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INTRODUCTION

During the last two decades there has been an extensive investigation
of the properties of the electrical double layer occurring at charged
interfaces. The origin of the double layer'depends on whether the inter-
face is polarizable or nonpolarizable.

Consider a metal-solution interface. .Let a reference electrode be
inserted in solution and let an electromotive force (e.m.f.) be applied
between the metal and reference‘electrodes by use of é gotentiometer. The
potential range should be wide but limited to the extent that a negligible
charge is transferred aéross the interface. Such an interiace is said to
be polarizable. Upon application of this e.m.f. a surplus (or deficit)
of electrons occurs on the metal surface via delivery (or removal) of
electrons by the potentiometer while a deficit (or surplus) of electrons
occurs in the solution via oxidation (or reduction) of a particular ion.
Then in simplified form the double layer at a polarizable interface
consists of'a layer of electronic charge on the metal surface, a charge
distribution of ions containing 2 net charge equal (but opposite in sign)
te that on the metal in the solution region adjacent to the metal, and a
layer of solvent molecules between the metal and the ionic charge
distribution. The mercury-soluﬁion interface best represents such a
systen.

Consider a reversible electrode-solution interface. This is illus-
_frated by the silver iodide-solution interface. Some Ag+ and I” ions will
adsorb cn the Agl surface resulting in the establishment of a net charge

on the surface and an equal but opposite charge in solution. Such an



interface is said to be nonpolarizable since a charge has been trans-
ferred across the interface. Note here that the charée and potential
deéend on the concentration of Ag+ (or 17) in the solution bulk. Then in
simplified form thevdouble layer at a nonpolarizable interface such'as
the AgI-solution interface consists of & net ionic charge on the Agl
surface, a charge distribution of ions containing & net charge equal (but
opposite in sign) to that on the surface in the solution region adjacent
to the Agl and a layer of solvent molecules between the Agl surface and
the ionic charge distribution.

In general tﬁe‘aboye mentioned layér of solvent molecules is called
the compact or Stern layer while the ionic charge distribution in the
solution is called the diffuse or Gouy layer. The plane through the
disténce from the surface of closest approach of the electrical center of
the ions in th¢ diffuse layer is the boundary between the Stern and
diffuse layers and is called the outer Helmholtz plane. This double layer
model is cal}ed the Stern-Grahame model. When adsorption of ions occurs
in the Stern layer the above simple model has to be modified. An ion
withdut a solvent sheath on the side of the ion adjacent to the solid
surface is said to be specifically adsorbed in the Stern layer. Signifi;
cant épecific adsorption is frequently egcountered with anions but
infrequently with cations; this reflects the greater ease of partial
dehydration of the anions.

Let ¢o denote the relative potential at the surface (x = 0) and $5
the relative potential at the ocuter Helmholtz plane (x = 8). The relative

potential in the solution bulk is zero. Let o, denote the charge density



on the solid surface. Suppose there is no specific adsorption. Then it
can be seen that the Stern and diffuse layers bchave as differential

capacitors in series in'which
1/x = 1/C, + l/Cg (1) -

where C. is the Sterm capacity, C, is the diffuse capacity, and x the

&

double layer capacity. We have

n = dO'o/d ‘z‘bo ’ ’ (l')
Cc =do /d( Yo dp) (2)

In these formulae capacitances per uhit area are considered in orxder
to utilize parameters independenﬁ of surface area.

Expressions for the dependenqe of the charge density and differential:
capacity ofAthe éiffuse layer on the surface potential were derived by
Gouy and Chapman (1909-~13) by use of a Boltzman distribution of ioms.
Incorrectly they assumed the diffuse layer began at the surface ( x = 0).
The charge density Oy in coulombs/cm2 of the diffuse layer containing

ions of the same valence is

r /2 1/2 )
Gg = ~[____;L___.' / f.EEQEES__j / sinh ffi:;jﬁ

where n, is the number of ions per cm® in the solution bulk, € is the

solvent dielectric constant, k is the Boltzmann constant in joules/deg



A

molecule, z is the ion valence, e is the electronic charge in coulombs
and $5 is in volts. By differentiation of Og with respect -to ¢6 the

differential capacity Cg in farads/cm of the diffuse layer is obtained.

r 1 /2 [ zzezno€ ?1/2 ze ¢6
Co = | S S cosh ~=—— (3"
s | 5 « 101*J okt | 2KT

It is seen that Cg; is independent of the properties of the surface at the

interface and is a minimum at the zero point of charge (zpe), that is at

g, = 0.
1 1i/2 ' zzeznoe /2
Ce (min) = ! . J (3%
& 9 x 10L1] 27kT

- . . z
In general the capacity Cp of a parallel plate condenser in farads/cm™ is -

expressed by

€D -1

where Tp is the distance between the plates in cm. Hence from Equation -

3'' the characteristic thickness of the diffuse layer called the Debye

length Ap in cm is defined as
S D

' 1/2
1/ ox10ll 1/2 ( 8W22e2no
Ap = (9x1077) | 7 ext

It is also seen that Cy is very small for very dilute solutions near the
zero point of charge,-and for sufficiently dilute solutions will be smzll
compared to the Stern capacity. 1In this case Equation 1 shows that the

double layer capacity will approximately equal the diffuse capacity.



In 1924 Stern (1) incorporated the charge free solvent layer in the

double layer model in order to account for ionic dimensions. There is no
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simple dependence of the differential capacity o

potential. Grahame (2) employed his experimental values of the double
P D¢

layer capacity of the Hg~aqueous NaF solution interface and the Gouy-

P

Chapman theory of the diffuse layer to calculate the Stern capacity at

3]

given surface charge density from Equation 1. He found that tha Stern

a'dependence resulted from the compression anﬁ dielectiric saturation of
the solvent molecules‘in the Stern layer by the high eiectric field
emanating from the surface. The former causes a rise while the latter
causes -a drop in the Stern capacity. At any rate for concentrated sclu-

tions or at very high negative or positive potentials the diffuse capacity
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s large and in this case the double layer capacity will app
equal the Stern capacity.
Briefly, the double layer model is modified as follows upon specific

adsorption. Let 0; denote the charge density in the Stern layer due to

specific adsorption.

Since bo = Yo - Vgt U

/ ‘ ' /

d ¥, a( V- gy [ 4 ¥y do,
then = Y 4o, do.
: do, dag Oy dog

enc i 1.1 S%9%
lence = = T - ==

n Ce Cg ag,
we have 0o = -(op + 0g)

Then differentiation with respect to, 0, yields



o

—_— = 1 4 —=
dt:)'D dO'o
Hence
doy
r L 4 -1—(l+,~—) (1'%)
H C C ad,

It is observed that the double layer capacity # values for the Hg-
solution interface rise in the potential region where specific adsorption
occurs. From Equation 1'' this rise is caused by an increase in the
Stern capacity C, upon specific adsorption compared to that without such
adsorption and by the change of adsorption with surface charge Cy-

Since the double layer behaves as a differential capacity much infor-
mation about the structure and properties of the double layer can be
obtained by measuring ® as a function of potential. Other approaches to

the study of the double lazyer structure are illustrated, for example, by

measurements of the surface tension <y at a Hg-solution interiface as a func-
tion of potential and the measurement of the surface charge density ¢ at

the Agl-solution interface as a function of potential. The surface
tension v is related to the surface charge density ¢ in the absence of

specific adsorption by the Lippmann equation
-dy = odV

the v-V curve gives the

i

where V is the applied e.m.f. Differentiation o
o-V curve which upon differentiation yields the % -V curve. The above
two methods were first used to elucidate double layer properties.

