfer Rate Constant

k:é) h of Fe'™ Ions in (Li, Na, K) NO, Butectic at 423 + 2K
l L]

3

e e R e R me TS AW e BE BW YER mER Ve AN AAR M IR M WE G e M e e s e e e

C (o] O
Ep log k £,h k £,h
corrected to x 1010
NHE cm S-l
v
-~0,402 «9.06 8.8
-0,412 -8,40 4,0
-0,476 ~9,75 1.8
"’06480 “'10.31 0049

A W ek e e e S ek W M S S mm e we We em R me o e e ek e mm mam e s e e
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In this case, too, i;: showed a near linear relation-

ship with the square root of scan rates and concentration,

This data is shown in Table 4.3.17 while the parameters

S - g ©
P P/y
together with the diffusion coefficient values are given in'

was used for calculating “ﬁ’%g‘ These values

o
f.h

calculated from equations 2,32 and 4.4 are listed in Tables

Table 4.,3,18. The values of the empirical constant K and k

4.,3,19 and 4.3.20 respectively.
4.,3.5 Copper

For the cyeclic voltammetric investigation of copper
cupric nitrate was taken. At least two concentrations are

given in the present text, viz,, 6.6 mM and 13,8 mM,

FPig. 4.3.5 gives a typical voltammogram of Qu+f ions
.in the nitrate melt. The voltammogram shows a clear cut catho- -
dic and anodic wave showing the probability of this reaction

being reversible. Esz

and Egi values were found to be nearly
constant, but there was a Qegrease in the Egz and E_° values
with scan rate, the values becoming more negative with the
increase in scan rate. Table 4.3.21 shows the values of E°

and Ep; together with the concentration. For a reversible

2
reaction it is expected that the shape factor EC- Ep;
. ’ 2
-should be equal to 2&§§2 at 298K . On conversion to 423 K
this value will be Q;%Qé and hence if it is a 2 - electron

reduction leading to the deposition or formation of metallic
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CURRENT ( t.lA )

POTENTIAL { V Vs Ag/Ag®)

FIG.4.3.5.A TYPICAL CYCLIC VOLTAMMOGRAM OF

Cu”  ION IN {Li,Na,K)INC; EUTECTIC
AT 423+2K.
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Table 4.3.21

Cyclic Voltammetric Data on cu*t 1on in
(i, Na, K) NO Eutectic at 423 + 2K

3
. ¢ c
Concentration Voltage E E
o sweep p 174 2
rate VY \ \Y
M mv st vs Ag/AgT vs Ag/AgT
6.6 20 0.818 0.725%
30 0,823 0.746
40 0.825 . 0.745
50 0,830 0.745
13.8 20 0,828 0,741
30 0.830 0,733
40 0.840 0.742

50 0.845 0,745
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Table 4.3.22

++

Cyclic Voltammetric Data on Cu Ion in

(Li, Na, K) NO; Eutectic at 423 + 2K.

- eem R em wEm R e w SR ac, MR MR NEE G WA MO G MmO MM S M M e e We e e e

a
Concentratiocn Voltage E E ‘
o sweep p p/z
rate o/ v v
mM mv st vs Ag/Ag+ vs Ag/Agt
606 20 “0.527 "‘0;462
30 -0,529 -0,475
50 ~-0.531 -0,464
13.48 20 -0,537 ~0,462
30 ~-0,537 «0,460
40 "‘Oo 540 “‘03462

50 ~0.545 ~0.469

o mm e e s e me R m MR S M ame MR W e s e e ek A e
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copper the shap;a factor should be aé_{ual to 0.042V . Table
4.3.23 lists the values of the shape factor and it is seen
that the values approximate to 0.090V which is indicative
of a one electron reduction, Similarly Table 4.,3.22 lists
the values of the peak anodic potential Epa and the hglf-
peak potential E Pjé . Here, too,‘ the peak potentials are
negative and are not independent of ¢ . There is a marginal

variation with y in Epa . the values showing a tendency to

become more negative with the scan rate. The shape factor

a a o c ‘e .
E «E is nearly equal to E~- «E ointin
out to a one electron reduction. The values of l g2 .g 8

P b/s
. are listed in Table 4.3.24 . Tables 4.3.25 and 4.3.26 list

the current relationships between voltage sweep rates, As
can be seen the peak curxlents Ipc and Ipa are proportional
to C ));i.

On the other hand, some indication of irrevefsibili-
ty is given by the values of the peak potential difference
AEP which is defined as Ei)a -.Epc » This gives a mean diff-
erence of 295 mV which is too high a value., AE o for a re-

0.084
n

versible case should be equal to at 423 K. Even

for a one electron reduction this value is too high., For a

quasi = reversible system AEP can be greatexr than 94%&3 A"

and increases with y . A perusal of the Table 4.3.27 shows

that this is the case and a marginal increase of 0,005V is

noticed when Yy is changed from 20-50 mV s"l. For a
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Table 4.3.23

Cyclic Voltammetric Data on cu’ Ion in

(Li, Na, K) NO, Eutectic at 423 + 2K.
Calculated Values for Transfer Coefficient

q L ol > f .
(¢, n_)_. and Diffusion Coefficient (Do),

W e mae e e W e WM S G e TR e W D e MR W MW e M e R e e eme R s W e e

c_. gt Transfer Diffusion
P P/, coefficient coefficient
. 6
v (e n,) (Do)c x 10
em® st
0,093 0.792 1.69
0,077 0.868 1,40
6.080 0.850 1.40
0.085 0.801 1.47
0,087 0,783 1,46
0.097 0.702 1.48
0.098 0,695 1.83
0,100 0,681 1.66

o 1t 0 e S

ke M B M M M MG M M M e M WD e MR e e MR eGSR Ak W M MR e eem e e e e
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Table 4.3.24

Cyclic Voltammetric Data on cutt  1on in

(La, Na, K)NO3 Eutectic at 423 + 2 K

Calculated Values of Transfer Coefficient
oG d.

( cn“)a and Diffusion Coefficient (Do)a

W s S W MR e P WS WM WIS A W WE e WS G MR R D M R AW T MW e A em W e e e

.. a a | .
E - B Diffusion
P Py, (éﬁ N)a coefficient
v : (Dg) x 107
0.065 ‘ 1,048 0.24
0.054 ‘ " 1.260 0.15
0,065 1.048 0.18
0,067 1.016 0.18
0.075 0.908 - 0.19
0.077 - 0.884 0.19
0.078 - 0.873 0.20
0.076 ) 0.896 0,18

—— o - aw - o o v Sow

mean 0,992 mean 0,19

- e mn ee Em e M R e we e e e e wm e e
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Cyclic Voltammetric Data on c*t Ton in
(Li, Na, K) NO, Eutectic at 423 + 2 K.
Relationship of Cathodic Peak Current
with Voltage Sweep Rate
Concen- Valtaée % i° i © 1 C .
. y P P i P/ 1
tration sweep /Y /b,yﬁ
rate Y
C ooB ~1 =3 4
. v S~1 PA PAmV s PAmM ,mv 8
6.6 20 4,47 9,79 2.19 0.315
30 5.48 11.83 2.16 0.315
40 6.33 13.16 2.08 0.315
‘ 50 7.07  15.17 2.15 0.325
13.5 20 4,47 19,20 4.29 0.318
30 5.48 -23.44 4.27 0.317
40 6.33 28,69 4.53 0.336
50 7.07 30.31 4,29 0.318

e e W en em e s G Wm e TR WM AR we em e we

L R R R N
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Table 4,3,26

Cyclic Voltammetric Data on cu™ 1on in (Li, Na, K) NO3
Euteciic at 423 + 2K
Relationship of Anodic Peak Current with Voltage Sweep Rate

Concen- Voltage is i? 18,
tration sweep P Py b/ cy Y
rate Y ].J.A g
c mv s~ % mv~ 2 sl‘s L v % g
mM pA pA s

