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ELLUTROCADILLARY STURILS OF

REVERSIDLE CHARGE TUANSFER V{IFL)/V(I1) ELLCTRODE

Abstract of bisscrtation

Llcetrocapillary equation for an ideal polarized clectrode
based o Gibb's ddsorption equation is approprintely recast into
experinentally mc:surablc quantities in order to ajply it to a
reversible charge transfer electrode,

To calculate the various paramelers of the cquation
developed, experimental details were worked out, For the measure-
ment of Currcut-time relationship of a single dyop, a fast response
potentiostat was built by using transistorized chopper stabilized
operational smplifiers and precision componenis in the circuitry
with proper compensation for FR-drop in the cell and the electrical
double layerxr ecapacity. The analysis of I-t curves was done by
taking inte account the composite nature of the process Jnvolvud
faradaic and non-faradaic,

V(111)/V(1I} reversible charge transfer clectrode in absence
of any complcxzng agent was used for its complote reversibility and
high cationic adsorption on the electrode.

V(III} and V(II) were prepared inm situ in equivalent amounts,
by the electrolytic reduction of V(IV). The V(IV) conceptration
was controlled by photemctric titration against stendardized
potassiun permanagate solution.

The drop-time was taken as a measurc of inter{pcial temsion,
V', aud clcctrotap:liﬂrv curves for the pure solvent (i HOIG,
and 0. SWH¢SO4J as well as for the varying concentrations of V{III}K
V{I1} were drawn hy mcasuring the drop-time from I-t curves and
converting it into proper ¥ units.

A /"lx J-ﬁ- [_! 2 + o
Tiie adsorption parameters, such as o V,w , of the
electrical double layer in presence of a ch rge t ansfeor Teaction
were calculated. :
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INTRODUCTION

The study of the electrical double layer phenonéna at
the interfaces composed of a metzl in contact with an
electrolyte solution or a molten salt has held the
attention of electrochemists for the last two decades. The
impoxrtance of such a venture was primarily felt for two
reasons:

First, the measured values of the fundamental parameters
of electrode kineties such as rate constants and transfer
coefficients could be strongly dependent on the structure
of the double layer.

Second, the development of several highly sensitive
techniques svch as AC polarography, chronopotentiometry,
pulse polarography, and coulostatic analysis brought ahout
an increasing emphasis on the detection and determination

of trace constituents by electroanalysis. In trace analysis,

adsorption of the constituent sought at the electrode might
becone a predominant consideration, for even a fraciional
mono-layer could change the electrode response.

If the above phenomena are properly interpreted through
the study of the electrical double layer structure for a
particular sysien under investigation, the sensitivity of

the electroanalytical method can be extended manyfold and



the precise kinetics and the mechanism of the electrode
reaction can be formulated.

Electrical Douvble Layer is a term used to denote the
arrays of charged particleées and/or oriented dipoles believed
to exist at every material interface. For the present

purpose, the term will be restricted to interfaces formed

by metals in contact with electrolyte solution.

Models of the double layer go back to Helmholtz (1853) "1
and Quincke (1861)2. The first detailed model is due
independently to Gouy and Chapman (1913)°'%4, who gave an
analysis which is based on the same premises as the Debye-

Huckel theory (1923). Agreement between calculated and

experimental interfacial tensions was wholly unsatisfactoxry,
for the necessity of considering the compact double Iayer
had been overlooked. Stern’ modified the Gouy-Chapman
model accordingly in 1924, but successful confrontation of
the new model with oxperiment had still to await two
advancess one in technique, the other in theory.

It was not realized in early measurements of the
double layer capacity with a mercury pool that solutions
had to be thoroughly free of the traces of easily absorbed
organic impurities. Grahane (1941-1949}6 perfected the
technique and minimized contamination by introducing the
use of the dropping mercury electrode in such measurensnis.

The other advance for successful verification of the



;|
double~layer model of Gouy, Chapman, and Stern was in the
rature of an assumption about the compact doudle layer.
Grahame assumed that the compact double-layer capacity is
dependent only on the charge on the electrode 2nd not on
the electrolyte concentration. This hypothesis was the key
to experimental verification of theory (1947, 195456 and
provided data for further interpretation of the structure
of the compact double layer by Macdonald (1954)7 and Barlow
and Macdonald (1962)8.

The necessity of considering adsorption effects that
can not be interpreted in terms of simple electrostatic
interactions of the type analyzed by Gouy and Chapman was
briefly alluded to by Gouy (1910)%. Stern introduced the
concept of specific adsorption and gave it a mathematical
formulation based on the Langmuir isotherm (1924)°4.

Grahame (1947) suggested that the specifically adsorbed
ions approach the electrode more closely than ions free of
specific adsorptionm1’sﬂe advocated a model of the compact
double layer with two planes of closest approach: the

inner plane for specifically adsorbed ions and the ocuter
plane for the other ions. The Gouy-Chapman theory is
applicable to the region beyond the outer plane, that 1is,
the diffuse double layer. This allows calculation of the
amount of specifiecally adsorbed ions (Grahame and Soderberg-

1954) and brings about the important problem of isotherm
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Most of what is known today about the structure and
behavior of the electrical double layer has been learned
from studies of so~called ideal polarized electroﬁess513’14.
These are defined as electirodes at which no charge transfer
across the metal-solution interface takes place regardless
of the potential Imposed on the electrode from an outside
source of voltage. Strietly speaking, no real electrode
system can meet this siringent reguirement, but certain
Systems can approach ideal polarizability very closely,
provided the range of inmposed electrode potentials is
restricted sufficiently. Preeminent among the attainable
ideal polarized electrodes is mercury in contact with any
of a large variety of caréfully deaerated aqueocus electro-
Ayte solutions., A familiar example is the dropping
mercury electrode (DME).

The various methods in which an ideal polarized
e¢lectrode is used as a tool for the study of double layer
structure are given in Table 115. As the electrocapillary
method is the most complete and thermodynamically sound
method, thermodynamic theory of electrocapillarity will be
discussed in the first part of the next section. In the
second part of the next section, the application of the
above theory to the charge-transfer electrodes will be
considered; this part forms the theoretical basis of the

present investigation, where an equation for such electirodes



will be derived in terms of experimentally measurable
quantities. Little information and experimental data at
present is available on this agpsct of the electrocapillar-

ity.




TABLE I

10

Methods for Study of Reactant or

Additive Adsorption

System where

at Electrodes
o Frincipal Lyres
of information
or Quantities

Principal
Linitations

Obtained

Method Applicable
Electro-
capillary Liquid nmet-
als, amalgams
and molten
metals
Capacity Solid
{Grahame) and
Liquid
Metals
Capacxt Selid
{Hanse and
Liquid
Metals
Radio-isotopes Solid elec-

trodes with

None, except
restriction
to liguid

metal phase

(a) Requires
electrocapil-
lary or equi-
valent detexr-
nination

(v) Freguency
dependence of
capacity

(2) Frequency
dependence of
capacity

(p) Thermody-
namic inter-
pretation
not rigorous

(a) Irrevers-—

ible adsorption

radiocactively or

labelled ions
ore molecules

(b) Cases where

count

ba ¥
? ) can be

donE‘ signifi-

cance of
count may be
in doubt

;'/:’w,? %

AN
(!’foraneum
t%al species A)

PA VY-,

aﬁﬂﬂ;
2% ¢

Egsentially
similar to
method of
Grahame (above)
but based on
non-thermno-
dynanic
deduction

of &

8; non-
equilibriun
values of

in case
(a) or eqg-
uilibriun
in case (b)
if electirode
maintained
in solution.
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Table I (continued)