In 1935 Frumkin and Proskurnin (3) were the first to publish reliable



work on the direct measurement of the doublc layer differential capacity.
They used an oscillographic technique with a low amplitude signal to study
the Hg-solution interface. A low amplitude signal is recuired because

% itself is a function of potential. Thereafter Grahame (&) improved

the alternating current (a.c.) bridge technique and published extensive

K

double layer capacity results for the Hg~solution interface. However,

such methods may not be workable for reversible interfaces. When an a.c.

~

signal is imposed across the reversible interface a concentration

~

radient of the potential deternlnldo ions is set up resulting in the dif-

1

fusion of these ions back and forth from the sclution to the solid surface

Th

which disrupts the double layer The resistance of a reversible electrode

=0

is usually sufficiently high that the balance pcint in the a.c. bridge

1

technique cannot be obta ' ned with éccuracy. Reversible e&ec“rodes are
usually somewhat rough and this fesults in frequency-dependent deata.

Such results would have to be interpreted quantitatively. As a conse-
quence no’wérﬁ on reversible electrodes via the a.c. bridge technique has
been successful, The first problem may be overcome by using signals of
sufficiently high frequency that the ﬁolarity of the signal changes
sufficiently rapidly that the ions always reverse_direction before reach~
ing the interface. The second problem may be overcome by using‘a
reversible electrode with a relatively high conductivity. At the same
time it should have a relatively wide accessible potential range and be
such that studies of its double layer properties occur in the literature.

The thixrd problem may be overcome by using a very rough, relativel
< (=3 2

smooth or porous electrode. 1In these cases the frequency dispersion can-



be quantitatively explained in terms of known quantities. With this in
mind we applied the a.c. bridge technique to the Agl-aqueous solution
interface to determine its differential double layer capacity as a
function of potential and ionic strength. Agl has a relatively high
conductivity for solids, has an accessibie potential range of about 450
millivolts and double layer studies on the Agl-solution interface have
been very extensive with work done by Van Laar (5), Mackor (6,7),
Lyklema (8,9), Agar (10), and others. ,

The stability of all 1yophobic colloids depends on the electrical
repulsion between particles resulting from their surface charges partly
screened by the diffuse double layer. Once the chafacter of the double
layer is thoroughly understood it is possible to calculate the rate of
flocculation as a function of surface charge and electrolyte concenération.
High precision measurements of double layer properties have so far only
been available for the mercury-electrolytic solution interface, the high
precision results from the use of alternating éurrent bridge measurements
in this system. 1In general lyophobic colloids depend for stability om ion
adsorption, and in this respect the polarized mercury surface poorly
represents them. Silvef iodide forms excellent colloidal dispersionms,
and they have been widely studied. As pointed out, the silver iodide-
solution interface is also a classical example of the réversible
interface. It is for this reason that the development of methods for
measuring.electrical properties of this interface with:high precision is

of such fundamental importance.



MATERIALS
Water

All solutions were prepared from freshly distilled conductivity
water. The conductivity water was prepared by use of a fused silica
continuous double distillation column obtdined from Engelhard Industries,

Inc. Further details are described by Kelsh (11).
Chemicals

KNO3 used as the electrolyte was recrystallized twice from water.
AgNO3 used as a titrant was reagent grade. KI used as a titrant and in
preparing the Agl electrodes was recrystallized from water. Agl used to

buffer the cell solution was prepared from KI and AgNO; solutions.
Inert Atmosphere

Tank nittogen was used to flush the cell. It entered the cell
through a glass filter stick which dispersed the gas in a stream of small

bubbles and left the cell through a water bubbler.
Silver Iodide Electrodes

The Agl electrodes were prepared as follows. Silver wire #26 obtained
from Sargent Co. was inserted through a hole in a 9 mm cork stopper which
in turn had been inserted at one end of a 9 mm glass tubing. The silver
wire pfotruded from both ends of the tube. A glue mixture of Araldite 502

Epoxy Resin (10 parts by weight) and Hardener 951 (1 part by weight) was



then used to seal carefully the end of the tube containing the cork
without contaminating the exposed Ag. A schematic diagram of the
electrode is shown in Figure 1.

The glue components were obtained from CIBA Products Company, Fair
Lawn, New Jersey. The mixture gels in about 50 minutes at 23°C and is
then cured for 3 days.

The exposad length and rédiﬁs of the silvér wire were measured with
a2 measuring microscope. The silver electrode was then partly immersed in
a .1 N KI solution along with a Pt electroce. The Ag electrode was con-
nected to the positive terminal of a battery while the Pt electréde was

b}

hen formed on

e
o.
+

connected to the negative terminal. An Ag eposit was

the Ag electrode by electrolysis, and its thickness was estimated from the

Faraday Law of electrolysis. Thus

Bl
I~
(53

o]

where m is the mass deposited on the electrode, E_ is the equivalent

W
weicht of the substance formed, I is the current through the electrode
g 5

and t is the time of electrolysis. Since the electrode is cylindrical the

volume V of Agl is expressed by

where d is the diameter of the cylinder, h is the length, and Te is the
thickness of the Agl.

Then the mass m of Agl is
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m = WchTépe

where o, is the density of AgI.

Hence thickness T_ is expressed by
(S

PRI - . 3
Using E, = 234.8 grams/equivalent, 0, = 5.67 grams/cm™, F =
' 4 , :
$.650 x 10" coulombs/equivalent we get
;137 x 107% 16
e ch
3
The area Ae of the Agl electrode can be expressed by
12
Ae = i (dh - _.—)
Table 1 lists the geometrical characteristics of the various electrodes

investigated.