W e S W  war  aE e s B mE B GIE M e N W s G G G G e e IR e e e e e e

6.6 20 6.02 1.35 0.204
30 7.34 1.33 0.200
40 8.38 1432 0.200
50 9,38 1.33 0.202
13.5 20 11.62 2.59 0.193
30 14.16 2.58 0,191
40 16.32 2.58 0.191

50 18.00 2.55 . 0,189



Table 4.3.27

Cyclic Voltammetric Data on cut

(Li, Na, K)No3

Eutectic

194

Ion in

at 423 + 2K

. e e e s e e em 4R M G AN mm M MR OW e R don RS wee e e A e s B em e e e

Concentration Voltage
sweep
rate VY

30
40

50

13.8 20
30
40

50

= Ea-Ecl 12

p ~p B

T (o

P.

v

0.291 0.62
0.294 0.62
0,295 0.64
0.296 0,62
0.291 0.61°
0.293 0.60
0. 300 0.57
0.300 0.60
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reversible system I; = I;

in Table 4.2.27 from where it is seen that Ipa / Ipc is appro=-

o« This relationship is also given

ximately 0.6 only. For a quasi - reversible éystem Ipa / I; is

equal to unity only provided o  =oc_ = 0.5. The ratio of 0,6

a
obtained for Ipa /Ipc shows that oc_ # oc 7 0.5,

Under these conditions it was thought best to cdnsider
the system as quasil - reversible and hence Randle - Sevick's
equation with the modifications for an irreversible system was
utilised to find the diffusion coefficient(Do)c of the forward
reaction, This was done after calculating the transfer coeffi-
cient values ( oC, noc)c
values are given in Tables 4.,3.23 and 4.3.24 together with the

and (occ noc)a of the system. These

diffusion coefficients (Do)c and (Dc)a respectively.

The values of tﬁe empiricai constants K - and Ka for
both cathodic and anodic reactions are given in Table 4.3.28,
These have been calculated using equation 2.32. The wvalues of
k?éﬂn and k?b'h are listed in Table 4.3.29 and Table 4.3.30

respectively.

4.4 CHRONOAMPEROMETRY

In chronoamper.ometxy the experiments involve instant-
aneous change in potential from a value where .no electrol&sis
occurs to a value in the mass - transfer - controlled region for
the redox :eact%on or more accurately a reduction and grasp the

current - time re_épdnse;. As described in Chapter 3 of the present

L .



- Table 4&3.28

The value of K, the Empirical Constant of cu’t
Eutectic at 423 + 2K (Cathodic and

' (Li, Na, K) NO

2,303RT

o

196

Ion in

- N s G M e e AR e M R G M MR W eI M M A G M G am e e MR e e @ s

3
Anodic)
g cora -
b
c
Voltage Ep
sweep
rate y corrected to
v S-l NHE
v
0.02 -0,715
0.03 ~0.,720
0.04 -0,722
0.05 ~0,727
0.02 -0,725
0,03 ~0,727
0004 "04737
0,05 ~0.742

e e T T Y VR S R Y

L I T T T I S S S P Y R

K = log ¥
2{(< n)F
c o
a or c
E 2 K
o) (6]
corrected to
NHE
v
~0.426 -0,795
-0,428 -0,800
"0.434 - "'00817
-0,434 -0,819
-0,437 ~0,822
-0,442 ~-0,823

T e By s g G

-0.493
"“‘00 4‘77
~0.484

~0.514
-0,507

' ~0.504

1~ —.; s g o

mean ~0.810 mean -0.496

o, e Gl cmv  em

- e ws e
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Table 4,3.29

The Values of TPorward Electron Transfer Rate

Constant kg n °f cu™ Ton in (Li, Na, K) NO
rs

EButectic at 423 + 2K

3

W em e e e e M e e R e am W GG Gas T e e e e M R e S M e e e e e e

Epc log kg 4 kg % 1010
corrected to -1
NHE cm s
\Y
-0.715 ~9.48 3.30
-0,720 ~10,60 0.25
-0,722 ~10.42 0.38
-0,727 -9,24 5.80
~0,725 -10.02 0,96
=0.727 ~9.28 5.20
-0.,737 ~9,31 4,90
~0,742 «9,06 8.90

o B es ME WA e MR RS me mE @R MG W e e e B Em e TR W W MW G SR e W AR ewe e
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Table 4,3.30

The Values of Backward Electron Transfer Rate
Constant kf of cu™ Ton in (Li, Na, K) NO

30 3
Eutectic at 423 + 2K .

. G s W M s ww e s R WA MG W R e TR e TME R TER MR e R W e e e e W e

o}
a 10
Ep log kb,h kb,h x 10
corrected to cm S»l
NHE
\Y
~0,424 ~9,39 4,07
~-0,426 -9,45 4,35
~0,428 -9,14 7.20
~0,434 -3.08 8.39
-‘00434 "‘8952 30¢)00
0,437 ~-8,52 30,00
~0,442 -8,70 20,00

mean 13,06
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work the apparatus fabricated in ouf laboratory was capable
of switching on from any one potential to another potential.,
The cell system used was the same and hence‘in the experi-
ments on chronocamperometry were performed using the same
set-up. The potential of the working electrode was changed

from 0 to a known voltage with respect to the reference ele~

ctrode which are specified in the tables.

In the following pages are given full details of the
data obtained for lead.. Like in other sections of this chapter,
full description is given only for lead, as for the other ele-~

ments the details are the same,
4.4.1 Lead

As in the case of cyclic voltammetry and chronopoten-
tiometry Pb(N03)2 was used as the electroactive solute, The
concentrations are expressed in mole c:m'"3 and the solvant
taken was 50 gm, the volume of which was calculated‘ using
equation 3.1, The same working, reference and auxiliary ele-
ctrodes as were used in cyclic voltammetry, were used in this

technique also.

After arranging the cell set-up and after thermal
equilibrium was established, a voltage of -~0.,191V was impre-
ssed on the cell. The current shifted to a very high wvalue,
8teadily decreasing to a limiting value, indicating the esta-

blishmght of sﬁeady cond%?iqns. After the establishment of

L
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this equilibrium, the apparatﬁs was switched off and the next
impressed voltage was increased to -0,240V and the current~
time relationship recorded. Similarly the potential step was
increased in stages to ~0.306, -0.472, -0.520, ~0.613 and
-0,718V . More steps were taken, but they are not quoted here.
In the next section these are mentioned, because such steps
are more useful for sampled current voltammetry than in chro-
noamperometry. The series of curves obtained in the variogs
potential steps are given in Fig. 4.4.1., The data on the

current - time in these potential steps are listed in Tab. 4.4.1l.

Now if the current is either controlled by mass trans~
port or a steady state process, it may be determined frdm the
flux associated with the slope of the concentration profile :

i (¢} = nFAD 2C x,8) | 4.6
’ o dx N=0
where n is the " number of electrons ", otherwise expressed
as faradays mol‘l, A is the area of the electrode and F=
96,500C faraday'l. The slope and the current corresponding to
this equation falls off in proportion to tf%. As discussed
earlier, this fundamental relationship is known as the Cottrell
equation :
nFAD%C
i(t) = —p—9— 4.7
i 2

where i (t) is the current in amperes, C the concentration in
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CURRENT ( P.A) —>

TIME (SEC)

FIG. 4:4.1. CHRONOAMPEROGRAMS GF 2.02 x 10° mole cim3

Pb** ION RECORDED AT POTENTIAL STEPS
FROM 0.0V TO (1)-0.306,(2)-0.472,
(3)-0.613,(4)-0.718 AND (5)-0.766

V Vs Ag/Ag’ ELECTRODE. |
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Table 4.4.1
Chronoamperometric Data of pbtt Tons in {Li, Na,K) N03
Eutectic at 423 + 2K

Concentration of bt = 2.02x10"® mole cm®
Potential . Time Current i( g) X t%
step t i (£)
v

vs Ag/Ag’ s pA pa o

0 to -0.191 0.30 7.45 4,08
0,45 5.32 3,57
0.60 4.47 3.46
0.90 3.40 3.26
1.20 2,87 3.14
1.80 2445 3.29
2.40 2.18 3.37
3.00 2.02 3.50
4,20 1.76 3.60
6.00 1.60 3.91

0 to -0.240 0.60 7 .45 5.77
0.90 5.11 4.85
1,20 4,26 4,67
1.50 3.72 4,55
1,80 3.40 4,56
2.40 3,09 4,79
3.00 . 2.87 4,97
3,60 . 2.71 5.14

4,20 2.50 . 5.12
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Table 4.4.1 (Contd.)

