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The influence of the double layer structure ou the kinetics of electrode processes is discussed for simple processes without
and with specific adsorption of electrolyte and for processes with coupled chemical reaction. Interpretation of processes
without chemical reaction rests on two fundamental ideas advanced by Frumkin and studied in detail by him and his
school: (a) the double layer structure influences the effective difference of potential which favors the forward electrochernical
reaction and hinders the backward reaction; (b) the effective concentrations of reactants, particularly for ions, are different
from the bulk concentrations because of the double layer structure. Frumkin’s quantitative treatment for processes without
adsorption is discussed and additional equations are given in Appendix for fast processes. Application is made to reduction
of iodate ion on mercury in alkaline solution. The analysis of processes with specific adsorption of electrolyte is based on
Ershler’s model of the double layer and on Grahame’s treatment for the differences of poteutials between inner and outer
Helmbholtz planes and solution. It is shown that interpretation of the salt effect based upon the shift of the point of zero
charge is open to question. Application is made to the reduction of nitromethane ou mercury in acidic iodide medium.
The effect of iodide on current—potential characteristics is essentially accounted for by variation of the difference of potential
between the inner Helmholtz plane and solution. The salt effect for processes with a coupled cheniical reaction is explained
by variation of the concentrations of reactants in the reaction layer. A pproximate correction is possible when the thickness
of the reaction layer is small in comparison with that of the double layer. Results are given for the current-step method
and are applied to the discharge of Cd(CN),~~ on mercury. Implications are discussed: shift of half-wave potentials for
irreversible polarographic waves, distortion of log 7 vs. E diagrams in kinetics and correction of transfer coefficients and
exchange currents, inadvisability of control of ionic strength for -z’ electrolytes; effect of foreignu electrolytes ou the dis-

charge of certain complex ions.

The structure of the double layer is of impor-
tance in electrochemical kinetics for at least two
reasons. (a) It influences the effective difference
of potentials which favors and hinders the electro-
chemical reaction. (b) The effective concentra-
tions of reacting species, particularly in the case of
ions, are different from the “bulk” concentrations
because of the double layer structure; and the rate
of the electrode reaction is affected accordingly.
The study of these two effects was progressively de-
veloped by Frumkin and his school mostly for the
reduction of hydrogen ions,®~1 the electrolytic
oxidation of hydrogen,!! the reduction of anions!*="
and the reduction of oxygen.!8—1

A few other authors applied these ideas. Bock-
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ris® and de Béthune?! used them in investigations
of hydrogen overvoltage. Lothe and Rogers?? cor-
related the shifts of the point of zero charge and the
half-wave potential for irreversible processes upon
addition of a specifically adsorbed -electrolyte.
Gerischer? pointed out the necessity of correction
for the double layer structure in a.c. electrolysis.
Bigwood and Gierst?* took into account double
layer effects in a detailed polarographic study of the
reduction of chromate ion. In a very recent thesis,
which was received after corupletion of this work,
Gierst® investigated the influence of the double
layer structure on several polarographic and related
processes.

Electrostatic influences in electrochemical kinet-
ics were invoked by several investigators: Hey-
rovsky,® Krjukova,? Randles,® Laitinen and On-
stott® (see also related papers® =52},

Two cases can be distinguished in double layer
effects according to whether or not tlhere is specific
adsorption. Furthermore, the electrochemical re-
action can be preceded or followed by chemical re-
actions. Only simple electrode processes without
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kinetic complications in the absence of specific ad-
sorption were considered in detail by previous in-
vestigators except for Gierst® who also studied
processes with coupled chemical reactions. Dif-
ferent possible processes will be discussed.

Simple Electrode Processes without Specific Ad-
sorption

Fundamentals, Current-Potential Characteris-

tics.—The following treatment, which is not our

original contribution, is given because a simple and

general discussion is not readily available. The

model of Fig. 1A for the double layer is satisfactory
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Fig. 1.—Models for the double layer at a metal-electrolyte
interface: A, withiout specific adsorption; B, with specific
adsorption.

in the absence of specific adsorption. The double
layer is composed to two parts: the diffuse double
layer and the Helmholtz double layer between the
metal and the plane of closest approach. The
structure of the double layer has an influence on
the current—potential characteristic for an elec-
trode process involving a single rate-determining
step for two reasons: (a) the effective cgncentra-
tions of reacting species must be taken in the plane
of closest approach, and (b) the differences of poten-
tials,®® ¢u — ¢s, must be subtracted from the elec-
trode potential. Cathodic reactions involving a
rate-determining step with #za electrons will be
considered because fundamental results can be ex-
pressed with a minimum of algebra. The more
complicated case of fast reactions is treated in the
Appendix. Thus, one has for the cathodic current
density (a similar equation can be written for the
backward reaction)

i = kEC* exp l:_ Cl”aFE_] I:CfnaF(¢H — ¢s) @

where k is a proportionality constant, C* is the
concentration of reactant in the Helmholtz plane,
« the transfer coefficient, E the usual electrode po-
tential (European convention) and R, 7" and F
have their usual significance.