The experimental cell consists of an Agl and a’lN calomel electrode
in contact with an agueous KNO3 solution containing very dilute concentra-
tions of Ag+ and I” ioms. The cell can be written &s

Hg | HgyCly(s) | KCL (1N, AgNos(cAg+5 | AgI(s) | Ag

where C, is the concentration of the electrolyte KNO

T ! Pl g . .
concentration of Ag' and C.. is the concentration of I7, The liquid
A .

junction potential remazins nearly constant because the XCIl concentration

in the salt bridge is large compared to other concentrations at the
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Table 1. The diameter d in cm, length h in cm, thickness of LglTe in
em and area Ae in cm? for the various Agl electrodes

-~ O 3 2 l 4’ 2

Electrode d x 10 h x 10 Te ¥ 10 Ae x 10

i 9 4.15 2.64 3.4 3.58

.,*
Vs
=
o
~
.
}-—l
o
N
.
o
[
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~
w
W
~J

N
-
[
g~
(@]
co
[
0
[¢1Y
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o~
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Ny
on
K

junction. Chloride ion contamination cf the solution was minimized by
making the contact betwean the salt bridge and the solution through a

hole of such small radius that a negligible quantity/hr of Cl™ entered

ja]

the solution and by placing this electrode in solution only during the

small time pericds when potentials were actuzal
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o
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Go
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o
©
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. solutions were used for each set of measurements. The half cell reaction

in excess of Ag’ is:

Hg + CL7(IN) —> 1/2 EgyClo(s) + e , E o7 = -281 mv
Ag" 4+ o7 —> Ag , E9 =799 mv

o
Ag' + Hg + CLT(IN) —> 1/2 HgoCly(s) + &g
The cell potential E, in excess Ag" is expressed by
\ . , RT 1o 2, =
Ec = Ecar * Efg7 ag ® T DoApgv .

where ab + 1s the activity of Ag+ ion.
84 ’
<
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o RT RT "
Then E, =518 + = In rYAg+ + F In CAg+

where yAg+ is the activity coeffigient of Ag+ ion.

We define

0" RT
= 4 ——
hAg 518 F 1n fYAg'*' i
Then E = EO' + RT In C | : | 4)
¢~ "Ag  F Agt

The cell reaction in excess I 1is:

Hg + C17(IN) —> 1/2 HgyCly(s) + e™ , E 57 = =281 mv

AgI(s) + e& —> Ag+ 17 , EO = =152 nv

AgI(s) + Hg + CL7(IN) ~> Ag + I~ + 1/2 Hg2C12(s)
The cell potential E, in excess 1~ is expressed by

= N - RT .
Eo Ecal + EAgI,Ag F In aI_

where aI_ is the activity of 1~ ion.

RT RT
Then. E, = - 433 - 7 In yg- - F In CI'

where v;- is the activity coefficient of I~ iom.

We define

o' _ _ _RT
EI, = - 433 - ln'yI-

. o!
Then - E, = Ef - %1 1 Cp- (5)
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Note that YA0+ and Yi- depend only on the ionic strength of the
[~}
electrolyte.
We find an expression for pK for Agl as follows:
From Equations.é and 5

] 1 Y
G RT
- B -

o]
EAg I = ¥ In (Cﬂ—_ Clk. —{-)

Since Kgy = Cyo C,

P 1" "Ag?
then
- -0f
vy 1 o £ K&A;: - hI ) ~
PRsp = 7 “98 Bsp T 727303 &7 (8
The relative potential ¥ is defined as -
b= E. - Ec(zpc) (7>

where Ec(zpc) denotes the cell potential at t
that is the cell potential at which equal amounts of Ag" and I~ have

adsorbed cn the AgI surface to give a2 zero net charge. In plotting double

4]
rt
i
o
mn
o
)
0
e
w
w
)

layer capacity curves the potential ¥ is used a . Actually

the surface potential ¥ _ should be used as the abscissa but is not

e’

accessible experimentally, &O‘is z component of U] , and under certain )

conditions they are equal. This point will bg discussedilater. Let

C°q5+ denote the concentration of Ag+ at the zero pcint of charge. Then
o

from Equation &

BT C‘E_‘:‘ A

g = i =E (7%
O .
N



take his value, expressed as pAg = 5.45 at the zero point of charge

dilute KNO5 solution. We will assume there is no shift in the zero

of charge with increasing ionic strength Zcr those we use.

Then -6

- c® .. = 3.55 x 10  moles/liter
ht"f'
Oi OE
The standard potentials E; and EI were determined at a given

=
Ag

charge on Agl, and we s!

I

ative for an excess of I . Van Laar (5) has done the most exten

hall

& given cell potential. The rational potential ¥ &at a given cell
o' o}
potential can also be determined. The values of E; , E. and pX_  Ior
) ag L So
representative electrodes are listed in Table 2. . They are in accord with
the values determined by other workers.
o! o!
Table 2. The standard cell potentials Efg and ET in millivolts and PKsp
for various AgIl elecirodes
- . H ¥
ionic . e .
N . Electrode E, . Ey pX. .
strengon o - e 4
. 1023 # 9 515 - 412 15.67
#10 513 7 - 416 15.76
.01020 iF 9 526 - 410 15.82
iF10 523 - &£15 15.86
.001020 5 529 - 411 15.8%
#10 525 -~ 41 15.8¢9




double

X

<

yre

¥

55/606

om a consta

=
xr

-~
i

h wate

1

0 Wilc

o

i

&

1Tou

[V} J 5] (¥
0 ¥ W e~ o U} Q o
3 £ o} o o 3 & L A 3
4 i8] @ o] 1) 1) ]
9] > w o o) o
9} Yy ¥} 0 | [#] g o 14
et e} 3 | O (U] ord [e} to 0
L4 Y 28] 18] 3 Kei & s]
] [aR 1 L ol 0 i) o 0, ] 2]
O Q Q e 81 Q Q 2, a)
+ 2, o o] o} £ N v
. 13 3, 15} 3} W} el I >
15 [V} (o] =] (4} Q U] fe] ny
Q) oot Q 9] 1z ! 3 [V} Nt !
’l [ o 3} o EX] tg ()
oed 9] [0} o [x] [u] U] o
o o] 3 L 3 9] 8] Q £ ~
iN] 19 o} [ s} ol @ o] ] o~
o] “ed ] <o 0} o —
Q o] 5} [0} 4 & [N] 3
O Y o 1) *] e} Q 9} Kol )
£ > ord ] 9] 0] N o) e
a 9] o] Q ¥} Q ) 1
L o g [0] et @ o] sed [ON Q
13 a3 Ko 43 ] = 5] 3] 3] o >
33 3 [3) ol 0D i ) L ~
ug o Q) el @ [} 4 ] (s 1
o Y] o & Q 13} .G
(9] o} = 2] o] (9] o of)
v . o U4 0 ~ o] o 9] 4] QL
I v (3 o A Y = [aB 2 49 8]
o o) i8] 30 ol o) ("
] 6] ~ M 9] [S] 4 V] A n~ 13} Iy
~ X e} o ) D, Q 0 " 0 ot
Q RE) ) o, = . o} s} W] ] U
o} 8] i} Ia N %) 13 Ix a0 a3 [
0 Y] b} ] ] 3 o o
i al 0\ 3 2] 5] [s))] ~4 Q %) EN
13 [J] [¢] )] 0] &1 0, o
] n ] 151 ] = ol a = T3
[} 84 1) el (%] o] 18] 9]
N Q 9] 5} Q ) 4 1] Q ] [0} o]
U] ] 0, o V] o V] 1 a8 ) s
r @ « —~ (] o] [aB U4 . W o] el
33 - 1) "3 Q sh} 9] [4] o) 1 ¥ [3)
o] [J] a) A4 oed o~ -t U] 1) o
o Ry o g Q & ] jeo) « e 3] =]
) $a b N 3 . ¢ o] = Q
] 8] 5] ] 3 o] o 9} ~— ) o o
o R’ 0 o 1% o Q - Q )
10] (3] &0 o N [sh] . 3 a
o £ o %] . 1J @ e o & - 0
1 43 ] A H < o b)) 4 an
4] Ke 3 o] W] ) Kol 0 « o
v =} ] % @ S3 0 3 o
V] ot b ot [} [ . P (U] o
Neof « Q J o 9} ] O o] ']
Q o H . o o o) [} 0 “ (] 1
o o ea) 4 o~ %} . e} o o ) Q
1) (o) 24 Q (a2 23 L - I Ay et
3] 3} 7} [0} 183 43 ’ . ot
5} (@) R <t 1%} o 3} o %) (@) IS S
[s] w0 5} . Q. @ - [l 19
a B~ o = 0, A= 0
o A} o . 3 Y a) 13 1 ) o)
= ~ N e} — £ 4 el e
Q 9] Ll 3 -t I} K& 3 Q
3 o - W = © €0 [ o0 o |
Q o w Q el . < Q -3 “l
- > I + [¥ 0 1 0
-+ (4] Q L)) [s] V] Q, ~ 1 13
Q o Ka] L 4 o} Rl o} Nl V] 3
0 = 4] 8] [a¥ v 8] 0 1 13 o

