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A rather general theory of faradaic rectification is developed and previous theories are clarified and greatly extended. 
Theoretical results are substantiated by experiment. It is shown that two types of control must be considered simul
taneously, namely, control of the mean and alternating components of the current or potential. In practice, the alternating 
current or potential is an essentially harmonic-free sinusoidal function of time, and either the mean current is equal to zero 
(/ = 0) or the mean potential is equal to the equilibrium potential (E = E,). The rectification voltage or the rectification 
current is the same regardless of control of the alternating component, and the second harmonic component of current or 
potential resulting from rectification is the same regardless of control of the mean component. A general equation is derived 
for the rectification voltage for control at I = 0 without assumption about the form of the I—E characteristic. Particular 
forms of this equation are derived in terms of the resistive and capacitive components of the series equivalent circuit for 
the faradaic impedance for a simple charge transfer process and a charge transfer process with preceding chemical reaction. 
The time-dependence of the rectification voltage is derived by consideration of the double layer charging without and with 
rectification from the double layer. Influence of the applied voltage, frequency and reactant concentrations is discussed. 
Methods for the calculation of the exchange current density and transfer coefficient are outlined without and with correction 
for the double layer structure. Limitations imposed by the circuit resistance are also discussed. It is shown from the 
general equation that the mean rectification current for control of E at E, is the same as in the voltage-step potentiostatic 
method. The influence of the circuit resistance is readily accounted for. Apparatus is described for measurement of recti
fication voltages by application of a short single pulse (a few milliseconds or longer) of alternating voltage up to 2 mega
cycles per sec. Experimental results for discharge of mercurous ion in perchloric acid on mercury and for Ti(IV)-Ti(III) 
in tartaric acid medium at a dropping mercury electrode are given. It is concluded that the kinetic study of very fast reac
tions should still be feasible when other methods fail because interference by the double layer capacity is avoided and the 
influence of the cell resistance is greatly minimized. 

Introduction 
The current-potential characteristic for electrode 

processes is linearized in the theory of the faradaic 
impedance and is assumed to be symmetrical with 
respect to the equilibrium potential Ee. Actually, 
current-potential curves are, in general, asym
metrical with respect to Ee, and there results fara
daic rectification. This rectification effect can be 
applied to the study of electrode kinetics since it 
depends on the current-potential characteristic. 

Faradaic rectification was discovered by Doss and 
Agarwal2a who designated it as "redoxokinetic" 
effect. The expression "faradaic rectification" was 
coined by Oldham.3 Work on theory which is 
briefly covered below was done by Doss and 
Agarwal,2b Oldham,3 Barker, Faircloth and Gard
ner,4 Vdovin6 and Matsuda and Delahay.6 Ap
plication to electrode kinetics was discussed by 
these authors but Barker and co-workers4 were the 
first to realize and fully demonstrate in an exten
sive experimental study the potentialities of fara
daic rectification in the study of inherently fast 
electrode processes {i.e., processes with a large 
exchange current density). The work of Fournier7 

who studied the distortion of polarographic waves 
upon superimposition of an alternating voltage is 
related to faradaic rectification. This author, 
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however, did not even allude to the possibility of 
application to electrode kinetics and limited herself 
to experimental observations. A sound basis for 
her observations was given by Tachi and co
workers,8 but these authors did not consider fara
daic rectification as discussed below. Application 
to kinetics was examined by Tachi and collaborators 
but for irreversible polarographic waves. 

Control of mean electrical variables versus control 
of alternating variables was not clearly analyzed by 
previous authors and theory is in need of clarifica
tion. A rather general theory in which this and 
other questions not considered before is discussed 
here and substantiated by experimental work. 
These results were announced in a preliminary 
note.9 A qualitative discussion, not previously 
reported, in which the matter of control is clarified 
will be presented first. 

Qualitative Discussion 
Types of Control.—We consider an electrode 

process, O + «e = R, involving soluble species 
which has the current density-potential characteris
tic 
T * A C0 r cmF 1 CB. I-U - a)nF 1 { 

(D 
where / is the current density, Co and CR are the 
concentrations at the electrode, Co0 and CR 0 are the 
bulk concentrations, /a0 is the apparent (not cor
rected for double layer effects) exchange current 
density for the concentrations Co0 and CR 0 , a is the 
transfer coefficient, y is the overvoltage (r; = E 
— Ee; E potential in the European convention at 
the current density / , Ee equilibrium potential), 
and F, R, and T have their usual significance. A 
net cathodic current is positive in eq. 1 and a net 

(8) M. Senda and I. Tachi, Bull. Chem. Soc. Japan, 28, 632 (1955); 
see also four previous papers in this series. 