Note that the potential E is not referred to the
point of zero charge E: in eq. 1. In the absence of
specific adsorption E. is independent of the elec-
trolyte concentration and the introduction of E,
offers no particular advantage. In the case of
specific adsorption, the current still varies expo-
nentially with potential as a first approximation but

(33) The difference ¢35 — ¢g is noted as ¢ in the Russian literature,
and the electrode potential or the difference between the electrode
potential and the potential at the point of zero charge are designated by
@. These notations are not used here because ¢ and ¢ (not ¢) generally
designate outer and inner potentials, respectively.
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eq. 1 is not applicable, and an interpretation based
on the shift of the point of zero charge with elec-
trolyte concentration may be open to question as
will be pointed out below.

For an ion of valence g, the concentration C* of
reactants in the Helinholtz plane is

2F(dn — ¢s) @)

= —
C—csexp[ BT

where g is taken with its sign and Cs is the concen-
tration outside the double laver (more rigorously
in the region of solution where variations of con-
centration due to the double layer structure be-
come negligible). If the reactant is a neutral
species which is not adsorbed one has approximately
C* ~ (s. Variations of the concentration of a
neutral substance resulting from the electrical
field in the double layer could be treated, in prin-
ciple, on a thermodynamic basis,?* the electrical
field strength being calculated from double layer
theory. This effect will not be considered here.

It follows from eq. 1 and 2 that, at constant cur-
rent density, the shift AE in electrode potential
corresponding to a change A(¢u — ¢s) is

AE = 1M 2 8) f(yr ) 3)

g

if ¢is constant. If 3 = 0, AE = A{¢u — ¢s), and
the change of potential is entirely caused by varia-
tion of the difference of potentials across the diffuse
double layer. Equation 3 holds regardless of the
cause of the change in ¢m — ¢s. For instance,
¢u — ¢és can be changed by addition of a foreign
electrolyte which is not reduced or oxidized in the
range of potentials being considered.

If « varies, one has at constant current density

(eE — &’'Eng = (an, — 3)(¢n — ¢s)E —
(a'na — 2) (¢ — d8)e’ (4

and the shift of potential readily is obtained.

Equations 3 and 4 also give the shift of half-wave
potential for irreversible polarographic waves pro-
vided that the diffusion current does not vary ap-
preciably (constant current density at Ei,) upon
variation of the electrolyte concentration.

Calculation of (¢u — ¢s).—The difference
(¢pu — ¢s) is such that the sum of the charges on the
metal and in the diffuse double laver is equal to
zero (see Frumkin).”® Thus

Ki[(E — E.) — (¢m — ¢9)] =

iéRzTEEC,[ ( anF(¢H—¢s> 1]

where Kj is the integral capacity of the Helm-
holtz double layer, E, the electrode potential at the
point of zero charge, e the dielectric constant® (as-
sumed to be constant in the double layer), and G
the bulk concentration of ion i of valence z (with
its sign) in moles cm. 3. The right-hand member
in eq. 3 is taken from the classical Gouy~-Chapman
theory.

(34) E. A. Guggenheim, '‘Thermodynamics,” 3rd Ed., Interscience
Publishers, Inc., New York, N. Y, 1957, pp. 410-410.

(35) Saturation of the dielectric can be neglected as a first approxi-
mation.

(36) (a) For a review see, for instance, D. C. Grahame, Chem. Revs.,
41, 441 (1947); (b) also, R, Parsons, Chap. 3 in ref. 21, pp. 144148,
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If only z—z electrolytes are present, eq. 5 reduces
to
K((E — E) — (¢n — ¢8)] =
2RTeCi\ /2 |g] Flog — ¢s)

( x ) sinh [_ 2RT ©)
where |z| is now taken in absolute value, and Ct
is the sum of the electrolyte concentrations,

Variations of ¢u — ¢gs with E — E, are shown
in Fig. 2 for different molar concentrations of a 1-1
electrolyte and for the constant value, K; = 20
microfarads, cm.~% (K; actually varies some-
what with E in the range considered.) A similar
diagram is given by Frumkin, et al.¥

-2
(v},

E-E,
Fig. 2.-—Variations of ¢g — ¢s with E — E, for different

molar concentration of a 1-1 electrolyte, See data in text.