fagram Of t

i

3

d

2 schematic



OUTLE

T
THERMOS

CALOME
ELECT
TIE

FROM

TAT “Q“‘T::
)
T
L
WODE L
e

Figure 2.

SEFL

Qi PLUG

=~ NITROGEN [N

1L
i e
|
T

P

- PLATTRUL

] \“\“L&L04 STOPCOCK

L TO ATHOSFHER

e

_G5/60 STARDARD

SHVER

[ODIDE

GAUZE

TEFLON MAGRETIC

STIRRING A

Impedance bridge cell s

[
‘{;\[t‘

chemntic

TARER

[IL&"{
ELE

3 e gy 0o

\E,}L ._k,

el I
L \,‘,;‘



ot

5

T

er

X, catalog numbe

bo

a

o

o

U]
&)

by

Pl

supplied

o

o

a

¥
v

ic box %

as

atc

the r

in

ich acts

.

1 case wh
forme

nent were connecte

equal ma

-

istors of

-
BN

osed
equip

~

ces or

1 encl

res
2l

the box.

de

1 200 CD wi

de

ackard Mo

ok}

"The 1

ng arm oif

ol

8]

5184

o
o

and
nd

~

r

1

1

The decade
160, a:

n-tee narrcw band

_;

.C01 uf.

of
LW

capacitor witn
Kimum

-

3

e

sl

L

e br
de band

-
|
i

Wi
structed

A
-

1
i

it

wi
gral from t

cdel 450

B
si
M

10
ut
kard

~

of
Pac

-

16C

aboratory.

this

in

and con

~ ezl

gned

)

des

(9]

9]
el
4
ol

o
@ o

use

-
<

o]

<
i

ructed

const

wents were

ada

the measure:

tees used in

or

s



e

Q 4J W V] (U} 1N )

. U] + 3 K} Kt o 9] Nl

] 5] Q o, e ] [N} L3 o j) EB]

2] e o] © < o) ] 9] 2y - = 0
W 4] <! ol u} ol 3] e} o] & < sl

i & 4 A% = 13 3 U] el «J e 9}

o Al Q 9] ] V] 12 [#] =1 et ohy]
™ 13 ) o <f V] L [0] W v~d o] U] X o]
%4 Q = 13 B i 3] Q — (3] u o
' (] W] 0 uy [ 0, o~ 3 o] V] Q Q 1)
O 4 ] 14 4 [o] (o] V] T . o @] 6] L) V] J
Q = [l o 3] @ et @ @ g 3] -t @
o ot . 13 4 | @ V] v} : p] )] [}

n ol & 0] 1) @ s} 3} ] et 1 U] o]
(o] + [e} 9] RV o] o, [0} 0, v} 8] IN] Kot < 8} o}
e 73 L Q Q. Q J o] o IS Q) 13 I K] o

o, 1 s} i o] Q 3 ol el i > H (o] 3
5 o @ . ) S| o~ ) Q Q &) ¥
= @ 9 ] I ] o] > Na A W i ] = o]
o] o & . 9] St (5] i Y] 13 o -l ot ol ey
= &k o & o +J -l S Kn} 9] "y +3 :

" 9} [J] M el ot ¢l o4 o [V} 9} 5} w) Be] ()]
(@] 9 8] 9} [J} 9 (3] [»] (6] ol J L0 s ] &) 51 o]
< U] e~ o] L Y] " 0 - 4 « o4 3.3 o] R kv 3} <«
Q 8] 3, 8] joi] o O 24 ¥ 9] 14 Lo} U] [V]
N 6] 4] E] = 33 0 0 ol 4] (V] M o4

=} eed o =} 1y O 3 o] 7] N 43 [~ ~

- oy S oot 1) [ of [0} 0 0} 0 >~ o} i
o = : 4] 1.3 3 U] o~ i b 0 Na] 0 = o
(@] & ot ] ) 1 o] K] <] (%] o o} - 13 &)
) o, 19 s> 13 Uy LS} [ 13 ot (%] [w] W |
[4F] < V] [e] et &) o] & [ v nd ot (9] o 1]

e} £ Q > s QO of Q [51 & o [ 4 14

~ 1) ) [&] ot < 13 3 o « oref U o] ] a) Q
(@] . e} (R} hv] —t o Be) o ot 9] <4 «) kv &9 U]
(0] & o [as) o 8} [a9 Q D s (o] 13 [t J 1

(&) [»] 9] [} i ) Q Y %) ~ & Q p¥] 4] T3 Q rd Q
ol -4 ¥ 4] o I 3] e} ol g « < Q 4. W [0} O 8]
' 3 [¢] 0] [d] . o 8] 3] o ¥ (9] 9 .Q T

~ iy o} @ (9] £l > o~ 10} < Q Q £ [a¥ 4]
@) ~ I's) o) ol o, &) ] = « Y o
mn ¢ [ i <g 8 4} %] o W m ] o Kod —t
~ o [aF >~ <] (] ALl ] a9 . = i W (5] O kS 0]

&) o 18] 1 0O o o (3] Qe -

n o ) -t o » ] QU 9] ] V] o] IR =] 4
o w §d e nz o] 0 0 Q &) (5] o [=} [ ved )
@] <] ] 1) 0} I8 ] 4 0 “ J Q 1) 10} -
wny <4 (o] ~t D) « V] —l 14} wl o 0 < ) 0] —i