(9) P. Delahay, M. Senda and C. H. Weis, / . Phys. Chem., 64, 960 
(1960). 
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anodic current is negative. The kinetic parameter 
7a° can be written as10 

J.° = nFkf Co" l" a
 CB00 (2) 

where ka° is the apparent standard rate constant. 
This equation holds provided that the concentra
tions of reactants in the preelectrode state (i.e., 
after correction for the double layer structure) are 
proportional to the concentrations outside the dif
fuse double layer. 

In the faradaic rectification method, current and 
potential vary periodically and two types of con
trol must be considered: (a) control of the mean 
component of the current density (J) or potential 
(E) and (b) control of the alternating component of 
the current density (A.C. control ) or potential 
(A. V. control). If the alternating current is a har
monic-free sinusoidal function of time, the alter
nating component of the potential includes har
monics as a result of the asymmetry of the I-E curve 
about E.. Conversely, the alternating component 
of the current contains harmonics when the alter
nating component of potential is free of harmonics. 

Two particular cases of control of the mean com
ponent which are of interest, J = O and E = Ee, will 
be discussed qualitatively for A.V. and A.C. con
trol, the double layer capacity and circuit resistance 
being neglected. Complications resulting from the 
double layer capacity and cell resistance are dis
cussed below in the quantitative treatment. 

Control of Mean Current Density to Zero.— 
When there is A.C. control and I = O, the variations 
of E with time11 are represented by the sum of a 
pure sinusoidal function at the same frequency / as 
the current and a periodic component at the fre
quency 2/ (Fig. IA). The latter component results 
from the asymmetry of the I-E curve about Ee. 
The net result is a shift (toward anodic potentials 
in Fig. IA) of the mean potential E with respect to 
Ee, i.e., there appears a rectification voltage E—Ee. 
Since J = O , there is no net chemical change and 
there is no mass transfer polarization for the mean 
components of the concentrations. Hence, the 
mean rectification voltage is time-independent when 
the double layer is neglected. When the alternating 
current is interrupted, the rectification voltage 
drops to zero immediately. 

Rectification for J = 0 and A.V. control results in 
an alternating current component of frequency 2f 
(Fig. IB). This_current component must be com
pensated since J = O . Further, the alternating 
component of the potential must be free of har
monics because of A.V. control. The alternating 
component of the current at the frequency 2f 
must therefore be compensated on a time average 
by an equivalent current of constant amplitude and 
opposite direction. This compensation requires 
the mean potential to shift with respect to Ee (to
ward anodic potentials in Fig. IB) and there appears 

(10) For a recent review, see Chapter 5 by P. Delahay in "Ad
vances in Electrochemistry and Electrochemical Engineering," P. 
Delahay and C. W. Tobias, editors, lnterscience Publishing Co1, New 
York, N. Y., in course of publication. 

(11) The alternating component cannot be determined by direct 
reading on the I -E characteristic of the current corresponding to a 
given departure of potential from E9 except in the limiting case of an 
infinite frequency. Mass transfer must be considered at finite fre
quencies, and the sinusoidal components of / and B are not in phase. 
It will be assumed here that the frequency is infinite. 

E=Ec,A.C.C0NTR0L E=E6,AVCONTROL 

Fig. 1.—Diagram of the qualitative discussion of faradaic 
rectification. 

a rectification voltage E — Ee. Since J = O, the 
mean rectification voltage is time-independent if 
the double layer is not considered, just as for J = 0 
and A. C. control. Finally, the rectification voltage 
is the same whether there is A. C. or A.V. control 
because of the reciprocity relationship between 
Figs. IA and B. 

Control of the Mean Potential at the Equilibrium 
Potential.—Rectification for E = Ee and A.C. 
control results in an alternating component of 
potential at the frequency 2f (Fig. IC) which must 
be compensated since E = Ee. Further, the alter
nating current component must be harmonic-free 
because of A.C. control. The frequency 2f com
ponent of the potential therefore must be compen
sated on a time average by an equivalent shift of 
potential of constant amplitude and opposite 
direction. Compensation thus results in a net 
rectification current It. 