Methods for Study of Reactant or
Additive Adsorption at Electirocdes

Principal Types
of information

o System where Prineipal or Quantities
Method Applicable Limitations Cbiained
D.C. charging Solid Requires Coverage by

determination of Transition

H accommodation  Metals
Spectrophoto~ Solid elec~
metric trodes
Conductance Selid and
l1iquid elec~
trodes
Refractometric Solid and
liquid elec-
trodes

chemisorved
species deduced
by change of U
accomnmodation,
Used in electro-
catalytic oxida-
tion studiexn

noble wmet-~
als where

can be
obtaincd

(a) Conjug-
ated organic
molecules

(b) Restrict-
ed applica-
tion to cer-
tain organic
ions and
adsorbents

6,774

Speculative and
not fully ex-
plored; based on
changes of

ionic concentra-
tion

(a) Ionic
species but
not neutral
molecules

(a) Tonic and Speculative
neutral mole~ and unexploredj

cules where  based on
changes in changes of
refractive concentration
index of ad-

sorbate solu~
tions are
significanrt
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Table I (continued)
Methods for Study of Reactant or
Additive Adsorption at Electrodes
' ' Yrincipal Types
o _ _ of informition
System where Principal or Quantitiew

Method LApplicable Timitations  Obtained
AC. Sclid elec~ (a) Freguen- Quantitative
regiatence trodes ¢y dependence adsorption

of impedance  parameters
measurements mnot published
{b) Uncertain-

ty of equilib.

rium thermos

dynamic signi-

ficance
Fllipsometric Smooth solid Requires gig- Film thickness,
oy liquid nificant film based on
electrodes thickness polaxrization

of reflected
radiation




CHAPTER II

THERIMODYNAMNIC THEORY OF ELECTROCAPILLARITY

Derivation of the Electrocapillary Equation For an Ideal

Electro_@g »

The Gibbs adsorption isothern for amalgam~electrolyte

interface,

o it A A T LA O

is a form of electrocapillary equation, where ¢~ is the
surface excess of entropy {expressed ine u.ao&")_;-{’,{ff ,é’
and f are the surface excesses of electrons in the |
metallic phase, of the metal ions in the metallic phase,

of the cations, of the anions and of the neutral substances
in the solution phase, respectively; /a-.;; are the
electrochemical potentials of the charged species indicated
by the subscripiy andw/fz is the chemical potential of the
neutral substances. However it is mot yet in a usable
form, because its variables,FL,E,E_,Ez cannot be
directly measured experimentally. The measurable variables
in a laboratory are temperaturg, pressure, electrode
potential and concentrations (activities) of the neuiral
components. To recast the equation in terms of mecasurable
variables, we must consider in detail the type of cell used

in experimental measurenents of electrocapillary curves.
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(The following method has been adapted from the references
(6), (22), (23) and (24).)
Let the complete cell be represented by
C s |] o

Cu is a metal terminal attached to phase M of the ideal
polarized electrode. 8 is the solution in whick indicator
electrode IN also dips. IN is reversible to cue of the
ions of the phaae 8. Cu? is a metal terminal attached to
the metallic phase of the indicator electrode. A potential
measuring device is connected across the two terminals.
The measured potenﬁial diffexence is defined by the equation

= 42g “ LR )/ (2)
where 9" and “‘fdrc the inner potantlals of the indicated
terminals, f"c and f"c. are the electrochemical potentials of
the electrons in the two terminals, and E is the potential
of the ideal polarized electrode with respect to the
indiecator electrode14’ 16—18. EY of E” is used, depending
on whether the indicator electrode is reversidle 1o a
cation or an anion of the solution respectively.

When two different metals are in contact, the condition
of electrocherical equilibriuvm bstween them iz expressed by
the equality of the electrochemical potential of their
electr0n317- Thus, for the contact belween terminals and

the metallic phase M of the ideal ovolarized electrode,

/’1‘: =}, (3)
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Hence the second term of the right side of Eg. (1) becomes

Aﬁ“' (4)

For each of the m metals in phase M, we can write a formzl

dissociation equilibrium expression relating the chemical

L3

potential of the metal atoms and the electrochemical poten:
tials of the corresponding metal ions and of the electrons
in phase M as

A = dp—2dpe (5)
using equation (3), we get

A, = dpm, -2 c!./u.a (6)
Substitution of BEq. (6) into the third term on the right
side of Eq. (1), gives

ﬂ ri/u« Zf’ 2 “"—C‘w (7)

Combining expressions (4) and (7), ve obtaln

Zf"i/& (Z/"& /7}45 (8)

K
By definition, the excess charge density on the metel, q,

S ) =G -
Hence the second and third terms of the Glbbs Adscrption
Equation beconme

ZP‘L/“' ("""")A (9)
which contains chemlcal potentiales of the metals in phase
M instead of electrochemical potentials of the ions in

phase M.
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To replace the electrochemical potentials of the ions
of the solution by chenmiecal rotentials of the neutral
species, we must first decide what the neutral species,
that is, salts are to be.

Suppose that the solution S contains c cationic
species and a anionic species. Of the ca different binary
salts that could be chosen, we shall select c+a-1 binary
salts in the following way.

If the indicator electrode IN is reversible to cation
ji we arbitrarily select an anion, say k/, If the indi-
cator elecirode is reversible to anion k’, we arbitrarily
select a cation, say j’. In either case we have selected
a binary salt containing ions j’ and k’. We shall call
this salt the indicator salt. The electrolyte solution is
then considered to have been made up by dissolving c+a-2
additional binary salts of which c~1 have anion k
common with the indicator salt; the remaining a-1 salts
d in common with the indicator salt.

have cation ]
For each szlt in S we may write a formal equilibrium

(C) (Aii dlz (’;*3’ A (10)
¢ >

where 31?1nd1cate thc_number of moles of cations or anions

per formula weight of the salt, Since cach salt 1s neutral,

%1% :-ﬁ;,:/%/ | (1)
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Corresponding to each of the zbove equilibria, there is an
equation relating the chemical potentials of the neutral
salt to the electirochemical potentials of its constituent

ions., Therefore, we have the following c+1-a equations:

& ‘ e + —'.-—", ."" i — . ]
Fiw= 52 et e
_ s -u. Af*‘m 4 r

A/v; f*}f*” "9‘2 (/9,71 4') o

Equations (12) to (14) allow the electrochenical potentials
of the individual ionic species which appear in Eq. (1) to
be replaced by the measurable chemical potentials of the
neutral salts.

In the j summation of Eq. (1), by substitution for
the electrochemical potential of each cation, using Egs.

(12) and (13), we obtain
:E:"hiﬂa)égﬁhyf [:;E; ( Jiéf.}ﬂgﬁfﬁ

Jé’

Introduction of Eq. (11} for each salt in the preceding

expre3°1on, yields

Z(M}"{f&ﬁr [ ( 2, Jd./u./, (15}
d

PR —
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Similarly, substituting Egqs. (12) and (14) into the A
summation of Eq. (1) and introducing Egq. (11) for each
salt, we get
2
2( 5 Jz [% li):' ‘LFJ' (16)
h 4%

The electrochemical potentials of all the ions in the
solution, except the cation j/ and k' of the indicator
salt, have been eliminated.

Since the indicator electrode is reversible to an ion
of the solution, the electrochemical potential of that ion
may be expressed in terms of the electrochemical potential
of the electrons in the terminal attached to the indicator
electrode and the chemical potentials of the pure substances
comprising the indicator electrode., The following equations
apply for the indicator electrodes reversible to cation j/

(Eq. 17) or to znion k/ (Eq. 18):

d/u' T 2"1/“"’- 'FA/LL* (17)
- .ua,al;:"‘* SaET-!-'I”‘lP

A"ﬁ’&'ﬂ ]4’]4'#6 +"L/.b o (18)
/ /a{/&- __.5517"4-¢t‘195

- . .
The Symbolsagﬁiandég“;in Bgs. {17)and (18), respectively,
are shorthand notations for the differentials of the

chenical potentials of the pure components of the indicator
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L2
and 72 represent the

+Fe

electrode. Similarly,si, Si ’
molar entropies and molar volumes of the pure indicator
electrode components.