A e s M AR W e W AR WA WS W G UG BRI RO e AGR R G R R e W N e A A e e

Potential Time Current i( &) x 1:%"
step t ig) x
v 1
vs Ag/ag’ 8 pa pa s :
0 to -0,306 0.30 18.08 9,90
0.45 ©14.89 9,98
0.60 11,70 9.06
0,90 8.94 8.48
1.20 7.87 8.62
1.50 7.23 8.85
1.80 6.81 8,55
2,10 6.38 9.24
2,40 6.17 9.55
3.00 5,75 9,96
3,60 5432 10,09
4,20 5.04 9.56
5,40 4.68 10.50
6.00 4.47 10.94
0 to =0.472 0,30 58,51 32.05
0.45 56,38 37.91
0.60 47.87 37.07
0.90 40.44 38.36
1,20 36.17 39,62
1.50 31.92 39,09
1.80 28.72 38.53
2.10 26.59 38.53
2.40 24.47 37.90
2,70 23,40 38.45

Contd,
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Potential . Time ‘ Current igy* €
step ) t i ()
\'
+ X

vs Ag/Ag S PA PA s

0 to -0.472 3,00 22,34 38.69 -
3.30 21.08 38,29
3.60 20,21 38.34
4,20 18,62 38.15
4,80 17.02 37.29
5.40 16,17 37.57

0 to -0,520 0.30 42,55 23,30
0.45 37.23 24.97
0.60 31.91 24,71
0.90 26.59 25,22
1.20 25,00 27.38
1,50 23.40 28,66
1,80 21,80 29.24
2.40 20.21 31.31
3.00 19.15 33.16
3.60 18,08 34.30
4,60 15.42 33,07
4,80 16,49 36,13
5.40 15,95 37.06

0 to -0,613 0.60 56.38 43,67
1,20 45,74 50.10
1.80 39,36 52.80
2,40 35.10 54.38
3.00 31.91 55.27
3.60 29.79 56,52

M sas N R M AW e e W R R W A MRS M e A A v W M M R e e e e e
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Table 4.4.1 (Contd.)

Potential Time Current i (£) ¥ £
step t i( £)

V 1

vs Ag/Agh s pa pa s?
0 to -0,613 3.60 ’ 29.79 56,52
4.20 27.66 56.68

4,80 26,59 58.26

5,40 25,53 54,68

6.00 24,46 59.91

6.60 23.94 61.50

7.20 22,87 61.37

0 to -0.718 2,40 47,87 74.16
3,00 42,55 73.70

3.60 38,30 72,67

4,20 35,10 71.93

4.80 33.51 73.42

5,40 31,91 74.15

6400 29.78 72.94

6,60 28,72 72.42

7.20 28.19 75,64

7.80 27.65 77.22

8.40 26.59 77.06

9,00 26.06 78.18

WE wm e ae  wmm e e TR MR TEE e B R N AR A ame MW MR IR R WM G e W mes e e wes W e
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moles cm-3. In the absence of convection and migration effe-
cts the diffusion layer would expand in this manner, i.e.,
such that the concentration gradient decreases with t‘%_ .
Normally currents which obey this t"%’ relationship are .called

diffusion currents.

According to the Cottrell equation, at the same cone-
centration of the solute, 2 (t) xt% is a constant. As can be
seen from Table 4.4.1, the values of i (t) xt% are reasonably
constant for every potential step. Further the plot of i (t)
against ——i—;{- should be a straight line. This linear relation-
ship was exhiblted for all the potential steps, but in certain
cases the straight line did not pass through the origin. The
calculated current for a reversible process is infinite for

t=0 as per the equations

1
i= i
d 1+ (0. +D )% (£ £) (nP, ) (E-E®)
R T % o “r/ &P / R
saessene 2.48
and znmmcfi
id = W C 2.49

whereas the current for an irreversible process is finite at
t=0., This resul{: is consistent with the assumptions that were
made in the derivation., For reverse processes it is assumed
that dlfoSlOn lS the sole rate ~ determining factor. In the

tn.me t 0 to t=At the concentratz.on C at the electrode
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surface must vary from C to another value prescribed by the
Nernst eguation. This change in concentration corresponds to
an infinite current as At ap;,:aroaches 0. Conversely the
current density at time t= 0 for irreversible processes is

simply anf hC or more precisely oS, R
,

F kf,hc where C,
as usual, 1is the bulk concentraticn of substance 0, This
usage is particularly pertinent as there is no depletion of

the electroactive substance at t=0,

Having thus ascertained that the reaction is diffu-
' sion controlled, the diffusion coefficient was calculated
using the Cottrell's equation mentioned above. The average

value of the diffusion coefficient was found to be 2.01x 10‘6

em® ™1, Fig., 4.4.2 gives a typical relationship between e
and i (t) for the potential step 0 to -0.472V . In this case
however, the straight line passes through the origin showing
that when t=0, i(t) also is equal to O, In some cases in

the 10 potential step experiments, a small intercept was -

obtained,
4.,4,2 Cobalt

Chronoamperometry of Co'' ions was done using Co(Np3)2
as the electroactive solvent, As usual a known weight of sol-
vent was used and its volume calculated from equation 3.1.
Vériops pbte‘nt:}.a;t steps were taken and each of the curve so0

obtained were ana}.ﬁréed for the time - current relationships.
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W &H o N
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o

10
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0 0.2 04 cé6 08 1.0 1.2 1.4 1.6

/2 -V,
1/1; (S 2)

FIG.4:4.2. A TYPICAL PLOT OF RELATIONSHIP BETWEEN
412 AND i,y FOR PB5™ ION,POTENTIAL
STEP O TO -0.472 V Vs Ag/Ag”.’
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- Table 4.4.2

\

Chronoamperometric Data -of co’™ Ion in
(i, Na, K) NO Eutectic at 423't 2K

3
Concentration of cot¥ = 2.054 x 10~° mole em™3
Poéential Time Current B i(t) t%
step t ' i(t)
Vv
vs Ag/Ag+ S PA PA s;i
0 to -0,143 0.60 10,63 8.23
' 0.90 4,25 " 4,03

1.05 3.40 3.48
1.20 2,76 3.02
1.50 2.34 2.86
1.80 2,02 2.71
2.40 1.64 2.54
3.00 1.43 2.47
3.60 1.33 2.52
4,20 1.22 2.50
4.80 1.17 2.56

0 to =0.241 0.60 21,28 16,48
0.80 10,63 10.08
1.20 7.44 g8.15
1.80 5.31 7.12
2,40 4,25 6.58
3.00 3.72 6.44
4,20 3.19 6.54
6,00 2,66 6.52

0 to 0,341 0.60 26,59 20,60
0.90 17.02 16.15

I I . T . T I R I

Contd.
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Table 4.4.2 (Contd.)