The rectification current is accompanied by a net 
chemical change. Reactant concentrations change 
at the electrode, and Ee drifts as t > =° (toward 
cathodic potentials for Fig. IC) toward a limiting 
value Ej about which the I-E curve is symmetrical. 
Rectification vanishes for t > °o. The necessary 
experimental conditions, Jiowever, should prove 
difficult to achieve since E must be maintained at 
the varying equilibrium potential Ee and a low 
resistance path must be provided for the rectifica
tion current. A solution is to compensate exactly 
the mean rectification current by a current of oppo
site direction from an external source, when the 
alternating current is applied, so that Ee remains 
unchanged. Faradaic rectification is then studied 
from measurement of this compensating current. 

A.V. control for E = Ee results in current-time 
variations equivalent to a sine wave of frequency / 
and a periodic component of frequency 2f (Fig. ID). 
The latter is equivalent to a mean rectification cur
rent which has the same magnitude and direction 
as for A. C. control (Fig. IC). The best experi-
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mental procedure is to compensate the rectification 
current to achieve constant Ee just as for A.C. con
trol. 

To summarize the previous analysis: control of I 
at zero results in the same rectification voltage 
whether there is A.C. or A.V. control; control of E 
at Ee results in a rectification current J r which is 
independent of the type of control of the alternating 
component. Further, the component at the fre
quency 2f appears in the potential when there is 
A.C. control and in the current when there is A.V. 
control. The type of alternating component con
trol is thus immaterial as far as the rectification 
voltage or current are concerned, and only the 
control of the mean component of current or poten
tial must be considered. Conversely, the control of 
the mean component of current or potential is im
material for the frequency 2f component, and only 
the type of alternating component control need be 
considered. 

Apparatus for I = 0 control must be such that 
the direct current resistance of the circuit across 
the cell be, in principle, infinite, i.e., the cell must be 
connected to the alternating current generator 
through a leak-free capacitor. 

Rectification Voltage and Mean Rectification Cur
rent Density 

General Correlations.—Non-linearity of the I-E 
characteristic about Ee for \r] | -C RT/a nF can be 
taken into account by inclusion of the terms in y2 in 
the expansion of eq. 1. The resulting equation 
has been used by most investigators as the basis for 
analysis of faradaic rectification just as the line
arized form of eq. 1 is applied in the treatment of 
faradaic impedance and other relaxation methods10 

(except the potential-step method). A more 
general treatment in which a particular form of the 
I-E equation is not postulated at the onset is 
desirable for faradaic rectification, as will be noted 
below, and in fact was developed by Grahame12 for 
the faradaic impedance method. 

The linearized I-E equation for a small depar
ture from equilibrium 

((nF/RT)\8E\<g.l, iSCo|/Co°| < L |5CR»|/CR»< 1) 
is written quite generally as 

SI = ((SI)SE) SE + (dI/dCo)SCo + (<>I/C>CR)SCR 

where S represents a variation of the quantity being 
considered and the partial derivatives are ex
pressed at the equilibrium potential Ee. The varia
tions 5Co and 5CR can be expressed in terms of the 
resistive and capacitive elements of the equivalent 
circuit of the faradaic impedance, and a general 
equation is obtained for the faradaic impedance in 
terms of these elements and the charge transfer 
resistance per unit area,18 rct = — (d7j/d/)/-»-o = 
(RT/nF)(l/Ia°). Particular forms of the faradaic 
mpedance are derived by introduction of the values 

of dl/dE, dl/dCo and dl/dCn corresponding to the 
I-E characteristic being selected. Such an ap-

(12) (a) D. C. Grahame, J. Electrochem. Sac, 99, C 370 (1952). 
(b) For a summary, see P. Delahay, "New Instrumental Methods in 
Electrochemistry," Interscience Publishing Co., New York, N. Y., 
1954, pp. 148-159. 

(13) The electrode behaves as the resistance rcl and follows Ohm's 
law in the absence of mass transfer polarization (Co = Co0, C R = 
CRO) when li)l<C RT/a nF. 

proach has no particular advantage in the treat
ment of the faradaic impedance, except perhaps its 
elegance, over the more direct analysis based on the 
linearized form of eq. 1. There is, however, an 
advantage for faradaic rectification, namely that 
this approach brings out general relationships, use
ful to the understanding of the method, which 
otherwise might be hidden by the complexity of 
algebra. This general treatment is developed 
below, and correlation is made with results obtained 
by other investigators. The double layer capacity 
and cell resistance are neglected at first but are 
considered afterward. 