The actual eliminztiorn of the electrochemical
potentials of the ions of the indicator salt is divided
into two cases depending on whether IN is reversible to
the cation 3’ or the anion k, i

Case I. The indicator electrode is reversible to
cation j'. Substitution of Eq. (17) into Eq. (12) and
introduction of Eq. (11) yields

A’f‘:ﬁ: ( Af‘;u‘hj{*/a(fb ""( D"(f*’ (19}

,;J:
Substltution of Eq. (19) into expression (15) eliminates

the electrochemical potential of the anion ¥/ and gives

JZJ ‘“ Jf"{z [(_573—,, /o‘ J]‘if"’{ ‘{ZF‘:‘} *‘L(fgi)cﬁ/x.:p}

Substitution of Eq. (17) into the expression (16) eliminates
the electrochemical potential of cation j and gives

Z£ = Hf% ( )af/j’!,ﬂr—(Z/’/ /)Jﬁa:_é:(ézﬁ"/%/)% (21)

Adding expre531on (20) end (21) we get

)
En )"tl‘*gf‘* %(,;';)4#
‘——éi-) (ﬁh{m’) Z ] f"}g/

23 it 14y
0302 -2 o JA e+ (205 - Z o  JGo) 4

(22)
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By definition, the charge densiiy on the solution side of

the double 1= yer, qs, is given by

Ve (372 -S0f3))F

Hence the empressxon (22) becones

5 (- )m, auz'(,i) Fn |

d“J (23)
f);r- s __7)4 -4-(_14._)4 2
. SR é? a( +
The elec;trochcmlcal potentlals of all the ions or the "

solution have now been eliminated from the Gibbs adsorption
equation., They have been replaced by the chemicel potentieals
of the c+a-~1 neutral salts and two terms involving the
excess charge density qs on the solution side of the
double layer.

Case II. The indicator electrode is reversible to
anion k7., Proceeding in the same way as in Case I, we
obtain the following replacement for the original j and k

summations in Eq. (1):

/1 ?
A Ly Tz gl

"(-2—)4“' 2 F)irb._. (24

All that remalns to complete the conversion of the

Gibbs adsorption equation into a usable form of electro-
capillary equation is to eliminate the three dependent
variables by means of the electroneutrality condition and

the two Gibbs-Duhem equations.

VAR
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Substitution of expressions (9) and either (23) or (24)
into Eg. (1) yields an equation containing no elecirochom-
ical potentials except for those of the electrons in the
cell terminals Cnfand-Cu’; These electrochenical potentials
may be eliminated by applyirg the electroncutrality
condition for the whole double layer, that is,

- 7,‘,, ?M (25)
Using this relationship, and recalling the definition of
E* and dpC (dpC <€ AT+ YAL) , we obtein the following
for the catlonmreveralble indlcutor clectrode:

"t”""‘[""‘(@s‘ J]4 T*"(% m}‘(/‘ —YHET S Mg
‘} f*%fﬁ;i) )‘QP9£ %;;rﬁxfﬁ{

)

[(%, [2 127 )Zvd J]’Lf‘;,/f e

A similar equation is obtained-ln the case of an

anion-reversible indicator electrode, the only differences
being that E~ replaces E'; the coefficient of ‘Lf*yz{
is that given in the expression (24), and the terus

M. e
(£7) {57

are replaced reupectivelb by

M(}——]/—:)éw’ (W

Equation (26) or its analog sti1l contain two
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dependent variableg. These may be eliminated through the
Gibbs-Duhem eguations for the metallic and solution phases.
For the metallie phase, the Gibbs-Duhen 2quation is

— SMalT-f- %5(}-— % x‘._A/A.:: o (?7)

Here Spand vy denote the mean molar entropy and mean molar
volume, respectively, of the homegeneous portion of phase
M, and x;'s are the mole fractions of the metals there. T
is the absolute temperature and p is the pressure inside
homogeneous phase M.

We select arbitrarily one of the metals 17 of phase M
and designate it the reference metal. Then we solve Eg.
{27) for4€ﬁ3and substitute for it in either form of Eq. (26).
Similarly, the Gibbs-Duhem equation for the solution phase
is

SJT_.WAP ! ﬂ—%, {%‘ ﬂ'&{’“f}’

“ ¥ 2:_{:(};2 >, x a(/u:ﬁ..o (28)

4pdh" 47 2

where'ssand v, are the mean molar entropy and volume of
homogeneous solution 8 and the x*s are the mole fractions
of the indicnted components in the bulk of the solution.,
We seleet arbitrarily one of the neutral components h as
a reference substance in the solution; usuzlly h is the
solvent, - We solve Eq. (28) fora[fjgand substitute for it

in either form of Bgq. {26). The result of the two

o s e

RGN e W
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substitutions just desecribed is the following equation:

dre fo (52) 1 (£ )f*].,.(“ ) j4T
—{l -g:-)@"”(?;‘“) &1 - a,,r }"‘ﬁ
)/"Hf’“
-Z,[(;u*) (zﬂ}g']"(/’“/’

——

/’
s, ':'e )
Z L ?&) (‘;;ﬁ LA,

S TR (Z) A
%&’['A (zz,j.{.,] 4

(29)
A similar equation would be obtained for the case of
an snion-reversible indicator electirode (Case I1).

Equation (29) is a correct, complete version of the




24
Giﬁbsfadsorptian equation for the electrical double layer
at an ideal polarized electrode. This is the ELECTRC-
CAPILLARY EQUATION. It is expressed in terms of nm+c+a+db
independent variables, each of which is an experimentally
measurable gquantity. One of these variables, Ez, is the
potential difference imposed across the terminals of the
cell, Ei is the additional electrical variable which
characterizes the condition of the electrostatic
egquilibriun of an ideal polarized electrode as compared
with the thermodynamic equilibrium in nernstian sense,
which would have one 1§ss degree of freedom.

Although Eq. (29) is a correct electrocapillary
equation, it appears cumbersome. Its form can be simplified
by introducing the concept of relative surface excess or
relative adsorption of the components, the relative surface

excess of entropy and the relative thickness of the

interphaseig"zo.

The adsorption of a neutral molecular species h# h/

relative to that of the reference aomponenﬁ‘h/ is defined by

the equation ?64!_ |

¥Vhen the relative surface excess‘llfaf component h is zero,

we have

()-(2) ()

17 2y ) \Cyr (31)
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where the ¢'s are molar concentrations in the homogeneous
solution.
9031t1ve relative surface excess implies

( fiz) >(z:,{f) (( ” (32)

whereas a negatlve{{flmplles

(=)< (%)-() &3)

Eﬁuatlons (31) to (33) show that the relative surface eXCESS£Z/

is not a direct measure of the amount of component h
adsorbed but is rather a measure of the amount by which
the adsorption of h exceeds that of the arbitrarily chosen
reference component h’. Thus g_{:sodoes not imply the
absence of adsorbed h; rather it implies that components
b an&'h/-are both adsorbed in the same ratie as their bulk
econcentrations. DPositive 4;-1 implies that the electrical
double layer is relatively richer in component h than is
the bulk of the solution; negative éZkfjﬂqﬂies the double
layer is relatively poorer in h. FKote that the relative
surface excecs of the reference component {szsaa .

The relative surface excess of the charged components
are defined in a similar way., In phase M the adsorption
of metallic ions of species i is taken relative to that of

ions of the reference species-i/. Thus

A MES

(34)
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The adsurption of the cations and anions of the solution is

taken relative to that of the neutral reference component

h/. Thus
g T At § FT
1 o XX |2 ),
VR T (35)

‘ Koy
7 (22
ha = % h ( 2 ) (36)

I
)1n Egs. (35) and (36)

is not just the mole fraction of the salt furnishing the

We note that the multiplier of (

ion but is the mole fraction of that of the salt multiplied
by the number of moles of ion contained in one formula
weight of the salt, 1In other words, the multiplier is the
mole fraction of the ion in the homogeneous solution S.