Potential Time Qurrent i () t%
step t i (£)

v ‘
vs Ag/Agt s pA pa s?
0 to ~0.341 1.80 10,11 13.56

2,40 8.51 13,18
3.00 7.44 12,88
3,60 6.91 13,11
4,20 6.38 13,07
6,00 5.31 13,00
"0 to -0.444 0.60 53,19 41.20
0.90 39.36 37.34
1.20 31.91 34,95
1.50 27.66 33.88
1,80 24.47 32,83
2,10 22.34 32.37
2,40 20.21 31.31
3.00 18,29 31,68
3,60 16.49 31.28
4,20 15.42 31,60
4,80 14.36 31.46
5,40 13.83 32,14
6.00 13,03 31,91
0 to ~0.490 2.40 31.91 49.43
3,00 27.66 47.90
3,60 24,47 46,43
4,20 22,34 45,78
4.80 20.74 45,44
5,40 19.68 45,44
6.00 18.35 45,73
7.20 17.02 45,67
8,40 15.42 44,69

- @ RSB e WM WS e s MmN MBr G WER M MR s o M W B W MR e T e A e e
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Potential Time Current i( ) t*
step t i( £) .
v 1

vs Ag/Ag+ S FA PA s ¢

0 to -0.581 2.40 47.87 74.16"
3,00 42,55 73.70
3,60 38,29 72.65
4,20 35.37 72.49
4,80 33.51 73.42
5.40 31,91 74,15
6.00 30.30 74.21
6.60 29.25 75.14
7440 27.65 75422

’ 8.40 26.59 77.06
10,20 24.46 78.12

0 to 0,630 2.40 40,42 62.62 -
3.00 37.76 65.40
3.60 35,63 67.60
4,20 33,51 68.67
4,80 31.38 68,75
5.40 29,78 69.20
6.00 28.19 69,05
7.20 26,59 71.35
8.40 25,00 72,46
9.60 23.94 74,17

M s Swm e e e G AN M S e W G e W M e MR e e wee BER Me SR see e e e e e A
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CURRENT (PA)-——-v :

TIME { SEC)

FIG.4:4.3. CHRONOAMPEROGRAMS OF 2.05 x 106mole cm>
Co*™ ION RECORDED AT POTENTIAL STEPS"
FROM 0.0V TO (1)-0.143,(2)-0.193,
(3)-0.444,(4)-0.490,(5)-0.531 AND .
(6)—0.581 V Vs Ag/Ag* ELECTRODE .
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60

CURRENT ( ‘J.A)
w ~ o
o o o
i

N
o

10

FIG.44.4. A TYPICAL PLOT OF RELATIONSHIP BETWEEN
B %'/ AND i(yy FOR Co™ ION, POTENTIAL
STEP O TO -0.630 V Vs Ag/Ag’.
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The conéolidated data for tﬁe pbtential steps, viz.,, 0 to
-0,143V, O to=-0,241V, O tO=«0,341V, 0O to~0.444V, O to
~0,490V, O to =0.,581V and 0 to=~ 0,630V are given in Table
4,4,2 together with the factor i (t) tl/i. As can be seen from
this Table, this factor remains constant within experimental
errors for each potential step, thus providing evidence that
the process is diffusion controlled. In several cases the
straight line passes through zeroc when extrapolated, but in
séme cases it gave a small intercept as in the case of lead,
Fig. 4.4.3 gives some of the typical curves obtained in the
series of chronoamperograms taken for cot™ in the nitrate
melt at 423 K. Fig. 4.4.4 gives the t= i (t) relationship for

one out of the series of chronoamperograms taken.

As in the case of lead, the diffusion coefficient of
cott ion in the nitrate melt at 423K was calculated using
Cottrell's equation and the mean value was found to be

2,09 x 10"6 cm2 s“l. The other relevant data has been given

in the Tables and Figures.

4.,4.3 Nickel

Chronoamperometry of Ni++ ions was done using I\Ii(NOB)‘2
as the solute, dissolved in 50 gm of solvent, 1l.e., the
(Li, Na, K) N03 eutectic., Various potentials were used, riéht
c{l:i.rect from O to «0.,400V to 0 to «0,800V, in steps of 0,05V,

i.e., 0 to -0.400V, O to -0.450, O to -0.500V etc. The series

r
.5
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CURRENT (‘.LA) —>

] L
0 0.42

TIME (SEC)

FIG.4.4.5. CHRONOAMPEROGRAMS OF 1.37 «x 166mole crm3
Ni** ION RECORDED AT POTENTIAL STEPS
FROM 0.0V TO (1)-0.300,(2) -0.350,

(3)-0.401, (4)-0.452,(5)-0.501 V' Vs
Ag/Ag* ELECTRODE.
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Table 4.4.3

Chronoamperometric Data - on wit" Ton in
(Li, Na, K) NO, Eutectic at 423 + 2K

Concentration of Ni™t = 1.37x 10"° mole cm™3
Potential Time Current i (t) ’c.;2
step i (£)
V vs Ag/agt s pa pa e
0 to -0.4 0.72 6.0 5,09
1.44 4,25 5.10
2.16 3.40 4.99
2.88 2.98 5.05
3.60 2.59 4,91
4.32 2.34 4.86
5.04 2,17 4,87
6.48 2.04 T 5,19
7.20 1.91 5.12
0 to =0.45 0.72 -~ 6.80 5.77
1.44 4,76 5.71
2,16 3,91 5.74
2.88 3,32 5.63
3.60 2.89 5.48
.32 2,80 5.81
5,04 2.55 5.72
5.76 2.21 5.30
6.48 2,12 5.39
7.20 2.04 5.47
0 to 0.50 0.72 - 6.80 5,77
1.44 4.76 5.71
2.16 3,91 5.75

T e e G Gm G MM WIB W G AR MR M W e e e A e e S S e v we R mm e e wm M

Contd,.
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Table 4.4.3 {(Contd,)

Potential Time Current i(t) t*
step i(t) 1
V vs Ag/Agt S pa pa 52
0 to 0.50 2.88 3.32 - 5,63
3.60 2,89 5.48
4,32 2.64 5.48
5.04 2.477 5,55
5.76 2.30 5.52
6.48 2,13 5.42
7.20 2.04 5.47
0 to 0.55 0,72 6.98 5.92
1.44 5,10 6,12
2,16 4,25 6.24
2.88 3.74 6,34
3.60 3.40 6.45
4,32 3.06 6.36
5.04 2,98 6,69
5,76 2.80 6,72
6.48 2,64 6.72
7.20 2,55 6.84
0 to 0,60 0,72 9,70 B8.23
1.44 7.49 8.99
2.16 6,30 9.26
2.88 5.45 9.24
3.60 5.10 9.67
4.32 4,68 9,73
5,04 4,42 9,92
5.76 4,17 10.00
6.48 4,00 10.18
7.20 3.82 10,25



Table 4.4.3 (Contd.)