We express at the onset 5/ in terms of 5E, 5Co and 
5CR as for the faradaic impedance, but we now in
clude the second partial derivatives of the function 
/ = / (E, Co, CR) to take into account the non-
linearity of the I-E curve about Ee. We further 

i> = 2 

note that 5/ = J3 V where p = 0, 1 and 2 cor-
p = o 

responds, respectively, to the mean value of /, the 
fundamental frequency term, and the second har
monic term. Higher harmonics are neglected since 
only a small departure from equilibrium is con
sidered. The mean value corresponds to steady 
state for the alternating component, i.e., for (wi)1/2 

» 1 (w = 2 ir/). We write for 5P7 

^ = §5»£ +&^Co + £k 8>c» + «v (3) 

where the correction for non-linearity 5P
2/ is 

1 ( d2J d2/ 

S [ ( 5 i C E ) 2 ] 4 + l ^ k l 5 l E 6 l C o l p + 

<W Wl ) 
^ [5lEa lCR]p + ^ - ^ [ 5 I C O O I C R ] P [ (4) 

for p = 0 and p = 2. One has 5P
2/ = 0 for p = 1, 

since p = l corresponds to the linearized I-E 
curve. Equation 4 is approximate because the p-
values of (5iE)2 and other terms are taken rather 
than the ^-values of 5E, 5 Co and 5 CR. This approxi
mation is entirely justified since S1E ;§> S0E, 5i£ 3> 
8%E, 5iCo, ^> 50Co, 5xCo ~3> 52Co, SICR ^> S0CR, 5ICR 

» S2CR. 

One of the mean component S0/ or S0E can be con
trolled, and one generally selects either S0/ = 0 
(mean current equal to zero) or S0E = 0 (mean 
potential equal to the equilibrium potential). If 
SoI = 0, there is no net change in the mean con
centrations of substances O and R, and conse
quently 50Co = 50CR = 0 independently of the con
trol of the alternating component (A.C. or A.V. 
control). One then deduces from eq. 3 

c)E 

where — l / ( 5 / / d£ ) is the charge transfer resist
ance.13 Since there is no net change in the mean 
concentrations of O and R, d0E should be inde
pendent of time at least if the double layer capacity 
is not considered. 

If S0E = 0, the mean rectification current density 
is given by eq. 3 as written for p = 0 in which the 
term in 50£ vanishes. The value of S0I can be ex-
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pressed in terms of the shift of mean potential ob
tained in the method with control of S0J at zero by 
combination of eq. 3 and 5. Thus 

SJ = ~ a!5oE + WoSoCo + SS SOCR (6) 

The mean rectification current is the same as the 
current which would be observed in the potentio-
static method for a potential step — 8QE. The 
result derived by Gerischer and Vielstich14 for the 
current density in the potentiostatic method, as 
written for the linearized I-E characteristic, thus 
applies here 

Ir = SoJS^, / , ," exp (X2O erfc (Xt1A) (7) 

with 

ref VCo0JVA ^ CK0JJR1A/ W 

The time-independent factors in eq. 7 represent the 
value of / at t = 0, i.e., the value of / one calculates 
for t] = — S0E. The time-dependent factors repre
sent the effect of increasing mass transfer polariza
tion (exp(X2t)erfc (Xt'/») -*• 0 for *-»•«> ). 

Second Harmonic Terms.—Second harmonic terms are 
also readily analyzed on the basis of eq. 3 . When there is 
A.C. control, the current is free of harmonics, i.e., SaI = O, 
and consequently S2Co = ^ C R = 0. Hence eq. 5, as written 
in terms of 5.JjE and Sj2J, holds independently of the con
trol of the mean component. Conversely, S2E = Q for A.V. 
control, and eq. 6, as written in terms of S^I, S^E, 52C0 
and 52CR, gives the variations of current for the second 
harmonic. This equation is the same as eq. 3 as written 
for p = l (812J = O), for the fundamental frequency, except 
for the sign of SiE. Consequently, formulas for elements 
of the equivalent circuit for the second harmonic are the 
same as for the fundamental frequency (see eq. 10, 11 and 22 
below) except that 2w is substituted for a, and Si I is the cur
rent corresponding to the application of — 52-E to the equiva
lent circuit. 

Theory of the second harmonic terms for the faradaic 
impedance is thus available without further work. Meas
urements of second harmonic terms might be of limited 
interest in analytical applications as noted by Bauer.15 

Interference from the double layer capacity is minimized 
for second harmonic terms because rectification due to the 
double layer capacity (as a result of the non-linearity of the 
charge on the electrode versus potential relationship) is in 
general smaller than for the charge transfer reaction. 
Bauer's suggestion could be extended to application of the 
faradaic impedence method to fast reactions but the limita
tion imposed by the cell resistance is the same for the funda
mental frequency and the second harmonic terms. Further, 
measurement of second harmonic terms requires a. generator 
whose output is essentially free of the second harmonic. 