It is seen from Fig. 2 that one can easily change
(¢ — ¢s) by 0.1 volt by variation of the electrolyte
concentration, and consequently the change AE of
eq. 3 can be quite pronounced.

When |¢u — ¢s| << |E — E.|, t.e,, at poten-
tials not near the point of zero charge, and |¢u —
¢s| > 0.05 volt, eq. 6 yields approximately for a
given E

¢g — ¢3 = == RT In C¢ + constant €8}
2| F
where the constant can be written in an explicit
form from eq. 6, and the positive and negative signs
hold, respectively, for the cathodic and anodic
ranges of potential as referred to the point of zero
charge. Equation 7 is useful because it readily
gives the dependence of ¢u — ¢s on (i, but the
more rigorous eq. 6 (or eq. 5 for z—g’ electrolytes)
must generally be applied.

Experimental Study for the Reduction of Iodate Ion.—
Iodate ion is reduced in alkaline solution (#H > 12) on mer-
cury at potentials (for a given current density) which are
independent of pH. At 10-5-10~¢ amp. cm.~? potentials
are in therange —1.0 to —1.2 volts (vs. S.C.E.), 7.e., outside
the range of specific adsorption of the anions I~, I0;~, OH .
The effect of electrolytes on the reduction of iodate was
previously studied in this Laboratory under polarographic
conditions by application of the treatment of irreversible
waves.® Results were explained on the assumption that
cations reduce the electrostatic repulsion of iodate ions by
the electrode.

(37) Ref. 19, p. 17.
(38) P. Delahay and C. C. Mattax, THIS JOURNAL, 76, 5314 (1954).
See ref, therein for the polarography of iodate.
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Fig, 3.—E versus log 4 plot for the reduction of 5 X 10~3
M K10z in 2 X 10~2 M KOH with varying molar conceii-
trations of KCl at 30°.

Linear plots of E versus log ¢ (¢, instantaneous current at
the end of drop life) were obtained (Fig. 3) with a dropping
mercury electrode in the absence of practically any conceu-
tration polarization (¢ < 0.014q). Plots of log ¢ vs. E were
shifted toward less negative potentials upon the addition of
potassium chloride. The product, an. = 0.81, was inde-
pendent of electrolyte concentration and in good agreement
with the value, an, = 0.77 =+ 0.02, previously obtained by
polarography. Similar results were obtained with lithium
chloride and potassiuni sulfate.

Experimental and calculated shifts are compared in
Table I. The agreement is good for potassium and lithium
chloride but not entirely satisfactory for potassium sulfate.
Anyhow, it is concluded that changes in the double layer
structure upon the addition of electrolyte essentially account
for the salt effect in the reduction of iodate on mercury in
alkaline media.

Approximate valites of the shift AE calculated from eq. 7
are also listed in Table I to indicate the approximation
achieved by this equation, especially for large changes in
electrolyte concentration. It was assumed in this calcu-
lation that the constant of eq. 7 is independent of potential
over the interval AE .

Data used in these computations and not previously
quoted were as follows: T = 303.1; ¢ = 79. The integral
capacity K; hardly varied between —1.0 and —1.2 volts
(ws. S.C.E.), and consequently the Ki’s at —1.1 volts
(vs. S.C.E.) were used. The following values in uits,
microfarads. cm.~2, were determined and additional ones
were interpolated. For KCI series: 16.4 (no KCl added),

16.7 (0.02 M KCI), 19.6 (0.6 M KCl). For LiCl: 16.0
(no LiCl added), 16.6 (0.02 M), 20.4 (0.5 M). For KySO,:
16.5 (10 K.SO, added), 17 (0.02 M), 18.8 (0.5 M). The

point of zero charge in the absence of specific adsorption,
E, = —0.45 volt versus S.C.E., was used in all calculations.
The shift AEcaica. varies only by afew millivolts even when
E; is changed by as much as 0.05 volt.

Liquid junction potentials were quite negligible. For
Kl series: —2.5 mv. without addition of KCl; —1.1 mv,
for the 0.5 M KCI solution. For the Ky80, series: —+3.9

mv. for the 0.5 M solittion. No evaluation was made for
LiCl. The minus sign indicates that the liquid junction
potential was positive from the reference electrode to the
dropping mercury electrode.