Potential Time Current i( &) t%‘
step i (t)

V vs Ag/Ag+ s PA PA s%

0 to -0.65 0.72 ’ 11,74 9.96
1,44 9,02 10,82
2.16 7.83 11.50
2.88 6.89 11.69
3.60 6.30 11.95
4,32 5,96 11.68
5,04 5,62 12,62
5,76 5,28 12.67
6.48 5,02 12,77
7.20 4,94 13.25

0 to 0.70 0.72 17.04 14.46
1.44 12.99 15,59
2.16 10,22 15.02
2.88 9.37 15,90
3.60 8.52 16.16
4.32 7.67 15,94
5.04 7.24 16.25
5.76 7.03 16.87
6.48 6.82 17,36
7.20 6.60 17.70

0 to -0.75 0,72 23,85 20.24
1.44 19.59 23,50
2.16 17.04 25,04
2.88 14.19 ) 24,08
3.60 13.84 26,26



Table 4.4,3 (Contd.)
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Potential
step
V vs Ag/Ag+
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’O to "0.75

4,32
5,04
5,76
6.48
7.20

0.72
1.44
2.16
2.88
3.60
4,32
5.04
5.76
6.48
7.20

12,78
11.93
11.50
11.07
10,65

27.30
24,30
20.20
18,10
16.80
16.00
15.55
14.27
14.05
13.84

26,56
26.78
27.60
28.18
28.58

23.16
29,16
29,69
30,72
31.87
33.26
34.90
34.25
35.76
37.13
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CURRENT ( PA) _

FlG 4.4.6. A TYPICAL PLOT OF RELATIONSHIP BETWEEN |

%12 AND i,y FOR Ni**ION, POTENTIAL
§:rEP O TO -0.500 V Vs Ag /Ag” .
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of chronoamperograms obtained is depicted in Fig. 4.4.5 as a
function of current i (t) and time. The factors i.(t)-gg and
the measured quantities of i (t) and current are given in
Table 4.4.3. As can be seen from this Table, the factor
i(t)tﬁ remains constant for each potential step indicating
that the reduction process is diffusion controlled., A typi-
cal plot of t vs t“% for one of the potential steps is given
in Pig. 4.4.6. As in the case of both lead and cobalt, in
most of the cases the straight line passed through the origin,
but in one or two cases there was a small intercept obtained.
The implication of this intercept has .already been explained
in section 4.4.1. The diffusion coefficient of the Ni*¥ ion
in the nitrate melt was calculated to be 3.59x 107/ em? s>

‘and some of the relevant data like concentration of the

solute etc. are given in the Figures and Tables,

4.,4.4 Iron

Chronoamperometry of iron or re™ ions in the nitrate
melt was done by taking Fe(NO3)3 as the solute. Various poten-
tial steps were taken and'each-of the curve so obtained was
analysed for the current i (t) -t relationship. The various
potential steps were from 0 to -0,095V, 0 to -0.197, 0 to
-0.,291, 0 to -0.338, 0 to -0,390, 0 to =-0.434, 0 to ~0.467 and
0 to -0,666V and consolidated data of i (t) and t together
with the factor i.Ct)t% are given in Table 4.4.4. The series

of curves obtained for the various potential steps is given
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in Fig. 4.4.7. The nearlconétancy of the factor i Ct)t% indi-
cates that the précess is diffusion controlled. This constancy
"is not as good as for the values of lead, nickel and cobalt:
this may, perhaps, be due to the slightly erratic behaviour of
the system due to atmospheric conditions, Another situation
which was noticed was that none of the straight lines obtained
by plotting i (t) against *l:"!’5 passed through the origin. At
almost all the potential steps an intercept was found., A typi~
cal graph is given in Fig, 4.4.8,

The diffusion coefficient of Fe+++ ion was caiculated

using Cottrell's equation and the mean value from the various

2 1. This was

currents and potential steps was 6.33 % 107> cm? s~
an order of ten, more than the values obtained for Pb++, Co++
and Nit*, The significance of this increase is discussed in the

next chapter,
4.4.5 Copper

Chronoamperometry of copper in the nitrate melt was
done by dissolving Cu(NO3)2 in the nitrate melt at 423K, The
data acquired were i (t) , current with respect to t, time,
Various potential steps were used and the data ;onsolidated,
are given in Table 4.4.5. The series of curves obtained for
various potential steps from 0 to ~0,800 V wvs Ag/Ag+ is
given in Fig. 4.4.9. The factor it) t%, expressed as uA.s%,

is seen to be constant for the various potential steps used,
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Table 4.4.4

-+

: +
Chronoamperometric Data on Fe Ion

in (Li, ¥s, K) NO, Eutectic at 423 % 2K

Concentration Fe'' = 1.39x 10”° mole cm™

L e T T T R I T T TR T T P

Potential Time Current l(t) t
step t i

vV vs Ag/Ag+ ] Pét) PA s;i

0 to ~-0.95 0.3 9.57 5.24
0.6 7.45 5.77
0.9 4,26 4,04
1.2 2,66 2.91
1.8 1.86 2.49
2.4 1.59 2.46
3.6 1,06 2.02

0 to ~0.197 1.2 5.05 5.53
1.5 4.50 5.51
2.4 3.52 5.43
3.0 3,00 5.20
3.6 2.65 5.03
4,2 2.40 4,92

0 to -0.291 1.2 8.31 9.10
1.8 7.00 9.39
2.4 6,22 9,64
3.6 4,79 9.09
S.4 4,00 9.30
7.8 3.48 9.72

e e e e M e b W e e e e B M i > e G e aie G e e M e ek e e

Contd,



Table 4.4.4 (Contd.,)

O T I I T T O R . T e I e e T T N VI

Potential Time - Current
. step t i(t)
V vs Ag/Ag+ s PA
0 to 0.338 1.2 16,10
1. 13.20
N 11.88
. 10,02
3.6 9,04
. 8.41
7.2 3.92
0 to 0,390 0.3 58,51
0.6 42,55
0.9 35,10
1.2 31.91
1.5 29,79
2.4 26,59
3,0 25,26
3.6 24,20
4.2 23.40
6.0 21,28
0 to -0.434 2.4 42,10
3.0 39.20
3.6 36,30
4,2 33.80
5.4 30.20
7.2 26,00
9.0 23.35

e e MG ws e R G M e W Ee Gm e e M em e s e
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Table 4.4.4 {Contd.)

. mm e Gl e W WA e W VER M ek et e e e e WS e A M @ ek W e e W A we s em

Potential Time Current i(t) t

step . t i(t} 1

V vs Ag/Ag S s

pA pa s

0 to -0.467 1.8 60,15 80,70
2.4 49,10 76.07
3.0 45,22 78,32

3,6 42.50 80.64

4.8 36,80 80,62

7.2 30.40 81.57

9.0 28.10 84,30

10.0 26,00 82,22

12,0 24,10 83.48

0 to ~-0,666 2.4 79.78 123.59
3.0 69.15 119.77

3.6 62.00 117,64

4,2 59,04 120,99

5.4 53,19 123,60

6.0 51.06 125,07

7.2 _ 47.34 127.02

8.4 44,68 129,49

10.8 40,42 132.83

12,0 38,30 132,67

15.0 34,57 133.88

18.0 31.91 135.88

MR R MR me o EE W G e e M e M R KM e e MR M e e mh MR eee e e e e ea e e
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Table 4.4.5

Chronoamperometric Data on cutt ITon in
( Li, Na, K) NO, Eutectic at 423 + 2K

Concentration of Cuf"+ = 4.36::10"6 mole cm
Potential Time Current i(t) t%‘
step t i ’
V vs Ag/Ag+ S Pét) PA s;5
0 to ~0,147 0.6 20,21 15,65
' 0.9 17.02 15.14
1,2 14.89 16.31
1.8 12.717 17.13
2.4 11.70 18.12
3.0 10.64 18.42,
4,2 9.57 19.61
4.8 7.40 16.21
9,0 6.45 | 19.35
15.0 5.40 20.99
0 to =-0,241 - 0.9 27.66 26.24
1.2 ' 23.34 24,47
1.5 19.15 23.45
1.8 16,49 22,12
2.4 15,42 23,88
3.0 14,09 24,40
4,2 12,76 26.15
4.8 11.17 26.54
0 to -0.341 0.6 . 58,51 45,32
0.9 45,74 43,39
1.2 40,95 44,86

- o we e .

Contd.
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Table 4.4.5 {Contd.) .