G e n e r a l Equat ion for t h e Recti f icat ion V o l t a g e . — 
A p p l i c a t i o n of eq . 5 r e q u i r e s t h e d e r i v a t i o n of t h e 
expl ic i t f o rm of t h e q u a n t i t y B0

2I def ined b y eq. 4. 
T h e p a r t i a l d e r i v a t i v e s a t E„ in t h e l a t t e r e q u a t i o n 
a r e r e a d i l y w r i t t e n f rom t h e I - E c h a r a c t e r i s t i c , 
a n d o n l y t h e 5's m u s t b e d e r i v e d . I t is t o b e n o t e d 
t h a t t h e t e r m s in £>2i"/dCo2, b 2 / / d C R

2 a n d ()2I/bCo 
5 C R v a n i s h w h e n t h e I - E c h a r a c t e r i s t i c is of t h e 
first o r d e r w i t h r e s p e c t t o Co a n d C R s ince t h e s e 
d e r i v a t i v e s a r e t h e n e q u a l t o zero . T h e q u a n t i t i e s 
SoE, SoCo a n d 5 0 C R c a n b e expressed in t e r m s of ele
m e n t s of t h e e q u i v a l e n t c i r cu i t for t h e e l e c t r o d e 
r e a c t i o n as s h o w n in A p p e n d i x . If t h e I - E cha r 
a c t e r i s t i c of eq . 1 ho ld s , t h e r ec t i f i ca t ion v o l t a g e 

(14) H. Gerischer and W. Vielstich, Z. physik. Chem. (Frankfurt), 3, 
16 (1955). 

(15) H. H. Bauer, J. Eleclroanal. Chem., 1, 256 (1960). 

LE „ ( = SaE) is 
. e nF„ \2a - 1 

r. [(I - a)m - arp] + ys [(I - a)yR - ay0]) . 
2(r.« + V) \ w 

where rs and ys axe the real (resistive) and imagin
ary (capacitive) components of the series equivalent 
circuit for the total faradaic impedance per unit 
area Z (Z = r? — jyp, with j = (— l)1/s); and ro, 
fR> yo, ^R are the corresponding components for 
substances O and R for that part of the impedance 
corresponding to supply and removal of reactants 
by diffusion and possibly a heterogeneous or homoge
neous chemical reaction. It is assumed in the case 
of a coupled chemical reaction that the kinetic 
parameters for this reaction can be regarded as 
potential-independent in the interval of _potentials 
being considered. We use the symbol A£«, because 
AE is a function of time when the double layer ca
pacity is considered (see below) and the above value 
corresponds tot-*- «>. One has 

ra = Yet + r0 + rs. (10) 
y> = yo+ yn (H) 

rct being the charge transfer resistance per unit 
area.13 Values of the r's and y's in eq. 9 can be 
taken directly from the classical theory of faradaic 
impedance. 

Equation 9 reduces to the result derived by Doss and Agar-
wal,2b Barker, Faircloth and Gardner4b and Vdovin6 for a 
simple charge transfer reaction. These authors did not 
write their results in the general form of eq. 9 but used the 
rate constant at the equilibrium potential (not the apparent 
standard rate constant). They assumed that the current 
density is IA sin at and thus postulated implicitly tha t 
the mean current _is equal to zero. They wrote the po
tential as E, + Ai5» — VA sin (cot — ft,) where Ai3» is the 
rectification voltage and the minus sign for VA sin (at — 8A) 
results from the convention of considering a cathodic cur
rent as positive. They finally introduced in eq. 1 these 
values of the current density and E and the values of the 
concentrations and 0a taken from the classical theory of the 
faradaic impedance and expanded the exponentials, the 
expansion being limited to the first three terms. The re
sulting equation was solved for AJS05. 