Simple Electrode Process with Specific Adsorption

Fundamentals.—The following discussion is
based on a model of the double layer (Fig. 1B) with
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inner and outer Helmholtz planes (for review see
ref. 36). The inner plane is the locus of adsorbed
ions. The outer plane corresponds to the closest
approach to the electrode outside the range of ad-
sorption forces. As in the case of no specific ad-
sorption, corrections in the rate equation should be
made for the concentration of the reducible (or
oxidizable) species and for the effective difference
of potentials. However, two difficulties arise:
(a) The plane for which the difference of inner po-
tentials, ¢ — ¢s, is needed must be properly se-
lected; (b) the corresponding difference of poten-
tials cannot be calculated directly by the Gouy-
Chapman theory.

If the substance being reduced or oxidized is an
anion, which is adsorbed much in the same way as
the anion of the foreign electrolyte, interpretation
may quite safely rest on the difference ¢i — ¢s.
Iu other cases an a prior: choice of ¢ — ¢s is not
possible, The magnitude of the effect of a foreign
electrolyte on kinetic parameters, however, may
give an indication of the difference ¢ — ¢s which
must be considered.

Variations of ¢ — ¢s upon addition of electrolyte
cannot be simply equated to the shift of the point
of zero charge. It is possible that in some cases
the shift of the line E vs. log ¢ for the reduction or
oxidation of an uncharged particle is approximately
equal to the shift of the point of zero charge, but
this conclusion cannot be drawn a priori. In this
respect, it should be noted that the relation,
A — ¢g) = AFE,, does not hold, E, being the point
of zero charge. This equality which was thought
valid, leads to an incorrect dependence of the point
of zero charge on the activity of electrolyte.® -2
This is the reason why the point of zero charge is
not introduced in eq. 1.

A method for the evaluation of ¢ — ¢s and ¢o
— ¢s was reported recently by Grahame? by ex-
tension of ideas first developed by Esin and Shikov#
and improved by Ershler.#* The analysis takes
into account the discreteness of adsorbed ions ar-
ranged in a hexagonal array. Grahame applied
the treatment to potassium iodide at concentra-
tions between 0.025 and 1 A/ (see Fig. 4 for some
of his results). By the use of such data it is pos-
sible to interpret, to a certain extent, the effect of
electrolytes on the kinetics of electrode reactions
as will now be shown.

The following interpretation is not complicated
by variation of the electrode coverage for the ad-
sorbed anion because, as pointed out by Ershler,*!
this coverage is relatively small (< 0.2) even for
high electrolyte concentrations. Hence, the con-
centration C* in eq. 1 for @ newtral species is essen-
tially independent of the coverage for the spe-
cifically adsorbed anion.

Experimental Study for the Reduction of Nitromethane.—

The effect of iodide ion on the kinetics of the reduction of
nitromethane was studied under polarographic conditions.

(39) O. A. Esin and B. F. Markov, Acta Physicochim. {7.R.8.S., 10,
236 (1943).

(40) O, A. Bsin and V. M. Shikov, Zahur. fiz. Khim., 17, 236 (1943),

41) B. V. Ershler, ibid.. 20, 679 (1946).

(42) Review of R. Parsons, ref. 21, pp. 159~111.

(43% DD, C. (rahame, Technical Reports to the Office of Naval
Research, Nos. 1 and 5 (second series), Contract N-onr-2309 (17, 1957;
Z  Elektrochem., 82, 264 (1958).
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Nitroniethane was selected for tlie following reasons: (a)
its polarography has been studied¢; (b) it is reduced in
acid solution at potentials for whiclh valites of ¢; — ¢g and
¢o — ¢g are given by Grahatne; (c) nitromethane does not
affect, within experimental error, the electrocapillary curve
of iodide and consequently it is not strongly adsorbed on
mercury; (d) the solubility of nitromethane in water is
sufficiently high.

Irreversible waves for nitromethane were analvzed by
the Koutecky method.®¥ Results were expressed in terms
of a global rate constant 2’ defined by ¢ = k’Cg, Cs beiug
the concentration of nitromethane outside the double layer
(compare with eqs. 1 and 2).