9] Q) o] ol ol 13 1 el 5] 4 4 o 43 Rl (U] 4]

» sl 0, ol 3 & a | s} ol Q U} 0 v rd [3)
(@] RSl Q ER] o (%] =} [a% [o} s} ] 9} 0] (7] o 9] |
Ta] e J %] Foa) el 3 Q 0 Ko 4] ] o] (3] 13 13
ol ~ %) s} o = 13 o] o fN] K Yy = Q o

oy o} ol <« Q ¢ 13 0 V] « 8 &)

@ £ i oy o Q) 4 Ln o) o] . o] [5)] gl o]

o] i — ! &n s ] U] n ) e} e} & 1] o &) Kol >~ e
el ot < (Vx N, 13 et IS} (o] o Q o] 0 9]

(9} a 9] (o} o} o e} o N (0] “ [y J} o o o &0
b L1 in "\ 9 [ Ea 3 o} REI o) J b 0 o
< G (o] K& 4 T (0] 3 £ o] el
o} 0} 4 9] 0] o ] 50 et U] ko) 4 ]
"3 5} o8 [J] ] ] o K~} e ~ o ] 3 [0} . 5]
@ . Kl ™ o] ¥ U 1) =} Uy i3 e} 3 Nl (%) v}

4 g +3 22} = o 9] W &) 3] [ 49 o) )
ks £ o 9 e o i 0o 9] o] g yom

o Ut 44 > ST V] + @ 3 D) 0 o] Y

r 9] Q 13 & o [ o 8] o N ] . £ 0

S o3 o} ~ Lt o} I 4 ) '~y Ix] <t ~ [V} [V BN .
=1 4] 1 =4 ol 0 &) —1 I+ "y O (sL)) ) Q (%)
el o) 23 )] o] 8 o 0 [N 0} o] Y} ) T
2 4 o} £ ] £ 4] =) 0 0 13 e o Uy a
o} ) o 19} (4] N3] et ol ot =] « “ %] g 3}
&1 a ¥ o - ) s} 13 ) S 3 o 13} 0 e ) —~

the cell

mpedance of

i

ne

-

ninal

b

c
[ =]

he bridge
is show

o the

bridge

he

=
15

e cell znalog became the
m of

th

d

the cell and cell analog
ot

a



o

ey

.
>

h

(L M e ey
e
[

[4ing
g
L4

tic

ge schema

id

nce br

moeda

ure 3.

[sh}
vl
s



Consider an Agl-aqueous solution interface with an a.c. signal

applied across it. The Agl surface is somewhat porous so it will consist

s illustrate
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filled with solution has an impedance Z, which we assunme
a series combination of a capacitance Cy and resistance Ry. The
impedance Zp of all pores is‘the resultant of the pore impedances con-
nected in paraliel. Hence it can be represented as a series combination
of a capacitance Cp and resistance Rp. The impedance at the flat part of
the interface consists of the double layer capacitance Cp in parallel with
its asscciated Faradaic impedance Zp. The latter consists of a series

&

combination of capacitance Cp and resistance Ry. The impedance ZS &t the

-

nterface is the resultant of the porous impedance Zo connected in

He

re

e

nt

m

arallel with the flat impedance. The circuit for the Agl interface as

o

described above is illustrated in Figure 5. Hence impedance Zg is given

B

oYy

1 1 o s 1 .
S = = W = : 8
Zs 7 DT Za ®
where
Zp = Rp ~ —— 8")
- P C.L)CP

ZF:RF-_U:‘;—CF- (S‘i)

In the following paragraphs expressioms for Cp, Rp, Cp, and Ry will be

derived.



Figure 4, Agl surface schematic
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c(o,t) = AC{x, ) ]
R ox J e =
x =0
I s e diffusion e AL o . 2 R - N
and D is the diffusion constant of Ag' ions in em™/sec. Using Fick's
second law of diffusion we have
D Cxx(x,t) = Ct(.\:,t) , x>0, £t> 0 (12>
with the conditions
C(x,0) = C, (13)
L . 1im C{x.t e C 140
im C(x,t) = C, (14)
X - ®
From Zquations 9' and 10 we find
C(o,t) - Cy = —=2 sin wt (15)
PUR
-~
t wiill be convenient to tramsform these eguations as follows.
Let U(x,t) = C{x,t) - C4
then Equations 11-15 beccme
i, =TFDUylo,g) , t>0 (11%)
D Uy (x,t) = Up(x,£) , x>0, t>0 (12%)



Eguations 11°%, 12",

<

The solution to the

Hence

v}
[
N
b

v
“
s
]

avC
( = =
U{G,s8) = vy =y
ZL 32 e w../.
in Equation 12°'' yields

D Ty (%,8) - s ©(x,s8) =0

e

“

15" upon Laplace Traansformation yicid

(it

N
o]
wn

~~
o
i

D)

.

s



(16

Y
=~
1
8]
N
N o4 s 3 =
X z + 3
3 3 @ 3
1) 0
S~ . w] - Q =}
® o (5] o4
~ o} oY) o] Lt} 5]
Q ™ i 0 (¢ .
1 ~ 3 N ~ -~ H
N 9] W I i i~ 4] 3
[aR ] - g
b 4 o ~ ~ 1 o~
Y 9] ) 3 i ~ o
(9] o™ S~ ~ N . - el
o ol nJ ()] (0] & (&} (@] 0]
=4 s \ 1
2 - 3 3 [0} ot W 4 13 -
el 3 sl ~ O ~ ]
i 4 3 “+ ~ el ] &) = -
o ) ~ b=
el o™ o~ - 0] o = 3
= n (5] - Kl
- 13 = o) 0
o o v ~ . ot 9 3
o™ o} & O ™ Y4 ~ o " ey O O
x| 0] et [N =1 ) ~ s}
m {ze § o ,n..“. £d Q =t . : o o ES e} o]
o] <, o p sl b= o
o3 4 ol 5t Comry Ty 3
o [ 1. 9] Q o]
) 5] : U4 %)
] il o4 5 5] Q
o i ol §ud o
wOv ~ ~ o C iy M_ -~ 1
0 1% '] -
A2 n ~ 1) 3 3 3
<3 “ 0 o i N o~ -
~ s o~ (U] ~ S~
) x # iy ) = el ~— ~
L 3 3 \Q o M (3] L] e = Qo [ YR ]
+ o 0 ~ il = . o] 4 ol 4 |
> e > Q $)
U4 =] ’ I8 %] 5] « 14
© 2 " " I i e | ) =
[ . 8 1
I 13 [ ~ w
o 4 G ~ ~ - It il
e 3 EN] 9] %) 0
4 o ~t ~’ s U4 Uy o
o 5] 0] o = £ Ce -4 9]
1 24
3 [oh] o
o = )
) i
e 4 3 |
9] 4 [¢] D] Y
U ] Y o o 3] 0
-t Y ) 9 ot &
o L =4 @ o =) ) “wd
fan) ) - 3 o ] n 0




30

: 2 1/2
F aC D
If = [cos wt €28 wT dT 4+ sin Wt Slan d’r.’
1/2 o
1/2
Let y = (wT) /
1/2
then dT = H—l—/-i- dy
w
At T =0,y=0andat T =¢t, y=/wt
Using the above substitutions we find
I, = cos Wt cos y© dy + sin wtj sin d
£ RTWl/z [ j o o y y

We consider the steady state condition where wt - —> % as the upper limit

in the above integrals.