In keeping with this idea, we define the relative surface

excess of the ions of the indicator salt by the equations

_ , K
J/Z’ = ; . %’3; ( ‘5‘%“) g’ (37)

and

. /7___ ¢A )
‘4422f = 4%f 3$£f

The surmations are required in Egs. (37) and (38) because

\

(38)
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cation j/ is furnished by all a of the different salts
supplying the different anions, whereas the anion k/ is
supplied by sll ¢ of the salts supplying the different
cations. Similarly, the relative surface excess of the

electrons of the metallic phase may be defined by
/7~ VY
- — g 4
Lm0

Phe relative surface excess of entropy ¢33, » is

(39)

Y34
defined by the equation
(S ()
Gu=" ) xa') 4 o)

Po obtain the relative thickness of the interphase we
rearrange the coefficient of dp, |

_[Z 2R T[]
x&r ‘C’- C«L"

where ci/ an&.chf represent the concentrations of componenis
i/an& h/ in moles per c.c. in homogeneous phases M and 5,
respectively. Let T be the thickness of the interphase.

It can be proved by considering the dimensions of the

electrical double layer that

2, '[( )"'( (_4,)]

where%abis the relative thickness of the interphase.
Substitution of Egs. (30), (34), to (38), arnd (40)
into Eq. (29) yields the following final forms of the
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electrocapillary equation for an ideal polarized electrode.

Case I, Indicator electrode reversible to gatlon j/

M :
dye - [ﬁ,+(%.3%)]47+[%,,+( ALY )]48

My - 4
o HELS i~ d
13'/12. v 6’7‘0’()}* ,} /42’{

oy (Hyy |
%&r( J ) 13 ;,u,,f /{;’,A/u, 4

[(ff’ (""“’* Z ]/‘!{’(4)

_’It

Case II. Indicator electrode reverslble to anion k/.

—[?,;‘f.‘; /z/F)]AT+[;4: /i J/’

~lE~Z o dp -2, A
' 3}; 3 dl‘d,( )/u;,!zf

[
—442," ("”A}ﬁ(ﬂd’% AfL! e

[(-‘[:J“' "“""')Z,,a/ /]iﬁ{

/"

(42)

Derivation of Electxacqnlllang,uqua ion for a Charge-

Tranafer Electrode.

Phe theory of the electrocapillary curve for revers-

ible charge transfer electrodes was treated first by

SR ——— SRS

L 0 Bt e B e i i S
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Grahame and Whitney24 (1962) and was considered in somewhat
more detail by Mohilner22 (1962). ILittle experimental data
on this aspsct of electrocapillarity has been reported yet.
Koenig and ce-workarszs have reported recently on the
mercury-nercurous ion electrode. )

From the standpoint of the thermodynamic theory of
electrocapillarity, the only essentiasl difference between
an ldeal polarized electrode and an electrode at which a
reversible charge transfer process takes place is that the
latter electrode has one less degree of freedom than it
would have were it ideally polarizable (i.e., one less
independent variable). We consider the charge-transfer
half reaction in general as -

O +ne =R (43)
where O represents the oxidized form of the couple, n is
the numbek of electrons involved, and R represents the
reduced form of the couple. Iet both substances O and R
ve cations. .

Phe condition of charge-transfer equilibrium for the
" nalf reaction is given by an equation expressing the

equality of the electrochemical potentials of reactanis

and productsjo, that is .
e ™ P = Mg (44)

Let the cell be represented by

ce o] 5 Jav ]
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where Cu and Cu/ are two copper terminals. Cu is connected
to the test electrode M, and Cu/ to the indicator electrode,
IN. The irndicator electrode is reversible to one type of
ions of the solution S: Solution S contains the redox
couple. Let the indicator ion be represented by_k[.
Ignoring the solvent of the solution S for simplicity, we

can represent the cell as:

L l l (0,2, 4') l“"“‘"“" G

The chemical potentials of the neutral salts Ok/, Rk/ ¢an

be written as

————

Mélz' ok’ ,’Lﬂ 0”/‘17" (45)
and
+ Sl
- )
Por™ Y b (46)

From Egs. (44), (45) and (46), on taking differentials, we

get

= (;;4,)4# R La e B

3*3%.

iz,

As Cu is in contact with M, the metallic phase of the

(47)

reversible charge-transfer electrode, therefore

J‘/&ﬁ il“’e, (4§)

. ai e
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/4 :
Further, as IA *'/ 2_2,/ 2 = éo ’ where /24,/ is the
magnitude of the charge on anion k/and kfo is the neutral

species, therefore

d Fa / ZA’/ e /M;r'l; (49)
At constant temperature and preSSure,aafL», is constant.
4!

Therefore the equation (49) becomes

L= [l 4 o

In terms of the electromns in terminal Cuf, Eq. (50) can be

written as

AFS{&/%! ldlfu'r..

(51)
Owing to the electroneutrality of salis, we have
(7%;' ) 2o . (3’»@&.) |
_ %{{ l%é "] vy }2'{2’ ‘ (52)

where 2' and2 represent the ionic charges of the sub-
stances 0 and R, respectively.
FProm the half-reaction (43), it follows that
2 —Z |
o~ "R (53)
substitution of Egs. (48), (51), (52) and (53) is Eq. (47),

e e
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gives

_ __C; .
(j}j” )Af?p,!:m%(d € =4 Cm) (

By definitlonjg

) Ao

(54)

(/MZ’- /A‘) (55)

Substitution of Eq. (55) in Eq. (54), yields

( )al.f-b,‘“%/ré{g ( M,)Afa‘%,

Reverting to Egs. (41) and (42), at conatant

(56)

temperature, pressure and the composition of the electrode,
the'GQuatiﬁns-are reduced to:

Case I. Indicator electrode is reversibtle to cation j/=

do ot S, ()L

L 0ﬂ4 tfz

(57)
Case II. Indicator eclectrode is reversible to anion:k/é

[t
alv'-zr-.-‘jzﬁl'g Z( AL ) /“‘

o (58)
Applying the Eg. (58) to the charge-transfer reaction
(43) ana considering the case when there ig no solvent

present, we get

PP

A e e e L L
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e 17 (G Ay (- o WX

(59)
Eq. (59) is only applicable when the electrode is ideally
polarized. Por a charge-transfer electrode, the above
equation must hawe one less independent variable.

Substitution of Eq. (56) in Eq. (59) gives the

[4
9éf

required eguation:

1?4' )A/;; —-91..1[/’7615

(*{7-'- .._.7/ a ‘é{/

o At

or

e (60)

The above equation (60) was applied expertmentally to

4
study the electrocapillary properties Ofl{/f reversible
charge~transfer electrode in the present investigation.

Non-complexing solvents, 1M HC10, and 0.5M H2504‘were

-used. The metallic phase was Hg{DiE). The systems can be

represented as follows:

(1) v/y w 1M HULO,
[de’v vint o, ’IN ,C"“

: (61)
dr= - (9 /4 F)LE - ( )"//“[,(c 0 }; :{; Afﬁlao‘*

b
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- 3, . |
2) V' /v w 0.6m HSo,

Clu RS TN "(;‘{
w | He | V, VI HT S0, -

LN 2V TR s T L
v (9= (e -2 [ Q}:]J’f’?;sw; ‘ijﬁ?{f‘?‘% |
a4, | 62
v ,Vﬁglectrode was selected for two reasons:

(1) It was a simple redox reaction which could be studied
at Hg.
(ii) The double-layer effects were expected to be very

prominent due o the possible adsorption of cations.
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CHAFTER III
EXPERINENTAL

Theory of Experimental Measurements.

In Egs. (61) and (62), the unknown quantities are

b, w

These quantities can be determined expermintally as follows:

i) Determination of¥ : Drop~time variation with varying

potential has recently been taken as a measure of ¥ as a

function of potential?®. Thus

ﬂr'c'ﬂéuf
where t is drop-time of DME at a particular potential, ¥
is the interfacial tension at that potential, k is a con-
stant depending upon the dimensions of the capillary used
in the DHE and the pressure of the Hg column.