Values of g’ 7/2/ DYz (r drop time, D diffusion coefficient
of nitromethane) were directly deduced from the ratio ¢/44
of the instantaneous current at the end of drop life to the
instantaneous diffusion current, and the corresponding
(B’)’s were then calculated (r = 4.2 sec., within 5%, along
the wave; D = 1.66 X 107% cm. %sec.”!, practically inde-
pendent of the iodide concentration). The rather linear
plots of log &’ vs. E which were obtained (Fig. 5) were
shifted toward more catliodic potentials upon the addition
of iodide. This shift is in the opposite direction of the onc
observed for tlie reduction of iodate upon the addition of
electrolyte (Fig. 3). The slope of the lines in Fig. 5 varied
somewhat with the iodide concentration, and consequently
the experimental shift AE.x; between the 0.1 i/ line and
any other one depends on the value of 2’. Comparison for
k’ = 10728 cm.sec.”!, 7.e., in the middle of the range in
Fig. 5, was made between AE.., and A(po — og), Alpi —
¢s), and the shift AE, of the point of zero charge. Values of
Aldo — ¢g), Aldi — ¢g) and AEexp are hardly different from
those in Fig. 6 if the extreme values of £’ in Fig. 5 are used.
The liquid junction potential was evaluated at 2.2 mv. for
0.1 M KI and 0.7 mv. for 1 3 KI, the significance of sign
being the same as for the case of iodate.

It is seen from Fig. 6 that AEey, is not very different froni
A(p; — ¢g) and that AE.«, is in complete disagreement with
Alpy — ¢g) (even the wrong sign) and AE,. Thus, the cor-
rection of the electrode potential for A(¢; — ¢ég) essentially
accounts for the effect of the double layer in this particular
case. An interpretation based on the shift of the point of
zero charge would lead to values of AE.., which are much too
large.

A word of caution is in order in the interpretation of the
above results. Firstly, values of A(¢p; — ¢g) and A(¢o — o)
calculated by Grahame*? cannot be verified directly by ex-
periment (althongh conclusions derived from these calcula-
tions are verified experimentally). Secondly, the kinetics
of tlie nitromethane reduction were interpreted in a formal
mauner on the assuwmption that the reduction rate is pro-
portional to the nitromethane concentration. This rela-
tion leads to a linear plot of log %2’ vs. E (Fig. 5) which is
essentially obeved experimentally but, nevertheless, tlere
may be kinetic complications.

Electrode Processes with Coupled Chemical Reac-
tion

We consider processes in which the electro-
chemical reaction is preceded or followed by a
chemical reaction.® The double layer structure
has not been considered in previous analysis of
such processes, and particles have been treated as
points. Thus, it has generally been assumed that
concentrations are independent of the distance
from the electrode before electrolysis. Modifica-
tions of existing theories would be very involved if
the double laver structure were rigorously taken
into account. However, a simple interpretation
which accounts for experimental data obtained so
far can be developed on the assumption that the
double layer thickness is either small or large in

(44) F. Petru, Collection Czechoslovak Chem. 12, 620
(1947,

(43) J. Koutecky, ibid., 18, 597 (1953).

(46) For a review see for instance P. Delahay, ““New Instrumental
Methods in Electrochemistry,”” Interscience Publishers, New York,
N. Y., 1934,

Conimuns.,
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Fig. 4.—Differences of potentials in the double layer in the
case of specific adsorption. Data for 25° and for mercury
and potassium iodide at different molar concentrations
according to Grahame.*®

T T

-2.5

LoG ',

I -

-0.80

POTENTIAL (V. VS. N.CE.),

-0.75

Fig. 5.—Analysis of nitromethane polarographic waves
obtained at 25°. Solution composition: 1.2 X 1073 M
nitromethane, 2.1 X 10-2 A/ HI, and varying amounts of KI
to make up the total molar iodide concentration indicated
in each line.

comparison with the reaction layer thickness. In
the first case the double layer structure is quite
unimportant; in the second case there is a definite
effect of the double layer. A similar approach was
developed independently by Gierst.? The simple
approach will be discussed for the particular proc-
essZ e O -+ #, e = Rin which Z is not reduced or
oxidized, but the analysis can be
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Fig. 6.—Effects of iodide on the kinetics of the nitro-
methane reduction and certain properties of the double
layer. See data and notations in text.
constant for this reaction; and r4 the transition
time that would be measured if Z were reduced di-
rectly, all other conditions being the same. The
product 4742 is independent of current density.
It follows from eq. 8 that a plot of 4r¢"/* against J
is linear. The formal rate constants kr and A, can
be deduced from this plot provided that K is known.

The reaction layer thickness for the above proc-
ess is u = DV/ky'/s, D being the common value
of the diffusion coefficients for Z and O (assumed
to be equal). For example, p = 2 X 10~ cm. for
D =5 X 107% cm.? sec.”! and A 108 sec.™.
The thickness of the diffuse double layer is some-
what larger than this value of u, at least for fairly
dilute electrolytes. In the absence of specific ad-
sorption, one can then assume, as a first approxi-
mation, that the reaction Z = O occurs mostly in a
layer in which concentrations of ions can be cor-
rected on the basis of eq. 2. The salt effect on the
kinetics of the reaction proper (variation of activi-
ties) is neglected in such a correction. In the
case of specific adsorption, correction is more deli-
cate because of the difficulty in the selection of the
proper value of ¢ — ¢s (see above).