Since
[ee]

I cos y dy = IM T2 = f sin y~ dy
o

o

Then 1/2

2
F aCo DW .
If' = "RT 7 cos wt + sin wt

(17

We find another expression for the Faradaic current density I; as

follows. The Faradaic capacity Cf in farads/cm2 and Faradaic resistivity

R¢ in ohm cm2 are a series combination through which current density Ie

flows. The potential drop across this combination is V.

de'
dv = Rdef + C—f—'

Then

(18)
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awa

W [cos  wt + WRCe sin  Wt] (19")
w

I¢ =

Upon equating coefficients of Equations 40 and 19' we get

2

F C
wce
— w/wb sin ¥ = £ (42)

1+ (ReCrw)?

WCp( WRgCE)

2
F"Co pvwD cos ¥ = 5 (43)
RT 1+ (ReCrw)
Dividing Equation 43 by Equation 42‘yields
cos ' ' -
= WR£C 44
sin ¥ £t A (44
From Equation 44 and 42 we get
2 .
F“C_u
C. = —2—V/D/w . 45
f RT sind / (43)

From Equations 44 and 45 we get

RT cos
Reg = ———————lé—— : (46)
cmou/ Dw

Since the pores are cylindrical with radius r, then the area Xp of a pore

of unit length is

Ap = Zvro

Then the Faradaic capacitance per unit pore length and resistance per unit

pore length can be éxpressed by
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essentially just a capacitance independent of frequency. WNote that the
Faradaic resistance is negligible here. Let us express Equation 62' in

terms of known quantities. We have

CD = 2‘rrr° A
R = —L2
2m-o T

where % is the double layer capacity in farads/cmz, p is the resistivity

of the Agl in ohm-cm and 7T is the thickness of the AgI along the pore

~wall. Hence Equation 62' becomes -
.-
1/2 :
1 o) :
RA = ~ (63)
2o | 210 %+ F2Coro ] ®
2RT ]
and
. 1/2
o - | 5 1 (64)
A o 2T[7t + FC,r, ]
T2RT |

The impedance Zp of n, pores is the resultant of the pofe impedances

P

connected in parallel. Assuming each pore has the same radius r, the

pore impedances are equal, Hence

‘Using Equations 54 and 8' we get
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1 2¢y + KNVw _
[N 2 (73)
s 2Ch + 2CpK/Vw  + KT/ w

K
B, (76)
2 1/2 2
2Cp w + 2CpK w + K

o
w
I

The Impedance of Solid Silver Iodide

Solid Agl contains Frenkel defects, i.e., Ag+ ion vacancies and Ag+
interstitials corresponding to negative and positive.charges respectively.
These points defects give rise to a space charge. For a pure crystal the
concentration of vacancy and interstitial defects are equal. However, in
practice the crystal contains impurities. Immobile cation impurities
suppress interstitial defects while immobile anion impurities suppress
.vacancy defects. Hence one of the defects is usually reduced to such low
concentrations that it can be considered insignificant. Using the
Boltzmann distribution of point defects for a crystal containing
immobile cation impurities and the Poisson equation the surface chafge

o.. in e.s.u./cm? in the crystal is

er
- 1/2 1/2
€ckIN, (©) ¥, (o) ¢ .
Oop = & o e - C(o) -
where
ch(o)
Yel0) = g

in which V (o) is the potential just inside the surface of the crystal
. v
relative to the bulk lattice, NA(m ) is the number of Ag+ ion vacancies

in the bulk lattice, and ¢, is the dielectric constant of Agl. The
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+ sign applies when VC(o)_is negative and - sign when Vg(o) is positive.
A similar expression is found for a crystal containing immobile anion
impurities. For a crystal containing completely mobile impurities the
.surface charge 0., is the same as for a pure crystal and is given in

e.s.u./cm2 by

v ‘1/2
. _[’2 €CkTNA(°°)] iy eV, (o)
er = T * 2kT
This is the same form as the charge density in the diffuse layer in solu-
tion. Here NAV(w ) will depend on the impurity content.

The capacity of the above space charge is

do,
C = — 75
c? ch(o) -5

Hence for the case of immobile cation impurities we get

/2 - Y (o)
ccr P Je NX (w) eckT e ¢ - 1

2KT 2r Y.(0) 2

fe® " - Yc(O)-l:]f/

For the case of immobile anion impurities we get -
i 1/2 =Y (o)
c_=_¢ NA(Q ) €ckT e © + 1
cr -
2kT 2T [e Yc (o) + Y (o) - 131/2

where N;(aa) is the number of Agf ion interstitials in the bulk lattice.

For the case of completely mobile impurities we get
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Table 5. Continued
) v Ry Cpx10? Kx103 c! Rg,
Exp Calc Exp Calc
-288 256 .8650 .8640 1517 1517 ,
499 .6685 .6690 1362 1362 9.211 4.497 3.624 1047
750 .5684 .5696 1290 1293
1000 .5064 .5074 1248 1251
2440 .3564 .3555 1154 1157
4944 . .2737 .2718 1109 1111
9168 2174 .2190 1085 1085
-321 256 .8810 .8808 1516 1519 9.569 4.465 4.026 1049
499 .6785 .6785 1361 1363
750 .5755 ".5764 1289 1293
1000 .5129 5127 1247 1251
2440 .3599 .3587 1153 1157
4944 .2755 2744 1109 1111
9168 .2199 .2216 1085 1085
=345 256 .9110 .9104 1523 1524 :
499 .6830 .6937 1364 1366 10.15 . 4.372 5.144 1051
750 .5865 .5864 1291 1295
1000 .5198 .5203 1249 1252
2440 .3642 .3626 1155 - 1157
4944 .2797 .2779 1110 1111
9168 .2230 .2253 1086 1086
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Table 8. The experimental capacitance and resistance values at
potential § for AgI electrode #10 in .00102N KNOj are
compared with the corresponding calculated values. The
determined values of Cp, K, C', and R, are also listed