Potential Time © Current i(tﬁ t?
step t i

V vs Ag/Agt S : Pét) pa e

0. to -0.341 1.5 38,29 46,89

| 1.8 36,17 48.53
2.4 32,98 51,09
3.0 30.32 52.51
3.6 28,19 53.49
4,2 26.57 54,49
4,8 23.60 51.71
7.2 18,78 50,39

0 to -0.426 1.8 58,51 78.50
2.4 52.66 81.58
3.0 47.87 82,29
3.6 43.88 83.25
4,2 40.95 83,92
4.8 35.10 76.90
5.4 36.170 85.28
7.2 32,98 88,50
9,0 . 30.85 92,55

0 to -0,525 3.0 59,57 103.20
3.6 52,13 98.90
4,2 47.87 104.88 .
4.8 35,40 86.32
5.4 38,92 90.44
6.0 37.64 91,85 -
7.8 34,04 95,07
9.0 31.91 95,73

e e MR W W G e MR MR s R MR M W AE o, W e R mke e eee M R e G o eSS

Contd.



Table 4.4.5 (Contd.)

- ER e AN e e W e S G e W R IR M MW R e GW G aIm s N OW S s e e aa e

Potential
step
VvV vs Ag/Agt

0 to =0.525"

0 to «0.,577

0 to -0,675

o e Cm oms s ues ue e

4,8
5.4
7.8
9.0
10,2
12,0
15,0

97.90
97.65 |
100,90
101.53

121,60
117.06
115,54
102,53
100,22
118,84
120,66
122,33
123,46
127,73

165.41
163,22,
183,09
184,22
183.51
183,44
183,17
183,58
183,67
184.85
183,13
182.77
182,80
184,98
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- e am MR e el mee W W e etu R M R SR e M e WS M MmN W em e e we e me s

Potential Time
step t
vV vs Ag/Ag+ =

Current

(e

pA

L T R R i T R R R R e T . TR S R R R S R

0 to -0.805 3.0

9.6
10.8
12.0
13,2
14.4
15.6
16,8
18.0
21.0
24.0
30,0

. e wer e e s e e WR WW MmO A W e ay

112.50
85.10
77.65
72.33
68.08
64.89
61.70
59.04
56.65
54.78
52.65
51.33
47.87
45,21
30,95

195,00
186.44
208,35
209,63
210.94
213.25
213.74
214.50
214,97
216,36
215,80
217.77
219.36
221.48
224,29
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Fig. 4.4.10 and Fig, 4.4.11 depict the relationship between
i(t) and t}’§ and it can be seen from the figures that for
both the relations i (t) =t=0 holds good, In some of the
- plots a small intercept was found. The constancy of the
factor ‘i (t)'t;Lz shows that the reaction was controlled by
diffusion and that Cottrell's equation can be applied. The
mean value of the diffusion coefficient was found to be
5.23:{10-6 cmzs"l for the Cu++ ion, of the same order as
those for Pb++, cot™t and nit*. The reason, behind the two
figures, viz., Pigs. 4.4.10 and 4.4,11 being mentioned, will
be given in the next chapter, The diffusion coefficients were

calculated at different potential steps, the lowest and high-

est, and they were not found to vary in their order.
4,5 SAMPLED CURRENT VOLTAMMETRY

In saméled curreﬁt voltammetry one utilises the data
obtained on the chronoamperometric experiments of a system,
The only quantitative data which can be obtained from chrono-
amperometry is the diffusion coefficient and this, too, only
if it is confirmed that the reaction is diffusion controlled.
The standgrd electron transfer rate constant values can be
‘obtained under certain circumstances, but it was not attempted
in the present case, as the other conditions, discussed in
section 4.4.1 have not been fulfilled, As discussed in chapter 2,
the current obtained =t different potential steps were sampled

at different times, designated as 7 and such values of
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currents are plotted as a function of potentials to obtain
a sampled current voltammogram. In the next few pages are

given the results of this technique.

4,5,.1 Lead

As discussed earlier, in sampled current voltammetry
potential step (under diffusion control) data, i.e., the re-
lationship between i (t) and t, are used for further calcu~-

lations. No further experiments are to be performed.

Fig. 4.4.1 gives the relationship between i (t) and
t for the various potential steps and the data is given in
Table 4.4.1. All the potential steps performed are not given
in this Table because of the paucity of space, On the basis
of the fair indication that the reaction is not reversible,
a certain value of 7 is to be fixed at which the value of
the current i (t) has to be measured, Table 4.5.1 gives the
l1ist of the 16 potential steps performed. Several values of
7 were chosen, viz., 4,5, 6, 7 s etc. The currents at
t=7T=6s are listed in this Table., This current can now
be termed as 1 (7). This i (7) is then plotted against the
potential of the 16 steps in Fig. 4.5.l. An S - shaped curve
is obtained, The shape 0f S < curve becomes more drawn out
as the reversible nature of the process 1s reduced. The
more irreversible the process is, the more drawn out the

curve will be. In this respect the curve is similar to a
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Table 4.5.1

Data on Sampled Current Voltammetry of pptt

(Li, Na, K) NO, Eutectic at 423 + 2K

Ion in

Concentration of Pb*t = 2,02 x 10~° mole cm™3
7 = 6,08
Potential i(’T)
E
v

vs Ag/Ag+ FA
-0,136 0,96
-0,191 1.60
-0.,240 2,30
~0,289 3.40
~04306 4,47
~0.424 B.50
~0,472 15.20
-0,520 15.40
~0.570 20,20
-0,613 24,50
-0,669 28,70
-0,718 29,80
~0,766 38.80
-0,824 55,90

-0,.890 92,60
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polarographic wave. The current becomes limiting current
after a certain voltage and thus remains constant. This
current is measured and is termed id and can be considered
as the diffusion current of the polarographic wave. In the
present case this was measured as 20,00 PA' The value of
the potential at ij 7 /o or at half the diffusion current
is equal to E% or the half - wave potential, This value was
found to be -0,535V vs Ag/Ag+. The analysis of the S - sha-
ped curve was then done by measuring the current at potentials
on the ascending portion of the graph. These values of the
potentials and currents are listed in Table 4.5.2. This quane-
tity is termed as id('T)° The factor id(T) / id(T)" i (7 was
then calculated and the square root of this factor is also

given in Table 4.5.2. The guantity kf n is then calculated from
#

H

the formula

) i

X - -?.9._);2 7 E 2.77

foh 27 g, Y .
(7™

Here the value of D_ has been taken as 2.01x 107° cmzs“l, the

value determined from chronoamperometry.

The values of kf h then calculated are given in Table

’

4,5.2, The eqguation
-~ nF

log k = log k —l X (E-E° .
9 %£,n °9 %s.n 2.303RT( £ 279

is then utilised to obtain the transfer coefficlent oc, n  and



240

Table "-1&592

Relationship between Potential & and log kf,h at 7= 6,05
Diffusion current id(T‘) = 20,00 }.IA
i
éotential i d( 7) k loé k
(1) i -i £,h £,h
E | "q(r)y T % 10%
v -1
vs Ag/Ag+ ].LA o s
-0.425 2,5 1,069 4,01 ~3.397
~0.450 4,0 1.118 4,20 ~3.377
~0,475 5.5 1.174 ' 4.41 -3.356
~0.500 7.5 1.265 4.75 -3.324
-0.525 9.0 1.348 5,06 -3.296
-0,550 11.0 1.491 5.60 -3.252
~0,575 13.0 - 14690 6.34 -3,198
~0.600 14.5 1,907 7.16 ~3.145
~0,625 16.5 2.390 9.00 ~3,047
-0.8650 8.0 3,160 11.86 ~2,926

“00675 19.0 4;472 16.78 "“‘2.775
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also ks,h‘ A plot of log kf,h vs E (Fig. 4.5.2) gives a
straight line with the slope equal to %T and the
intercept equal to log ks,h‘ The value of the slope was
found to be 1;356 from which the transfer coefficient oy D
worked out to be 0,114, The value of ks,h is the value of
kf,h when E-;O, i.e., when E:Eo,‘ where E° is the formal
'potential of the system., This value was taken as =0.535V,
i.e. Els obtained from Fig. 4.5.1. The value of ks,h was

4 ems™! and log k is equal
N S,h

calculated to be 5,32x 10"
to -~3.27. As per equation 2,79, log kf h has to be plotted
against E-Eo, but in all the cases the plots are made as

a function of E and the intercept taken when E = E°,

4.5.2 Cobalt

The chronoamperometric data obtained in section
4.,4.,2 have been used in the present case for the calculations
on the sampled current voltammetry of cott ions. The measured

parameters in this case were i (t) in pA and t in seconds.