By noting that the formal #’sin eq. 8 are the prod-
ucts of rate constants k2’ by the exponential fac-
tor in eq. 2, one obtains for the slope of the ¢7'/
versus 1 line

transposed to other types of re- ¢ = —
actions. Only resultsfor the cur-
rent-stepmethod will be discussed
because of their direct verification from existing
data, Extension to the potential-step method and
to polarography is immediate.

The transition time 7 for the process Z =2 O
+ n, e = R under the usual conditions of the cur-
rent-step method is such that ¥

/2

SK(k: + F)i/s °

where k; and k, are the formal rate constants for
Z =2 Q; iis the current density; K the equilibrium

(47) P. Delahay and T. Berzins, TrHIs JoUrRNAL, T8, 2486 (1953).

2K 3k,f exp [

®

i‘rkl/z = {rq"/ —

©

al/e
_ ZZF(¢;I€T— ¢s)] + By exp [:_
where 3z and zo are the valences of ions Z and O
with their sign, respectively. When K << 1, the
term is k't can be neglected.

A similar equation can be written for a pseudo-
first-order process Z + Y=20 + #n,e = Rwhen Y
is present in large excess and is not reduced or
oxidized. The foregoing correction can also be ap-
plied to the plot of i4#'/* versus ia (44, diffusion cur-
rents) used by Ruetschi®® for the study of kinetic
currents in polarography.

zoF(dm — og)7]] /2
RT i

(48) P. Ruetschi, Z. physik. Chem., N.F., 8, 323 (1955).
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The correction for the double layer structure de-
pends on the valence of the species that are in-
volved, Thus, the corrective terms cancel out for
the pseudo-first-order dissociation of a weak acid in
presence of a large excess of anion,

The validity of the above correction was verified for the
discharge of CA(CN),~~ in presence of a large excess of
cyanide, The following iuterpretations of the discharge
of this ion have been given. Gierst and Juliard® inferred
on the basis of plots of i7"/t against ¢ that the discharge of
Cd(CN)s~~ ou cadmium amalgam is preceded by a chemical
reaction. Gerischer® identified this reactiou as Cd(CN)y~~
= Cd(CN);=~ 4 CN~ and calculated the corresponding
rate constaits (large excess of CN ™) by application of eq. 8.
Polarographic studies based on the sante general interpreta-
tion were reported recently by Koryta.s! Gierst?? also ex-
pressed the idea that the /2 versus 7 plots could be inter-
preted on the basis of electrostatic repulsions mucli in the
same way as the redunction of certain anions (S,05~ ).
Randles? in a recent brief abstract seems to agree with this
view. Very recently Gierst? reached the same conclusion
we did,® namely, that experimental observations are ac-
counted for by dissociation to CA(CN);~ but that a correc-
tion for the double layer structure niust be introduced,

In view of Gierst’s recent publication? details will not
be given here. It suffices to note that by writing the slope
for the pseudo-first-order dissociation of Cd(CN);~~ and
by making the correction® of eq. 2, éH — ¢s bemg taken from
eq. 7, one can show that 1//8]. fora given potassium cyanide
concentration, is proportional to the total concentration of
cvanlde and the added 1-1 foreign electrolyte. This rela-
tion is verified for the data of Gierst and Juliard.* Equa-
tion 7 is approximate, and a niore refined calculation based
on eq. 5 is possible, However, the model used in the cor-
rection hardly justifies this reﬁnenlent.

Because of the relative uncertainty about concentrations
in the reaction layer, caution is in order in the quotation of
rate constants for dissociation of Cd(CN)s~~ into CAd(CN);~

Implications and Conclusions

In the absence of specific adsorption and com-
plexation, the effect of foreign electrolytes on the
kinetics of electrode reactions seems to be pri-
marily due to variations in the structure of the
double layer. Agreement between theory and
experiment is good.

Interpretation of the salt effect is more uncertain
in the case of specific adsorption, but the order of
magnitude of the effect can be interpreted on the
basis of the Ershler model of the double layer. A
simple interpretation based on the shift of the point
of zero charge upon addition of a specifically ad-
sorbed electrolyte is probably open to question in
most cases.