In order to convert t into ¥ , the value of k is
required. The value of k can be determined from ‘Y%CH
(interfacial tension at the electrocapillary maximua) for
a particular electrolyte. In the case of 1l HC104
solution 75, is 420 dynes per en.2? Therefore we can

write

/
=
&er

The k value for 1H-HC1O4 in the present investigation
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proved to be 1.086 x-102-dynes sec.”1 cm."1; tECM wvas 3.87
seconds. The same value is applicable for 0.5M4 H2304
solution., _

The drop-time in the test eiectrolytes was determined
as a function of applied potential from the current-time
plots of the recorder by calculating the time between two
adjacent peaks for each applied potential (shown in Fig.
3). ,

Drop-time vs. FPotential plots were converted inito the
corresponding ¥ vs. Potential plots by multiplying t-values
by the factor 1.086 x 102.

ii) Determination of gt The charging current I  of the

double~layer can be determined by constani potential
amperometry of a single drop by using a fast scan recorder.
The mathematical relationship between qM (excess of charge
density cm™?) and I_ can be derived as follows:

Let us suppose that

a = surface area of the electrode (cmz)

v = volume of the electrode (cm3)

m = mass-flow rate of Hg (gnm sec™)

_ .
q''= excess charge density on metal (f-coulomdbs cm )

r = radius of electrode (em)

f%p = density of mercury {(gm Cm-s)

TP

T
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Then
mass & drop = mt, f - "'__::_é
¢ 3 7V
and Ve 26 o & gy
or L L,L
7 - 3% g”{f-é
RIETA o
= &?’ (63)
As a5
> X = ‘1"77'7‘2'
Therefore da _ g, JY‘ (64)
- ST -
From Eq. (63) on taking differentials, we obiain
alaf F.1 .iﬁ_?wﬁ iE’%T
- * }7
or
| J = -5
‘ o f 3% o «é
e
Tz {3 43 rsf; (65)
Substitution of Eq. (65) into Bq. (64) gives
&= L
3" oS -y
‘t"'*sw(a) > 5 - ¢
dt Ty

By definition, charging current, I'c, is given by

M Jda . 7
L. o da (pandboed),
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Therefore

4 (66)
Butler and Meehan have shown that the total current
passing through a cell is a composite of currcnte of
various processes taking place in the ce11.28 They have
given the following relationship:

i 4 ya
T  _At R, ptlptict
‘Lll'o&! +# (67)

where At"1/3 is the charging current of the double~layer,

h[}v

Bt*iﬁ is the Faradaic current due to diffusion controlled

anodic dissolution, B[t1/6 is the current due to cathodic

deposition and Ct2f3 is current due %to activation controlled

hydrogen evolution.

In the present study, as we are dealing only with the
charging of the double~layer end a faradaic process
{charge-transfer reaction), therefore we will consider
only the first two terms on the right-hand side of the

&

Eq. (67). That is

AL
I’Wm At 3 8L

£
___,.J- P

Eq. (68) is the equation of a straight line. Therefore on
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plotting It1/3 against t1f2, the intercept on It1/5 axis
gives the value of A.

We know that the charging current component of the

total current through the cell is given by the relation
L = AtF
i
Thus, from Egs. (66) and (68), we get

5 -4
L - At -?/(3?—2)('.?“)
| 2
or
M
9 A ()T
3 22

(69)

I at different potentials can be experimentally determined.

Hence qm.for'the corresponding potentials ¢an be calculated

therefron,

iii) Determination of Surface Bxcesses, /E& end;ﬁ.a .

At constant p, T, and jbbf the egquations {61) and
(62) are reduced to

M .
(f?i; == w-;rqu/rﬁga

——

B ¥
(70)

From the slopz of the 7 -E~ curve {electrocapillary

. . M
curve) at a particular potential and from the value of q

at that potential, we can find the corresponding value

s o b o s g e e

i:ffff““‘“‘f"‘;j”ﬂ.“f.ii”'"Tik



41

ot fir.

At constant E- and /V‘ac_m, the equations are further

reduced to

(27 ) = fZ»
and
2 ) =L (et
( /&a%)‘/m{Z( 4 b"")

As

dp = RTAEC g

therefore, in terms of & ... (activity), the equations can

be rewritten as

I & A A
ﬂT(?éw V(d(.’,,)gr'ﬁf*ﬂ ( 2. +VJ ) (1)

and

-*

RT( (50))5/',9%’(” ({;* 142“')
(72)
From the slope of"l‘«‘-ln. 8 a1k plot, we can find the
values of the right~hand expression of Kgs. (71) and (72)
at a particular &, .. and a particular E-. Knowing the

value of - f;r.f under the same conditions from Eg. (70), the

value of /'7 can be determined.
V{)

N e it i A i e $ 1S T
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Instrumentation.

(i) Polarograph: A4s a polarograph with a good response
time, a wide stability margin and low signal to noise
ratio at very low concentrations was not available in this
laboratory, a circuit according to Boomzn and Holbrook
using transistorized operational amplifiers was vuilt,??
The eircuit diagram is shown in Fig. 4 . The transistor
operational amplifiers used were Model DY-2460A azmplifiers
and Model DY-2476A-M4, +1 Gain, plug-in units made by
DYMEC, a division of the Hewlett-~Packard Co. {(Palo Alto,
California). The power éupplies for each amplifier were
self-contained. The required amplifier arrangement for
the circuilf was obtained by a simple modification in
connections as suggested by the authors in the above
reference,

The power supplies, PS-1 and PS~2 were inexpensive
Isoply units, Model AS 12-40, made by Elcor (Falls Church,
Va.)

The building blocks of the circuit are shown in
dotted spaces of the Fig. L. Amplifier A-5 forms the
seanner unit, A-2 is in the mode of a Voliage Follower.
There is a choice of current amplifying units, Current
can be measwred at the output of A-3 or A-4, both act as

current amplifiers. The original paper discusses the
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Fig: 4 'Pelarograph circuit.

C, = 0.5 fd, C2 = %4 pf. , C

= 320 pf., €

3 4
= .25 fd,, Di"Dﬁ = INI15224 7encr Diodes, Rl

= 50K, By, Bg, B

10K, R

ar RQ = 10K, R? = 9.5 megaohms,

i = 560 K., R

10 » R

12 13 Ta1

By, = 1 K, 19 turn pot, le RI? = 100 K, Big =

200 K, 'ng_ = 50 K trim pot, R
= 100 wmegohnits, R

= 160 ohuts,

it

10 megolnis,

19 %

R ay = 10 K, 3 turn pot, Sl,

20
82; Sj = SPST Switch, 5 uh, “6 = DPDT Switch, 35

= SPPT Switch.
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complete analysis of the circuit.

(ii) @Cell): A three-compartment cell with fritted glass
partitions was designed for the present purpose. An all
glags DME (dropping mercury electrode) was fitted into the
central compartment and sealed from atmospheric air with =z
mercury seal. The glass DME was considered an important
factor in measurement of the drop~time more accurately and
with better reproducibility as pointed out by Barradss and
French.30 The design used three fritted glass-bubblers,
one in each of the three compartments, for passing nitrogen
through the solution during deseration. Arrangement was
also made to pass nitrogen over the solutions in all three
compariments during the time of making measuremenis, In
one of the outer compartments an H-shaped SCE (saturated
calomel electrode) was placed, while in the other outer
compartment an auxiliary or counter platinum electrede was
fitted. Both SCE and the counter electrode had standard
taper joints fitting into the air-tight male joints of the
covers of the outer cOmhartments.

The fritted glass partitions between the compartments
were considered necessary in order to avoid as much as
possible the contamination of the solution in the central
compartment, especially from the SCE compartment.

A complete sketch of the cell is given in the Fig. 5.
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(iii) Train for the Remcval of Oxveon from the Strean of

Nitrogmen:
As the nmeasurements were to be made at very low

concentirations of the electroactive species, oxygen even
in trace amounts was undesirable., The water-puaped
nitrogen supply tank was connected to a combustion tube
filled with pure granulated copper (J.T. Baker, C.P.) by
means of a tygon tube. The combustion fube was placed in
an electrically heated combustion furnace and heated to
about T700° C. The other end of the combustion tube was
connected to a train of five washing bottles with frit-
glass bubblers. The second =and the third
bottles contained 1M Vanadyl sulfate solution in 207
sulfuric acid and in contact with amalgamated granulated
zinc at the bottom. Vanadyl solutions had been used by

L, Meites and T. Meites for the effective removal of last
traces of oxygen from nitrogen stream.’! The first bottle
was left enpty in order to accommodate the back-sucked
solution from the subsequent bottles. The fourth bottle
contained triply distilled water so to remove any impurities
picked by the nitrogen from the pervious bottles. In the
fifth bottle, some of the electrolyte under examination

in the main cell was put, so as to maintain the same vapor
pressure above the solution in the cell and above the

solution in the fifth bottle, which was connected to the
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vell.