’ : 2 5 '
) v Cy Ry Cpx10“ Kx10 c Ro
Exp Calc Exp Calc
-1 256 .7030 .7010 8140 8148 5.587 3.153 6.025 7463
499 .5220 .5228 7922 7927 '
750 4340 .4366 7820 7826
1000 .3820 .3840 7763 7766
2440 .2605 .2600 7630 7630
4944 1775 1939 7571 7562
9168 .1105 .1531 7537 7523
-25 256 - .6360 .6348 8140 8151 6.232 2.964 4.186 7441
499 .4800 4794 7914 7917
750 4010 | .4032 7800 7811
1000 . 3540 .3564 7744 7747
2440 . 2460 .2455 7606 7606
4944 .1730 .1861 7546 7536
9168 .1100 1493 7510 7497
-64 256 .5890 .5861 8140 8120 7.138 2.925 2.801 7420
499 4490 4512 7888 7885 :
750 .3800 .3835 7773 7778
1000 .3410 .3415 7715 7715
2440 . 2410 .2406 7575 7575
4944 .1710 .1858 7516 7507
9168 .1100 1517 7480 7470
-72 256 .5820 .5784 8140 8122 7.301 2.943 2.575 7428
499 4440 4474 7875 7888
750 .3770 .3813 7767 7782
1000 . .3410 .3401 7707 7719
2440 .2410 - .2407 7580 7580
4944 - ,1710 1865 7522 7513
9168 .1100 L1527 7484 7477
-105 256 5560 .5540 8140 8102 7.566 2.925 2.182 7410
' 499 .4300 . .4325 7874 7867 . :
750 .3690 .3705 7758 7762

1000 .3320 .3316 7691 7699

. 2440 .2370 .2369 7560 7560

4944 .1695 .1849 7502 7493
9168 .1100 .1523 7470 7457
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resulting from the'compression of the solveﬁt molecules by the high
eleccgical field emanating from tﬁe sufface which is bélieved to cause
the incréase also ob;e£;éd in the double layer capacity at the Hg-solution
interface at high negative potentials.

At high potentials the double layer capacity approximately equals
the Stern capacity unless specific adsorption occurs. Since the Stern
capacity is independent'of the electroiyte concentration then the double
layer capacity % values at the various electrolyte concentrations should
tend to converge at high negative pétentials. However, no such conver-
gence is obs;rved at high negative potentials. This non-convergence of
¥ indicates that speéific adsorption of K" ions occurs in this potential
range; An observation of the double layer capacity values for the Hg-NaF
solution interface based on Grahame's work show that values of % at .1IN
and .0LN electrolyte concentrations converge at high negative potentials
while the % values at .00LN fall somewhat below this convergence.

The surface charge density 0o, at'a given potential Y can be ob-

tained by integration of the % - { curve provided that d¥ = d¥ o

Since ' do, = wd P o ' (")
then by assuming ddp =aP (83)
P
\ O, = '[o ndy

The conditions under which Equation 83 is valid are found as follows.
Let ¢ denote the AgI half cell potential. That is
(p = Ec - Ecal ' (84)

Potential ¢ can be expressed by
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at high negative.potentials then this integration would yield only the
surface charge density 0, in these potential regions provided Equation 83
is valid. We will compare our results with those of other workers and
arrive at possible conclusions relative to these assumptions in this way.

Most recently Lyklema and Overbeek (8) and Agar (10) have studied the
Agl-solution interface by measuring the adsorption of the potential deter-
mining ions on a Agl surface using a titration method. By differentiation
of the surface charge-potential Y curve they purport to obtain the
differential capacitance Cp of the AgI double layer. It was assumed that
ap ~ dy o, otherwise the differentiation would not yield Cp correctly.
By setting the value of the double layer capacity x at the zero point
of charge in .00LN solutiqn of indifferent electrolyte equal to that for
the Hg-NaF solution double layer under the same conditions they obtain the
_surface aréa of the Agl and hence % at any other potential ¥ and iomnic
strength.

Plots of the differential capacity A of the AgI-KNO4 soletion
double layer vs potential ) at various ionic strengths of KNO3 as
determined by Agar are shown in Figure 12. -Lyklema's plots of « vvs4)
at various ionic strengths of KNO5 agree within 10 percent ﬁith those of
Agar's except at high negative potentials where Lyklema's values decrease
markedly While Agar's values decrease only slightly. This is in contrast
‘to our observed rise in % af high negative potentials. A rise in the
double layer capacity at the Agzs-solution interfaee at high negative
potentials has been observed by Iwasaki and DeBruyn (l4). However,

unlike our case their values do converge at the various ionic
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Table 11, The Agl double layer capacity A in microfarads/cm2 and the
Agl resistivity p, expressed as p/ @' in ohms are listed for
electrode #10 at a given potential ¥ in millivolts and
ionic strength of KNOj

. 102N KNOq . Q102N KN03 .00102N KN03
) % o/ o' | Y % o/ o' b % o/ o'
58 26.85 30.9 38 14.4 42.8 -1 6.00 58.4
32 23.8 29.6 3  13.5 | 49.5 -25 6.69 72.1
6 22.3 29.6 -11  13.7 50.5 -64 7.67 83.7°
-35 21.5  30.7 -25 14.0  52.8 -72 7.84  84.5
-61  21.2 33.6 -47  14.3  54.4 -105 8.13  88.5
-98  20.5 34.7 -69 4.4 55.2 -126 8.17 87.0

-137 20.3 "34.8 -98 14.3 55.4 -186 8.55 93.9

-181 20.1 35.9 -127 14.25 56.25 -221 8.85 99.9

-209  20.05 35.9 -184 14.1 56.2 -251 8.90 100.2

-240 20.1 36.2 -213  14.05 56.85 -286 0.25 107.7

-278  20.25 37.3 -264 14.15 58.4 ;322 9.42 120.4

=296 20.3 38.0 -288 14.3 59.0

2331 20.6  45.7 321 14.55  64.6

-363 20.6 70.9 -351 15.3 88.7
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Figure 15. Dependence of resistivity of Agl on potential (velative to potential at zero point
of charge)
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We estimate the thickness 7T of the AgIl wall in the pore to be

TR 10°% cn
Hence

o' X 8 x 105 —p_
Ap

Using Table 9 we get for each electrode
o'#9 =~ 1.2 x-lO4 cm
a'#10 = .60 x 10% cm
o'#11 & .20 x 10% cm
We can estimate the value of p for an electrode aé follows.
Consider the value éf p/ o' for electrode #9 at p = -11 in .OLN KNO3

from Table 10. Using the above estimated value of @' for electrode #9 .

we get
o#9 = 4.1 x 10° ohm-cm at ¥ = -11 in .OIN KNO,
Similarly
p#10 = 3.0 x 10° ohm-cm at $ = -11 for .OIN KNO4
o#11 = 5.6 x 10* ohm-cm at ¥ = -9 for .OLN KNO3
2
Note that we have assumed 7'/ro has the same magnitude for each

electrode. This assumption can at best be an approximation. The
conductivity of Agl pellets at compressed pressures was studied recently
by J. N. Mrgudich (15)." He determined conductivity values of the order
107% to 10‘-5 ohm‘lcm-l: The conductivity will partly depend on the
'impurity content of the §pecimen. Hence, the above magnitude and varia-

tion of resistivity among the various electrodes are reasonable.

v
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The resistance R' of a Agl electrode can be estimated as follows.