First of all a choice was made to select a particular
value of 7 for the calculation of 1 (7). 7 selected were
2, 2.5, 2.88, 3 and 3;5 seconds, Out of these the data a;t
T = 3,6 ¢ have been selected and listed in Table 4.5.3 which
gives the potentials E against the corresponding value of
i( T) * This data was plotted in Fig. 4.5.3 and gave a S ~

shaped curve with a diffusion current id('f) of 28,00 ).‘LA.
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Table 4,5.,3

Data on Sampled Current Voltammetry of cotT Ion

in (Li, Na, K) NO3 Eutectic at 423 + 2 K

e

Concentration of Co’ 2.054:{10“6 mole cm_

T = 3.6.0 s

- wm ME mm W T e e WR a0 W1 e ww  Mm  sw  OW  wm m B e D M mw ww wm we em ow

Potential l('f)
E
v
vs Ag/Ag+ FA
~0,097 0.70
-0.143 1.30
-0,197 2.20
~0.241 3.20
~0.290 ‘ 4.80
-0.314 5.30
-0.396 11.70
~0.444 16.50
~0.,490 24.50
~0,513 30.90
-0,581 38,30
~0,678 44,70

~0,725 63.80

e ma ms TR me Am G me e mm amp MM R s R me e am a5 M e s e GE  Em w  ab ee
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The curve was drawn out as can be éeen from Fig. 4.5.3 showing
the irreversible nature of the process. The E% value, li.e., the
value of the potential at which current was 14,00 PA, was found
to be -0.475V vs Ag/AgT. A discussion of this value will be
given in the next chapter. Table 4.5.4 then gives the values on
the analysis of this wave., As in the case of lead, several pot-
entials were chosen along the lower and upper limiting potenti-
als and along the ascending part of the curve and the correspon-
ding i(?? were measured and calpu;ated. This data together with

the values of | i /i

i
2
d(Tﬁ d(?ﬂ YT ] are given in Table

4,5.4. The kf h values were calculated, then, using the eguation
#

) i 1

(D) acr c

1 )
yz2 T° a iy T Her)

log k 2.77

£,h ©

The values of k and log k are also given in Table
£,h £,h
4,5.4., The plot of log kf h VS E is given in Fig. 4.5.4. The
&
value for Do for the computation of kf h values was taken from
- B

section 4,.4.1 and was 2.09:;10'6 cm2 s"1

and 7 was 3.6 s. The
relationship was linear and gave the value of K N, a8 0,201
and log k as -2.66. The value of k_ . works out to be

s,h X s,h o
2.19%x10"2 cm s™1. The discussion of the significance of these

values is given in chapter 5.
4.5.3 Nickel

As in the case of lead and coblt, the chronoamperometric

data given in Table 4.4.3 were utilised to calculate the sampled
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Relationship between Potential E and log kg 4 atT= 6.0 s
7

Diffusion current id

- mm e mm e e e M S e e NE wee W W M D e M ME D MM W WA R me mm e e e W

Ve Gem mm e WM e e WG SR SRR Ee  SEE R MM G WM M W TR TR M AMR WP W G amm e m mm e we

. “d¢r)
A I o
" (1)
5,00 1.10
7.00 1.15
9.50 1.22
13.00 1.38
18,00 1.62
23.00 2,20
26.50 3.40

8.89
9.29
9.86
11,15
13.09
17.77
27.47
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current voltammograin of nickelous ion., The measured quantities
in this Table were i(t) and t. As in the earlier cases suitable
time intervals 7& were chosen. One typical case where7" = 6.48 s
has been cited here and data for this value of 7 is given in
Table 4.5.5. This data has beén plotted in Fig. 4.5.5 and gave
an S -~ shaped curve with an id(V“} Yalue of 2,60 PA' The E%'value
was found to be ~0,585V ., The long drawn - out nature of the
.graph points out to the irreversible nature of the process. The
curve was then analysed and 1(73“ values were found out for the
potential values connected with the curve. These values ‘are

1
iven in Table 4.5.6 together with the factor | i i - K]
g 7 [dm/ d(r) i(ﬂ] y

These values were utilised to calculate kf,h values
using equation 2.77. The log kf,h values so obtained were
plotted against the respective potentials (Fig. 4.5.6) and from
the slope the value of the transfer coefficient>og: n_ was
calculated to be 0.315, The intercept value at E = E% was
equai to log ks,h equal to -3,62, The value of ks,h was found to
be 2.4x10"% am 571,

4,5.4 Iron

The chronoamperometric data given in section 4.4.4 have
been used in this section to obtain sampled current voltammogram
of Fet*t jon in nitrate melt at 423K . The relevant data are

given in Table 4.4.4.

As ﬁéual in sampled current voltammetry values of T were

chosen for the construction of voltammograms. Out of these values
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Table 4.5.5

Data on Sampled Current Vcltammetry of witt
Ion in (Li, Na, K) NO, Eutectic at 423 + 2K

3
Concentration of Nitt = 1‘371(10~6 mole cm"3
T = 6,48 s
Potential l(‘f)
BE
v
N P&
vs Ag/Ag
-0.400 1.83
~0.450 2,12
""00500 2. 13
-0.550 2.64
-0.600 4,00
~0.650 5.02
-0.,700 6.82
-0,750 11,07

~0.800 14,05
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Table 4.,5.6

Relationship between Potential £ and log kf n &t T=6.48 s
’

Diffusion current id = 2,6 PA
()
3
ar) :
E depy T x 10%
v pA
-1
vs Ag/dgt cm s
-0,550 0.50 1,11 1.85 -3.73
—0.563 0.70 1017 1494‘ "3¢71
~0.,575 1.00 1.28 2.12 «3,67
-0,588 « .30 1.41 2035 -3,.,63
-0.600 1.60 1.61 2.68 ~3.57
-0.613 2.10 2.28 3.75 =-3.42

~0.625 2,30 2,95 4,89 -3.31

o e e am e Me W M e W M A AR e mm ae e me e e
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the data at 7T=4.8s are given here. This data is listed in
Table 4.5.7 and consists of the potential values E and the
currents i .,y . This data was used for plotting the sampled
current voltammogram and the relationship is depicted gra-
phically in Fig. 4.5.7. As can be seen from this figure the
curve is not very much drawn out, but at the same time the

rise in the current is not very sharp. The i was mease

d
ured to be 50,00 PA and the E% was found to bé7;é.415\h.fhe
curve was then analysed for i(77 - E relationsh@p. The va=-
lues of i(Tﬁ for the various values of potential are given
in Table 4.5.8 together with the factor [id(7ﬁ / id(7j~ iCTﬂ%
Fig. 4.5.8 gives the relationship between kf,h and the pot~
ential E. Here kf,h was calculated using equation 2,77, The
linear relationship gave a slope of 3¢é from which the tra-
nsfer coefficient was calculated to be 0.269, The intercept
gave the value of log ks

to be 1,50x 1073,

,h as =2,83 and ks,h was calculated

4,5.5 Copper

The chronoamperometric data given in section 4.4.5

‘ have been used to construct sampled current voltammograms
for Cu*+‘ion in nitrate melt at 423K . The relevant data are
given in Table 4.4.5 and Fig., 4.4.9. As usual values of
Qere chosen for the sampling.the current and ranged from

ff:,- 4.8 to T=8.0s. The data at 7 = 4,85 only is being

cited in the present text due to paucity of space and for
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Table 4.5,7

+++

Data on Sampled Current Voltammetry of Fe Ion

in (Li, Na, K) NO3 Eutectic at 423 + 2K.