Generalization of the results reported here sug-
gests that Frumkin’s interpretation of the salt
effect in overvoltage phenomena can be extended to
processes with specific adsorp-
tion. Thus, for processes
without or with specific ad- ¢ = nF
sorption the effective difference
of potentialwhich favorsand/or
hinders the electrode reaction is obtained by subtract-
ing from the expertmental electrode potential the differ-

(49) L. Gierst and A. Juliard, Proc. Intern. Cownm., Thermodynant.
and Kinet., 2nd meeting, Tamburini, Milan, 1950, pp. 117; J. Phys.
Chem., 87, 701 (1953).

(50) H. Gerischer, Z. physik. Chem., N.F., 2, 79 (1954).

(51) J. Koryta, Z. Elektrochem., 61, 423 (1957).

(52) L. Gierst, ¢bid., 89, 784 (1953).

(53) J. E. B. Randles, Trans. Faraday Soc., 53, 1527 (1957).

(34) P. Delahay and C. Weis, paper presented at the national meet-
ing, Electrochemical Society, New York, N. V., April, 1938; see booklet
of extended abstracts.

(55) This method of correction is permissible since u is small enough.
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ence of potential between the plane of closest approach
and solution. In the absence of specific adsorption,
the plaue of closest approach is the Helmholtz plane;
in the case of specific adsorption the plane of closest
approach is the inner Helmholtz plane. This gen-
eralization is merely suggested since it rests so far
on detailed analysis of a single case.

The established practice of controlling the ionic
strength, which is inspired from the theory of elec-
trolytes, does not seem justified in electrochemical
kinetics. One should rather control the valence z
and tlie concentration of foreign electrolyte (pref-
erably only omne electrolyte). This point should be
kept in mind in the preparation of buffers. Double
layer effects are minimized when concentrated
electrolytes (1 3 for 1-1 electrolytes) are used.

The differences of potentials across the diffuse
double layer and between inner and outer Helm-
holtz planes vary with the electrode potential, and
consequently plots of log ¢ versus E are distorted.
Distortion should be particularly pronounced in
the vicinity of the point of zero charge (Fig. 2) for
low concentrations of electrolyte (< 0.1 ). Ex-
change currents and values of an. should he cort-
rected accordingly.

Application of these ideas is suggested to the
interpretation of the many empirical studies of the
shift of half-wave potentials for irreversible polaro-
graphic waves upon addition of foreign electro-
lytes.® Another application would be the study of
the effect of foreign electrolytes on the exchange
current for fast electrode processes as determined
by relaxation methods (see Appendix). In the dis-
charge of certain metal ions it might be possible to
separate the double layer effect from the influence
of complexation upon addition of electrolyte.

Experimental

Experiniental methods followed conveutional practice.
Current-potential curves were recorded with a Sargent
polarograpli model XXI, the pen-and-ink recorder of which
had been replaced by a faster recorder (1.2 seconds full
scale). Currents were measured at the end of drop life.
Temperature was within =0.1°, Differential capacities
of the double layer were measured with the bridge pre-
viously described.’ The bridge was balanced at the end
of drop life.

Acknowledgment.—The support of the Office of
Naval Research is gratefully acknowledged.

Appendix

Exchange Current in the Absence of Specific Adsorption.
—The exchange current will be derived for processes of the

- — $g)
Cok® exp [— 7 nFE] [F(om ZI%)J@H ¢S’]

— Cutxp L PE ] o [ FIOL = o danl(on = )T

10

type O +ne = R where O and R are soluble species. The
derivation follows the one previously given® except that
correction for the double layer is now introduced far proc-
esses without specific adsorption.

If n = n, (see eq. 1), the curreunt density for a net cathodic
process may be calculated according to equation (10),
where Co and Cxr are the concentrations in tle region of
solution wlere variations of conceuntration due to the double

(56) See Gierst26 for some applications.

(37) P. Delahay and I. Trachtenberg, THIS JOURNAL,
(1957).

(58) T. Berzius and P. Delahay, ibid., 77, 6448 (1933);
work of othier investigators quoted therein.