(iv) Constant Temperature Weter-Bath: A Sargent

Thermonitor Water Bath was used for maintaining a constant
temperature of the cell. The cell was placed in the

-]
water-bath and all the measurements were made at 25 Z fud

c.

(v) Recorder: A Sargent #3-72150 Y-t Recordcr was used
for recording all the measurements. The same recorder was
also used for the standardization of the potential applied
to the cell {referring to SCE). As I-t curves were desired,
the maximum chart speed gears were installed inside the
recorder. All the measurements were made at the chart speed

of 12 inches per minute.

(vi} Photometric Titrator: Beckmen Model B spectrophoto-

meter was converted for use as a photometric titrator as
suggested by Goddu and Hume32’ 33. The sanmple carriage of
the spectrophotometer was removed and the bottom plate of
the cell compartment was replaced by a hardboard sheet
having two holes. Through the holes, two tygon tubes
connected to the inlet and the outlet of a water-driven
nagnetic stirrer were passed.

The top of the cell compartment was replaced by a
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cover modified from a Beckman fleme photometric attachment,
having a hole just above the beam path of the spectrophoto-
meter. In this hole a rubber stopper with a central hole
was fiﬁted. The tip of a 10 ml. precision buret was passed
through the central hole of the rubber stopper.

The inside of the cell compartment was painted dull
blrck to make it light-proof. To ensure the complete
cut-off of light, the lower part of the buret and the inlet
and the outlet tygon tubing were also painted dull dblack
up to about six iInches from the holes in the bottom of the
cell ébmpartment. The whole arrangement is shown in the
Fig. 6.

The Photometric Titrator was used to standardize the
vanadyl samples prepared rdr the atudy.zsﬁ 26 The complete
procedure for standardization will be discussed in experi-

mental procedure. .

Chemicals.
(i) Barker Charcoa134z. About 200 g, of C.P. Charcoal was

 put in a Soxhlet extractor with glass-wool as a filtering
plug. It was refluxed with about 300 ml. of constant
boiljiqghydrochléric-aciﬁ.aqueous mixture for about one month,
followed by.refluxing with 300 ml. of triply distilled

water for about one month, replacing the distalled water

periodically, till the filterate was free frem chloride ion.

Fy
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The treated charcoal was dried in an air-heated oven at
140° C., with utmost care to avoid any type of contamination.
A1l the venadyl solutions were filtered through the
activated charcoal in order to remove any organic suspensions

in the solutions.

(i1) Vanadyl Solutions:

(a) Yanadyl Perchlorate VO (01041235‘ 36, 37,
About 50 g of vanadium pentoxide (Mathcson Coleman and Bell,

C.P. Grade) was suspended in about 300 m) of triply distilled

water and was dissolved by adding 20 ml. of perchloric acid
(“Analar,” G. Frederick Smith Chemical Co., double wacuum
distilled, lead free), toc form a yellow solution of V0,C10,.
This was reduced to the blue VO (8104)2'by passing sulfur
dioxide through the golution, Traces of sulfur dioxide
were then expelled by boiling. The resulting solution was
filtered through activated charcoal, standardized against

potassium permanganate and kept as a stock solution.

(b) Vanadyl Sulfate, VOS0, 3 This chemical in C.P.
grade was acgquired from:E. H. Sargent Co. No further
attemplt was made to purify it.

100 ml. of 1M‘V0304 were prepared by dissolving 16.3 g
of the sample in triplj distilled water. Solution was

filtered through the Barker Charcoal and standardized



against potassiuxn permangannte.

{i11) Solutions for Photomeiric Titration:

(a) Potassivm Permangnna=te Solution: Approximately
0.1H solution was prepared by dissolving about 16 g of KMn04
of reagent grade (General Chemical Co., New York) in boiling
water and allowing the solution to stand overnight. The
solution was filtered through a fritted-glass filtering
funnel, and standardized against sodiun oxalate (reagent
grade, priwary standard, CGeneral Chemical Co., New York)
using the Fowler and Bright Method. o

(b} Iron (II) Sulfate Solutiecn: (0.1 N Fes0, in

0.5 % HC104) “Analar' Grade ferrous sulfate (Generzl Chenmieal
Co., New York) and doubly vacuum distilled perchloric acid
were used for preparing this solution,

(¢) Ammonium Persulfate Solution: A 15% solution

of ammonium persulfate {reagent grade, Baker Chemical Co.)

in triply distilled water was prepared.

(iv) Triply vacvum distilled mercury meeting the specifi-
cation of ACS (Bethlehem Apparatus Co., Hellertown,

Pennsylvania) was uged in DUE.

Experimental Procedurs

(1) Photonetric Titration: 2 ml. of the vanadyl solution
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were taken in a clean 150 nl. beaker. 0.3 ml of HSPO4
were added and the sanple was reiluced with 0.1 }}'-I-‘GSO4 in
0.5 % HC10, until a slight excess of Fe¥ was shown by an
external ferricyanide spot test. 0.5 ml. of FeS0, solution
was added in excess.

The spectrophotoneter was turned on and allowed to
warm up until the glavanometer was steady. The sample
beaker containing a magnetic stirring bar was placed in
the path of the light over the magnetic stirrer. The
monochronater wag set to 525 mp. 0.25 ml of freshly
prepared 15% ammonium persulfate was added. The stirrer
was turned on and when the golution was homogeneous, the
galvanoneter was adjusted to 0.000 optical density.

0.1 ml, aliquot off-KI&nO4 in the buret was added to
the beaker. The galvanometer reading was noted when it
reached a constant value. 4#nother zliguot was added and
the galvanometer reading was noted again. The process
was repeated till the optical density increased suddenly.
This was the eguivalence point. Several readings on each
side of the endpoint were taken.

The best straight lines between the points taken well
before and after the equivalence point were drawn. The
point of intersection of the two lines (one before and
one after the equivalence point) was the end point.

A sample plot is given in the Fig. 7.
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(11) Apmperouetry at Constant Potential: {(voltennetry at

controlled potentinl).

(1) All the operational amplifiers, PS-1, PS-2,
recorder and the combustion furnace were turned on.

(2) The cell (Fig. 5) was set in the waterbath
maintained at 25 C,

(3) The test solution was put in all the
compartments of the cell equally distributed (samec level).

{(4) The cell was connected to the outlet of the
fifth wash-bottle through a three-way stop-~cock arrangement.

(5) The nitrogen gas tank was turned on, keeping
the pressure of the gas between 2-3 1lbs. per square inch
and letting the gas bubble through the solution by
adjusting the position of the three-way stop-cock.

(6) The solution was decaerated for one hour.

Meanwhile

(7) The recorder was standardized by the procedure
given in the instruction booklet of the recorder.
(8) The recorder position was set to zero after

short-circuiting the positive {red) and negative (black)

input terminzls of the recorder by & jumper.

(9) The junper was removed.
(10) The range knod was turned to 1.25 and units

knob to volts.
(11) The X (output of AS) of the polarographic
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circuit was connected to the poesitive (red) input of the
recorder, keeping S2 in RESET position, S5 in HOLD position
and S1 in CFF position. The common ground of the circuit
was ¢onnected to the black terminal of the recorder.

{12) The precision potentiometer.R14, was turned
til1 the recorder pen read full secale.

{3} X was disconnected fron the positive input of
the recorder.

(t4) The mercury pool in the central compartment
of the cell was connected to the common ground of the main
cireuit, and the counter electrode to the position Z.

{15) The gas stop~cock was adjusted so that the
gas passed over the solution.

At this stage, the cathodic reduction of V {IV)
took place at the mercury pool in the central compariment.
A gradual change in color from blue to blue~violet
indicated the reduction.