Concentration of Fett?™ = 1,39x 10"6 mole cm®
T = 3.60s
Potential i( .
E
v
vs Ag/Ag+ }lA
-0,095 1.06
-~04143 2.12
~0.197 2,65
-0,244 3.18
~0,291 4,79
~0.338 9.04
-0.390 24,20
~0,434 36,30
~0,467 42,55
-0,579 57.00
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-2.3

-2.7F

Log k¢,h

-2.9-

-3.0

' ] 1
-0.3. ~0.4 -0.5 -0.6

POTENTIAL(V Vs Ag/Ag’)

FIG.4:5.8. A PLOT OF E Vs LOG k¢,h FOR FINDING
OUT Lenyg AND keh . |
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Table 4.5.8

Relationship between Potential E and log kf n at T =3.60s
&

Diffusion current i = 50,00
dir) pa
------------- i- - - R d -— -l~ d - - - — - — -— ) -—
Potential i d(T) k log k
(7) T -1 £,h £,h
B Yp TN x 10
v uA -1
vs Ag/Ag+ cm S
-0,350 4,0 1.04 1,09 -2.96
=-0,375 8.5 1.10 1.15 -2s94
-0(,400 17.0 1.23 1.29 ~2,89
«~0.425 28.5 1.53 1.60 -2.80
"00450 34“5 1.80 1;88 "'2‘73
~0.475 40,0 2.24 2.34 ~2.63
~0.500 43.0 2.67 2.80 ~2.55

-0.550 46.5 3.78 4,00 -2,40

- e O Ao e KGh s e e G e e M e R G SR e MM e S e e e e e e e e
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fear of the text bescoming too bulky. The data on E, the poten=-
tial and 1(73 , the current at 7 = 4,88 are given in Table
4,5.9 and were used to plot the sampled current voltammogram

given in Fig., 4.5.9. As can be seen from this figure, two well

defined S - shaped curves were obtained indicating that the cutt

ion is being reduced in two steps, most probably in stages of

4

one electron each, i.e., from Cu+ to Cu+ and Cu+ to Cuo. The

E% values for the two waves were found to be ~0.350V and

~0.650V vs Ag/Ag+ respectively and the i and i

‘were
a(r a(ry,
obtained as 22,00 uA and 40.50 PA respectively. These curves

were then analysed for their 1(77 -~ E relationships and the
respective values of the potentials and i(7jl and i(T)z are

given in Tables 4.5.10 and 4.5.11 respectively together with

the values of id ik id 3
(794 (),

and
i

i - i - i
ary, " M, ap” T

2

The values of (kf,h)l and (kf,h)z were then calculated using

the equation

3 is L
(0,) 7,

k .

= 2,77
£,h 1 . »
¥ = 3 i - 1

The Do value was taken as the same for both the waves ard
equal to 5,23 x 108 om? s"l. The respective (kf h) values

#
are given in Table 4.5.,10 and Table 4.5,11 respeciively. The

plots of (kf h)i against the potential E are given in
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Table 4.5.9

Data on Sampled Current Voltammetry of cutt
Ion in (Li, Na, Kj NO, Eutectic at 423 + 2K.

+ 3

Concentration of Cu’ 4,36 x 10~0 mole cm

it

T = 4,80 8

D B . T T D - T R S R R e

Potential iem)

E

Vv . A
vs Ag/Ag+ P
-0.147 7.4
~0.190 9.6
~0.241 11.2
~0,291 14.0
-0.341 23,6
-0.384 31.4
-0.426 35.1
-0.525 39.4

k -0.577 46.8

~0.621 ' 56.4
~0.675 74.5
~0.720 85.1

"00805 85.1

- e e R awe am sme A we i AR N e s e ek W e ms e e e e e e R
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Table 4,5.10

Relationship between Potential E and log (kf,h)l at T=4.,8 s

Diffusion current id = 22,00 VA
(7’")1
First Wave
i )
*3
Potential i d(T)l (x ) log (k. )
(T, : £,h' 1 9 Ye,n’1
E = 4
v c1(7”), (7, x 10
+ PA -1
vs Ag/Ag cm s
-0.300 3.0 1,05 7453 -3,12
-0,325 6.0 1.17 8.42 «3,07
~0,350 10.5 1.38 9,93 ~3,00
-0.375 16.0 1.92 13.75 -2.86

-0.400 19.0 2,70 19,45 -2.71

- e e e wame wA o G e e el WA e e iR e e M was  eee AN e W e ma  ww s aw e am e
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-2.6

-2.7

Log kg,h

-3.2 ] ] i |
-0.55  -0.60 -0.65 -0.70

POTENTIAL(V Vs Ag /Ag" )

FIG.4:5.11.A PLOT OF E Vs LOG ke,h (SECOND WAVE)
FOR FINDING OUT ( olcng)2 AND (ks,h)p -
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Pigs. 4.5.10 and 4.5.11. The equation connecting (kf )y with
. ,

potentials can be written as

(o n Y. B [ :l
c ol g o]
log (kf,h)i (ks,h)i 203 no ( )i
N evessvse 2.79

According to this equation log (k if plotted

f,h)i
against E--,(E°)i shoi1ld give a straight line with a slope
equal to (e, !%ﬁ)i F / 2.303 RT and the intercept should be
equal to (ks,h)i at E = (Eo)i . As can be seen from Fig., 4.5.10,
a linear relationship is found between (kf,h)i and E, with a
slope of 5.66, from which the value of (d% %x)l works out

to be 0.475. A perusal of Fig. 4.5.11 shows that log (kf,h)z
Valués do not vary in a linear manner with E., The curve obta-
ined, however, can be resolved into two straight lines which
intersect at exactly -~0,650V, i.e., at the E% value of the
second wave., The implication.of this is not immediately expla-
inable as this is, perhaps, the first time that a clear cut
second wave has been reported in sampled current voltammetry.

; The theoretical basis behind the calculation and the treatment
of the two waves, as if they were separate entities, is not
entirely sound. As in chronopotentiometry the second wave should
be treated as a cumulative effect of the first and the second.
This attempt has not been made here and the data as the second

wave should be treated only to that extent.
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Tﬁe intercept on the x-axis, i.e., the value of kf,h
when E = =0.350V was found to be 1x10™> cm s~T which would
give a value of loy kf,h equal to =3,00. The slopes of the
two straight lines into which the curve of the second wave
can be resolved work ocut to be 1.0 and 9,1, which would yield
values of («E qﬂ), will be 0,086 and 0,786, The intercept on
the y = axis which gives the value cf log (ks,h)z will be

again ~3.00 which gives a value of (k )2 as 1:(10*3. Not

s,h

~ withstanding the theoretical explanation it is clear that the
lower part of the curve represénts a one electron reduction
while the upper portion of curve in Fig. 4.5.11 represents an
irreversible reduction involving two faradays mol'l. The ais~
cussion of the mechanism of the reduction of Cu*+ ion, whgther
it is the simple coordinated copper ion or the nitratc complex

that is being reduced, will be followed up in the next chapter,
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Relationship between Potential E and log (kf h)2 at 7 = 4.8 s
,

Diffusion current id = 40,5 ?A
(7)),

Second Wave

- e e e s s s e e W S W ANE A M G G MRA A W e e e e e

4
2 £,h)
E i, = (n s ?
v (T)2 2 x 10
FA

vs Ag/AgT cm s~1
0,550 1.5 1.02 7.32
“03575 4.0 1.05 7556
—00600 7.0 1.10 7@90
-0,625 13.0 1.21 8.72
~0,650 20,0 1.41 10.10
~0.675 30.0 1.96 14,10
-~0.700 38,0 4,03 28.90
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A

“‘3. 10

~3.06

“‘3. OO

~2.85

-2.54
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