The solution resistance Rg,] 1s expressed by

Rsol = Kgo1 Psoi ' (87)

where Pso1 18 the resistivity of the solution and Ky 41 is the geometric
proportionality constant in em™ L. Throughout the experi@ental potential
range the concentrations of Ag+ and I~ are much less than that of the

electrolyte KNO;. Hence the solution resistivity is simply the electro-
l}te resistivity. The values of the resistivity of aqueous KNO3 at 25°C

at a given ionic strength are listed in Table 13. They were obtained from. -

Table 13. The values of the edquivalent conductance in cm? /ohm equivalent
and resistivity pgol in ohm-cm for KNO3 at 25°C in water at
various concentrations N in equivalents/liter

N A Psol
:00102 141.8 . 6916
.010290 132.8 738.6
. 10200 120.4 8l.4

the American Institute of Physics Handbook (1l6). Using Equation 87 in

Equation 81 we get
Ro = R'+ Kgo1 Psol (88)

Since we observe that Agl resistivity p increases with decreasing ionic

strength in the potential range studied then R' should vary similarly.
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However, we can consider R' to be constant as an approximation for the
ionic strengths studied. Hence a plot of the Ry, vs pgo1 1s approximately
linear with an intercepﬁ approximately R'. A two point plot of Ry vs
Psol for electrodes #é and #10 using data at .1N and .QLN solution was
made. We determine

R' X 26 ohms for electrode #9

R' & 29 ohms for electrode #10

The effective thickness of Agl on the electrode can be estimated once
Rf is estimated. We have
eT

RI = T eff (77)
e

Using the above estimated values of p and R' and Table 1 we get

Teff =~ 2.4 x 1070 cm for electrode #9

N

T eff 3.5 x 1076 cm for electrode #10

Comparing these values with the thickness T e of Agi we find

T .

7.eff ~ .70 x 1072 for electrode #9
e

Tef - .

- eff ‘"~ .80 x 10 2 for electrode #10
e

These small ratios indicate that very deep pores occur and explain why
the resistance R' in Agl is small compared to the electrolyte resistance

for the electrolyte concentrations studied.
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The Capacitance C' of Sclid Silver Iodide

Plots of the equivalent capacitance C' of Agl vs potential ¥ for
the various electrodes are shown in Figures 16 - 18.

The observed rise in capacitance C' at pésitive potentials and very
high negative potentials suggests that capacitance C' is approximately a
diffuse capacitance with mobile impurities as given by Equation 75'.
Note that C' should be plotted vs V (o), the potential just inside the
crystal surface relative to the crystal bulk, rather than potential ¥ .
The potential ét which the minimum of capacitance C' occurs is about ¥
= =240 millivolts for electrodes #9‘and #10 at the various electrolyte
concentrations. The potential at which the 'minimum of capacitance C'
bccurs for electrode #11 cannot bé detected with accuracy but is in the
range between ¥ = -240 millivolts and Y = -280 miilivolté._ A
comparison of the C' and Cp values for a given electrode shows that the
former is large compared to the latter.

Since capacitance C' chénges rapidly aropnd the zero point of charge
so also must tﬂe pétential Vcto). This is also the case at very high
negative potentials (|¥| > 300 mv). The observed slight variation of
capacitance C' between ¥ = -100 mv and ¢ = -300 mv indicates‘that_
potential V_(o) does likewise in this region.

For studies of the impedance of solid Ag cl and solid Ag Br see

references 17 and 18 respectively.



Figure 16. Dependence of equivalent series capacitance of solid Agl on potential (relative
to potential at zero point of charge)
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Figure 17. Dependence of equivalent series capacitance of solid AgI on potential (relative
to potential at zero point of charge)
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Figure 18. Dependence of equivalent series capacitance of solid AgI on potential (relative
to potential at zero point of charge)
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SUMMARY

An impedance bridge was used to determine the equivalent series
capacitance Cy and resistance Ry for the AgI-aqueous solution system. £&n
Agl electrode in contact Qith an aqueous potassium nitrate solution
containing a very dilute concentration of‘Ag+.and 1~ ions served as the
system. A cell potential range of about 420 millivolts was used at KNO4
concentrations of .1N, .OlN, and .00LN. The Cy and Ry values at a given
potential and electrolyte concentration were determined in a frequency

range from 256 cycles per second to 9,168 cycles per second. Several

M)

electrodes of varying Agl thickness were studied to check the consistency
of the results. An electrical analog circuit was proposed for the inter-

face which was consistent with known »roperties of this interface and

which adequately represented the dependence of Cy and Ry on frequency and
potential over the ranges of frequency and potential studied.

It has been shown that the frequency dependénces of both Cy and Ry
are due to distributed capacitances in the pores of AgI. This effect can
be described by tapered RC transmission lines connected in paréllel. The
équivalent capacitance and resistance of one line represents the impedance
in one pore. The equivalent capacitance Cp and resistance Rp of the
parallel transmission lines is in parallel with the différent’ial
caepacitance Cp of the double layer associated with the £flat portion of
the 4gl. The resulting impedance is in series with both the series
equivalent capacitance C' and resistance R' of solid AgI and the solution

resistance. Capacitance C' arises from space charges of defects in the

Agl.
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By setting the value of the Agl double layer capacity equal to that
for the mercury-sodium fluoride solution interface at the zero point of
charge at .00LN solution the arvea of the flat portion of the Agl
electrode is determined, and hence the AgI double layer capacity at any
pot;ntial and electrolyte concentration. This was the goal of our
research. We find that the double cépacity values agree very well with
those of Agar around the zero'point of charge at various electrolyte

concentrations. Whereas his values decrease slightly at high negative

potentials we observe increased values in this potential range.
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SUGGESTIONS FOR FUTURE WORK

An investigation may be undertaken to use various electrolytes so
that differences in the Agl double layer capacity can be determined.’
Such differences would occur in the Stern layer for ioms of the same
valence. Such work has been done by J. Lyklema (9) by the titration
method. He observed that the double layer capacity varied somewhat in
the negative potential region for various cations.

An inveétigation with the use of an organic solvent may be under-
taken. The Stefn capacity should change from that with water as the
solvent due to differences in dielectric constant. The dielectric
constant in the Stefn‘layer has been estiméted to range between 4 and 10

actor of 8 from

Hh

with water as the solvent and hence a drop by at least a
bulk conditiocns.
The effect of different methods of preparing the Agl electrode may
also be studied.
T A study ﬁsing an_electfolyte concentration of 1IN sﬁould be tr;ed.
A significant difference between those values and those at .1N would
indicate that specific adsorption occurs. The very small electroiyte

resistance in this case would also permit 2 more accurate measurement of

the Agl resistance.
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