To ensure the exact equivalence of the V (III) and
V (II) concentrations, proceeded as follows:

(16) X was disconnected from the counter electrode
(C¢), and the mercury'pbcl from the ground.

{17) The reference electrode of the cell was
connected to R, counter electrode to C and DME to M of the
main eircuit,

(18) Y was comnccted to the positive input terminal

PRRMEEN
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of the recorder and the negative terminal of the recorder ;
to the common ground of the circuit. |

(19) The Unit knob of the recorder was turned to
A and Range knob to 25, keeping the demping about 5055

(20) Sy was turned to OF position,

(21) The Chart Drive was turned to FORWARD, efter
putting.dowhfthe pen on the chart,

(22) The switch S, and the Chart Drive were turned
off after about 1 minute.

(23) The height of the wave (limiting current) was
measured from the zero_position.i

(24) The position of the pen on the chart was
adjusted to extreme left by using the Displacement knob,
The zero-line was marked.

(25) The switch.54 vas thrown to the other side
{(polarity change).

(26) The steps (20), (21), (22) and (23) were
repeated. The limiting currents measured in steps (23)
were equal on changing the polarity of 34, so the reduction
"was to the desired stage (exact equivalehce of V (III) and
Vv (IX). Amperometry at constant potential was performed
as follows:

(27) X was connected to the positive terminal of

the recorder, keeping the negative terminal of the recorder

connected to the common ground of the circuit.
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{28) Tha Unit knod was turned to mv and the Rangé knob
to 250,

{29) The potentiometer Ry), Was turned till tho recorder
pen read zero.

'“'(301 X was disconnected from the positive terminal of
the recorder.

(31) Y wds connected to the positive terminal of the
recorder and Unit knob was turned to ,LA with Range at 50.
| {32) 8, was turned to ON position,

{33} The chart drive knob was turnsd to FORVARD after
putting down the recorder pen on the chart.

The recorder gave ths plot of I-t for the individusl
mercury drops of DME at .zoxi-bj potential.

(3) The steps (27) to (33) were repecated by setting
the potentiometer Ry, for 100 mv, 200 mv...etec. {each setting
with an 1nef§mﬁnt of 100 nv).

(35) .The process was repeated as in step {3}, after
changing the polarity of the PS-1 by throwing the switch S
to the other side,



CHAFTER IV
DATA AND DISCUSSION

Figure 8 shows the plots of electrocapillary curves
6f Hg-1M HGTO4 and Hg-varying molar concentrations of
v{III)/Vv(II) in 1M HC10, interfaccs. The concentration of
the couple is expressed as molar concentration of the salt
of one of the components of the couple, V(0104)3. The
concentrations of V{C-104)3 are 0,005, 0.01CH and 0.050H
for the curves top to bottom respectively. The relevant
data is given in Tables II-~VI.

In the third colunn of Tables III-V, Y valucs have

been calculated from drop-—time t_, by multiplying t with

1.086 x 102.
'.l‘ﬁe fourth column in Tables III-V refers to the slore

of the electrocapillary curves at 2 particular potential

ik ’39" - & % =
shown in the ¥ column. The (,—5-&—,} values cre in appropriate

units of charge ( S coulomb per square centimeter) in order

to use them directly in the equation

(22), . ~-(9-F)F
DETITpuE Yo
Column five shows the intercept 4, on Itl/ 3 axis in
the plot of Ii;.l/3 vs t"l" (page 61}, - The peasurcments of 1
have been nade from potentia:;tat consrolled Current-Tine
(I-t) curves of a single dTropP. In the Fig. 9, seaple I-%
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curves for anodic as well as cathodic side along with
relevant sample 1177 45 t% plots are shown. The best
Titting straight lines were érawn using the method of
least squares. The value of q shown in the sixzth colunn
of the above tadbles has been determined from A by the

relationship
z‘

A (_‘@&_)? /3.533
232 X O

3 22 0.003/37

In Table VI, Column 3, aV(0104) has been computed by
applying Debye~Huckel limiting law (EDIL).

From the slope of ¥~lna plots, the value of F/RT.
L%Q;L~) in units of charge can be calculated,

The plots in Fig. 8 have the generzl shape of a para-
bola. As E changes from positive to more negative values,
Y first increases (ascending branch), then passes through
an electracapillary maximum (ECH) and finally decreases
(descending branch). Column 6 of Tables III-V, shows that
the wvalue of qH is positive on the ascending branch of the
electrocapillary curves and decreases as E becones more and
more negative. On the descending branch, qM becomes negative
and its magnitude increases negatively with increasirg
negative ET. At the electrocapillary maximum (ECIH) the
valus of qH is zero. 'This point of zero charge (PZC)
corresponds to ~-0.525, ~0.440, -0.425, and -0,350 voltis

for the various con CeﬁblailOﬂa in the Figure 8., It is noted
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TABLE IX

ELECTROCAPILLARY DATA FOR Hg and 1M HC10,

E™ volis Drop~Tine, T Tnterfacsial Tension,”’

(vs SCE) (seconds) (dyres pexr cit
~0.000 3.45 374.6
~0.100 %.59 389.8
~0.200 3.70 401.8
-0.300 3,78 410.6
-0.400 3,84 417.0
-0.450 3.86 419.2
-0.500 3,86 419.2
-0.600 3.86 419,2
~0.700 3.84 417.0
-0,800 %.80 412.6
~0.900 515 407.2
~-1.000 3,70 401.8
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PABLE III
ELECTROCAPILLARY AND DOUBLE LAYER DATA FOR

Hg and 0.005M VANADIC PERCHLORATE IN 1M HC10,
o t v E;;;) A g™t FI7.
" Thpe e
~0,100 .47 377.0  10.00 0.191 20.24 30.24
~0.200 357 388.0 10.00 0.097 10.28 20.28
~0.300 3.65 396.4 6.82 0.040 4.24 11,06
~0.400 3.69 400.7 1.48 0.012 1.27 2.75
~0.500 3.68 399,6 4,28 ~0,017 -1.BO0 ~6,08
~0. 600 3.63 394.2 =6.25 ~0.063 ~6.68 ~12.9%
~0,7T00 3.55 385,5 =9,00 =0,116 =12.29 -21.29

B” = potential of DME (volts vs SCE),
t = drop time in seconds, ¥ = interfacial

tension in dynes per em., A = intercept on

11;_-1/'3 axis, qM = charge density per en® on

the electrode, F {Z, = gurface excess of vz’*
JIJ

relative to water in wnits of charge.

’_%_’_é.,, ) expressed in units of charge

density.
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TABLE IV

FLECTROCAPILIARY AND DOUBLE LAYER DATA FOR
Hg and 0.010M VANADIC PERCHLORATE IN 1M HC10

4
E""‘ A ( ) M ;‘
R : a
-0.200 3.55  383.3 8.30 0.119 12,61  20.91
~0.400 3.64 395.3  3.07 0.014 1.48 4.55

«0,500 3.62 39%.1 =~6.66 ~0.04¢ ~5.19 ~11.85
~0,600 3.54 384.4 -8.33 ~0.107 ~-11.34 =19.67

E” = potential of DME (volts vs SCE), t = drop
time in seconds, 7 = interfacial tension in dynes
per cm., A = intercept on It1/3' axis, qm'_: charge
density per czﬂz on the elecirode.

F/_f = gurface ex of V2+ relative to water

in un:.ts of charge, ( 2: } expressed in unito

of charge density,
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TABLE V

ELECTBROCAPILLARY AUD DGUBLE LAYER DATA FOR

Hg AND 0.050: VAUADIC PERCHIORATE IN 1M HC1O

E-

-0,200
-0,300
-0.400
~0.500

3.50
3455
3.55
3.49

Y

380.1

385.5
385.5

379.0

% 3
(5&) |,
Ty,
10.00 0.145
5.00 0,071
-£.28 -0.072
~8.75 ~0.155

T
q?