79, 2345

see previous
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layer structure (not due to concentration polarization) can
be neglected; the k%’s are rate constants at some reference
potential, for instance at E = 0 volt versus the normal hy-
drogen electrode; and the 2’s are the valences of O and R,

At the equilibrium potential, £ = E,, ¢ = 0 and there
is no concentration polarization. Hence, Co = (% aud
Cr = C(°, where the C%s are the bulk concentrations.
By noting that C%/C°r = exp [(nF/RT)(E, — Ey)], where
Ey is the formal potential for O + # e = R, one can write the
quantity

nFCO% k% exp [:— anFE] l:(c‘lﬂ - zO\F(¢H — o8)

in the form

— 20) Flou — ¢3)
RT

o = nFCo%U1~a' Corak, exp L(czn
(11)

with ks, the rate constant at the formal potential E°, given
by

ks = B exp (anFE'/RT) =

ko exp [{1 — a)nFE'/RT] (12)

The exchange current density 4, can also be written in

terms of only C% or C° by noting that C%/C% = exp
[(nF/RT)(E, — E9)].
Tle current-potential characteristic
Co anF(E — E,)
G0 P | T T RT
i =1 (13)
Cr L(l = a)nF(E Ee)]
— = exp
Clr

has the sanie form as the one previously given except that
the exchange current density % now depends on the double
layer structure because of the term in (¢g — ¢g). This
term would probably account for the salt effect in the ab-
sence of specific adsorption. Values of %k, should be cor-
rected accordingly.
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TABLE 1

CoMPARISON OF EXPERIMENTAL AND CALCULATED SHIFTS
AE ror REDUCTION OF 5 X 1073 M IopaTE IN2 X 1072 M
HYDROXIDE WITH VARYING AMOUNT OF ELECTROLYTE AT 30°

ABgeted.,
Eexp, AEcatod., approximate
Ceatts V. USs. AFexp, rigorous, (eq. 7)
mole 1. 71 S.C.E. v, v. v
K10; + KOH + K(C!I°
0.00 -1.173 .
.02 —1.149 0.022 0.030 0.034
.04 —1.135 .039 .047 .055
.06 -1.119 .054 .060 .071
.10 —1.104 .069 .078 094
.25 -1.073 102 J111 .140
.50 —1.039 .136 .133 177
LilO; + LiOH + LiCP
0.00 —1.151 .
.02 —1.125 0.026 0.025 0.034
.04 -1.109 .042 .042 .055
.06 -1.097 054 L0564 .071
.10 -1.079 072 .071 .094
.25 —1.037 .114 .103 .140
.50 -1.004 147 .127 177
K10; + KOH + K804
0.00 -1.157 .
.02 -1.127 0.030 0.047 0.036
.04 -1.101 .056 .072 .084
.06 -1.087 .070 .087 .103
.10 -1.070 .087 .102 L122
.25 —1.042 115 L142 175
.50 -1.018 . 139 169 .214

% At 40 microamp. cm.” % ? At 27 microamp. cm.”2,

¢ Same as b.
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Radiolysis of Simple Ketones!
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The liquid and vapor phase radiolysis of acetone, methyl ethyl ketone and diethyl ketone has been investigated briefly.
The effect of temperature and scaveugers on the G-values of the volatile prodiicts has been interpreted on the basis of known

radical processes.
abstracting a hydrogen atom from acetone.

In the case of acetone it has been shown that at least 85% of the methyl radicals are thermalized before
In the liquid phase recombination products were found to be present in ap-

preciable amounts and were not removed by iodine or DPPH at concentrations up to 2.5 X 1072 mole/l.

This investigation was undertaken in connection
with recent studies on the liquid phase photolysis
of simple ketones.%? Although the photolysis re-
sults are of some help in interpreting certain fea-
tures of the radiolysis studies, it is obvious that they
do not contribute to the explanation of phenomena
related to ion processes and track effects.

In this work only the volatile products were de-
termined quantitatively and no attempt has been

(1) This research was supported in part by the United States Air
Force through the Air Force Office of Scientific Research of the Air
Research and Development Command under Contract No, AF 18
(600)1528, and in part by the Atomic Energy Commission. Repto-
duction in whole or in part is permitted for any purpose of the United
States Government,

(2) R, Pieck and E. W. R, Steacie. Can. J. Chem., 88, 1304 (1653)

(3) P. Ausloos, sbid., 36, 400 (1958).

made to interpret certain minor products such as
C,H,, C;H,, C;Hs, . .., which were fornied in the
vapor and liquid phase radiolyses of the ketones
and which have also been detected in the radiolyses
of alcohols,? ethers® and esters.® It may be ex-
pected that small fractions of the major products
are formed by processes analogous to those respon-
sible for these unexplained products.

Experimental

Irradiation.—The liquids were irradiated in 10 cc. Pyrex
volumetric flasks with flat bottonis, In all experiments 2

(4) W, R. McDonnell and A, S. Newton, THis JournaL, 76, 4651
(1954).

(8) A. S. Newton, J. Phys, Chem., 61, 1485 (1957),

(6) (a) A. S. Newton and P. O. Strom, 7bid., €2, 24 (1958);
Ausloos, to be published.

(b) P,