15.57
T52
~7.63
~16.43%
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4

E" = potential of DME (volts vs SCE), 1 = drop

time in seconds, ¥ = interfacial tension in

dynes per c¢n, A = intercept on It

charge densify per cm2 on the eleciroie, F/?xr
2+

surface excess of v

1/3

v,

relative to water in

axis qﬂ =

<2

units of charge, @zﬁ) expressed in units of

charge density.



TABLE VI

DATA FOR RELATIVE SURFACE EXCESS OF"a’('c.'l.f}‘,r)-:,i

B

"""00 4‘00

-0.500

Concentration
(Molar) 1nfav(clo4)3
0.005 -8.875
0,010 -8.295
0.050 -7.266
0.005 ~8.875
0.010 ~8.295
0.050 -7.266
0.005 -8.875
0.010 -8.295
0.050 ~7.266
0.005 -8.875
0.010 -8.295
0.050 . ~7.266

Ffaf(-_;‘,:—;‘)ﬁ_ * e
54.60 34,32
22,23 1.32

~25.%7
50.70 39,63
31.98 20.94
16.38 28.90
37.44 34.69
37.44 32.89
37.44 49.35
47.34 5%.42
47,34 59.19
47.3%4 72.52

66

E- = potential of DIE

and F f’ﬂ in units of charge.
&2

?

) ' T )
- 1Y T
(volts vs SCE), F/RT (‘aﬂ‘,a.



67
that the peoint of zero charge is shifted towerds nmore
positive potentials as the concentration of the V(III)/V(II)
couple is increased. ZEsin and Markov have mentioned that
the shifting of point of zero charge is due to ionic
adsorption on the electrode (Esin-Markov Effect).-> Frumkin
and coworkers have noted this type of behavior in their
study of cathodic reduction of T1H03,40"43 They showed by
analysis of the electrocapillary curves (Fig. 10)- that 717
lons are sirongly zdsorbed on mercury and this conclusion
is confirmed by kinetic study of the discharge of T1% jons
on the thallium amalgam.44'45 On the samc basis we can say
that there is a strong catiornic adsorption in the gystem
under investigation. This fact is further confirmed by the
positive relative surface excesses of Vo' and y2+ &a:Fzégnd

1r£%i) on the anodic branch of the electrocapillaryﬁcu;ves
(coiumn 7 in Tables III-V and Column § in table VI). The
relative surface excess is a sort of gquanitiative measure
of adsorption.
The above fact appears somewhat surprising at first
glance, for it would be natural to suppose that on the left

side of the ECH, where o is positive, cations (V'’and V%)

would be repelled away from the interface and that F qg and

/Zfﬁ-would be therefore nezative. The detailed nature of
7

the forces of interaction between an ion and the motal

surface which bring about specific adsorption has not yet
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been wholly resolved. The best explanation waich seens
capable of accownting for this behavior is specific
adsorption of the anion (Clﬂé“). That is, there must be
some kind of additional, non-coulombic interaction between

€10,” ions into the double layer than that which can to

4
accounted for by simple coulombic attraction. This super-
equivalent {to-qH) quantity of perchlorate ion then attracts
sufficient additional v+ and v2* ions (counter ions) to
maintain the electroneutrality of the entire interfacial
region, that is, to make qs = -QH. As qM becones more
positive, the amount of specifically adsorbed c104"‘ipns

increases and this increase is reflected in an increased

positive adsorption of v3+ and VZ* counterions. Studies of

Grahame and Soderberg in this connection are worth mentioning.¢6
Fig. 11 shows their results regarding cationic adsorption.
It is noticed in the figure that2F/ is always positive for
all cations and increases with ¢''. Though ﬁ}g& remains
positive on both sides of the point of zero cﬁgrge {except
on extreme anodic side and at higher concentration of the
V(III}/V(II) couple), the value of/?g&is negative on the
cathodic branch of the electrocapillg}y curves. This fact
can be explained by corsiderirg the preferential adsorption
of ?3* at potentials more negative than PZC due to greater
positive charge on v>* than that on ?2+. The nature of

this adsorption is coulombic than specific. Abnorinally
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high £ ﬁ‘; values (Table VI-column 5) confirm this view.

Aé.extreme anodic and cathodic potentials, the drop~
time becomes almost constant and the limiting current values
for anodic oxidation and cathodic rednetion respectively
are reached, thus confining the electrocapillary mesasure-
ments near the equilibrium potential of the redox couple.
The electrocapillary curves around the equilibrium position
are symmetrical. V(III)/V{II) studies in 0.5H H,y80, were
also attempted, but too much scatter of the drop tiﬁc
(hence 7 ) was observed; due probably to non-electroactive
impurities in H2504_ As the accuracy of such recsurenents

was doubtful, no attempt has been made to analyze the data.

Tables VII and VIII and Fig. 12 pertain to this systen.
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TABLE VIX

BLECTROCAPILLARY DATA FOR Hg AND 0.5H HS50,

P Intcrfacial
{ve. 50B) D o TS

0.000 3,45 380.0
-0.100 %.68 400.5
~0,200 | 3. T3 408.0
~0.300 3.82 414.0
-0.400 3.85 419.0
-0.500 3,86 419.5
-0.700 3.8% 416.0
-0.800 3.80 413.5
~0.900 %77 409.0

~1.000 3.72 403.5



1

~0.100
~0.200
-0,300
~0.400
~0,500
~0.600
-0.700

0.00252

¥ o
3.47  377.0
3.57  388.0
3.62 393.5
3.67 398.0
3,70 402.0
3.64  395.0
3.55 385,.5

TABLE VIIX

ELECTROCAPILLARY DATA FOR Hg AND VARIOUS
CONCENTRATIONS OF V, (S0

4)3 IN 0.5 HESO4

0.005011 0.02501
t ¥ t “y
3.53  383.5 3.50  381.0
3,58  389.0 3.53  383.0
- - 3.54  384.0
3.63  394.0 3.48  379.0
3,55  384.5 - -
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CHAYTER V
CONCLUSION

_Ig_the foregoing pages, the theory of electrocapillarity
was pﬁf into new perspective and an attempt was made to
apply %he theory to a charge transfer electrode. Little is
known iﬁ this respect and the test of the theory rests on
speculgﬁion. However, using a fast response and stable
potentiostat built in this laboratory, coupled with a
sensitive recorder, an attempt has been made to be as
accurate as possible and to give a quantitative picture of
the double layer in terms of the surface excesses of the
oxidant and the reductant of the redox couple constituting
the charge transfer electrode. The values of excess of
charge density on the electrode qm, another paransier of
the elecirical doudble layer, have also been reported. Such
data have never been reported due to lack of sophistication
in instrumentation and the complex nature of the electrode
processes.

In the present investigation, the analysis of I-t
curves has been done taking into consideration the composite
nature of the process involved; faradaic and non-farsdaic.

The values of qn have been calculzited from the double layer

wiva (27
charging current instead of taking the derivative (ﬁiE’zuf
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as a megsure of qI as has been previously done in the casc
of non-faradaic processes,; thus accounting for faradaic
processes as well,

The importance of the double layer structure in the
interpretation of the kinetics of an electrode renction was
first pointed by Frumkin47 in 1933. Huch interest hac been
shown recently in such studies by other investigntors. 48~51
The structure of the double layer at an electrode-electrolyte
interface affects the kinetics of electirochemical reéeactions
for two reasons: (a) the concentrations of ionic reactants
are not the same at the reaction site (CHP) as in the bulk
of the solution, (b) the effective differencé of potentizal
must be corrected for the difference of potential across
the diffuse double layer (e, f—fF andnl g, — £ ).

In the present investigation, the relative surface
excesses of ions ( f:} and /G; ) are the measure of excess

)&-’
of concentration of ions at OHP over %that in the bulk of the

solution. The value of ( ?g.wwf‘ } can be czleulated by

M 577 and‘/7

the method outlined by Hoh11ner22 by using ¢
values, %

The potential difference ( ?&:‘Fﬁ) and the surface
excesses cen be further utilirzed to caleulate the kinetic
parameters such as transfer coefficient &£ , standard
rate constants KS, heat of activation at stardard potential

4>}f* ete., giving data cerrected for double layer effects.
K4
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