The mean rectification current was derived by Matsuda 
and Delahay6 before the general considerations which lead 
to eq. 6 had been put forward. They correlated the con
centrations in eq. 1 for the I - E characteristic to the current 
density by18 

Ci = C1" =F -ul-nu r Ey/ ( M ) M/ ^ (12) 

where the current density I(t) is some function of time and 
u is the integration variable. The =F sign corresponds to 
substances O and R, respectively. The potential in eq. 1 
for the I-E characteristic was set as U8 — VA sin at, and it 
thus was implicitly assumed that the mean potential is 
controlled at £«. There resulted an integral equation in 
I(t) which was solved by expansion in series of the exponen
tials. Expansion, limited to the first degree terms, yielded 
two integral equations whose solution corresponded to the 
classical theory of faradaic impedance. Consideration of 
an additional term in the expansion yielded another integral 
equation whose solution gave an equation identical to eq. 7 
(SoE = AEo,). 

I t is to be noted that a clear distinction between the two 
types of control, namely, simultaneous control of one of the 
mean components and one of the alternating components 
of the electrical variables was not made by these various 
investigators. 

(16) H. S. Carslaw and J. C. Jaeger, "Conduction of Heat in 
Solids," Oxford University Press, London, 1947, p . 57. eq, 9. 
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Influence of the Double Layer Capacity for Con
trol of I at Zero 

No Rectification from the Double Layer.— 
Variation of the charge of the double layer was 
neglected above, and it was assumed that / = 0 
for the faradaic process, whereas actually the total 
current density is controlled at zero. The previous 
analysis must be modified accordingly. 

It will be assumed first that the differential 
capacity of the double layer ct is independent of 
potential for a small departure from Ee, i.e., recti
fication due to the non-linearity of the charge-
potential relationship for the double layer will be 
neglected at first. It will also be assumed that c\ is 
solely determined by the supporting electrolyte and 
is not affected by variations of Co and CR. 

, 8 
1S 0.5 
IL 

0 

2̂ " 

I 

-

L ^ _ 

4 ^ " " " 

' ^ 1 

I = 5x10"' 

2- I xlO"' 

3> 2 XlO-* 
4 = 4 xiO-6 _ 

i 

IO 20 50 30 40 
TIME (millisec). 

Fig. 2.—Plot of AE/ABa against time for different total 
concentrations Co0 + CR 0 (expressed as the parameter 
n\ Co" + CR0) where the C°'s are in mole 1. -») and for COVCR 0 

= 1, ka" = 1 cm. sec. - 1 . Do = Dn = 10"6 cm.3 sec. - 1 , 
ci = 20 microfarads c m . _ ! 

The variation of the mean component of the 
charge g on the electrode is dog = (dg/6.E)S0E or 
Sag = ci S0E. One also has 50g = I S0/ dt where 
8(,I is the varying mean current supplied by the 
charge transfer reaction for charging of the double 
layer over the interval 50£. The mean charging 
current is such that (see eq. 3 and 5) 

The changes in concentrations SoCo and S0CR can 
be correlated to the current density by eq. 12, and 
an equation is obtained which can be solved for 
5oI. Since J ŜT dt = CiS0E the mean rectification 
voltage AE ( = S0E) is obtained by integration of 
8oI. There follows after substitution of dl/dE, 
bl/bCo and 5 / / S C R by the corresponding values 
deduced from eq. 1 

) ' -AE= AEC 

ci RTH 
, riexp(G2 /)erfc(Gi'A) -

-^expCfPOerfcOffrA)]! (14) 

where A£» is given by eq. 9 and 
G1H = 

\nF\ Co0Po1A ^ CRODB,'/*) 

1 

•[©( + Co0OoV. ^ CRODR' ̂ r •470° 
nF_ 1 
RT 

IY" 
Cl/ 

(15) 

One can show from eq. 14 that AE = 0 for / == 0 
and AE —> AE=, for t -*• <» (Fig. 2). Mass transfer 
polarization for the mean concentrations Co ajid 
CR thus vanishes progressively, and the value AE«,, 
as calculated for I = 0L is ultimately attained. 
Further, variations of AE/AE0, with time are not 
affected by frequency. One also can show_ that 
AE = A£„ for t> 0 when Ci = 0 and that AE = 0 
for / ^ 0 when ci -*• ». Further, one deduces from 
eq. 14 after expansion of the error functions that 
AE varies linearly with 1 / / I / 2 for large arguments, 
namely 

AE - AE. [ l - £Lci (cjEjfi + c^h/) UFjV.] 
(16) 

The lowest values of t for which this approxima
tion holds decrease with an increasing apparent 
standard rate constant ka" for given C°'s; and the 
limiting value AEa, is practically reached in a short 
time (perhaps a few milliseconds) for inherently 
fast reaction and sufficiently concentrated solutions. 
The time dependence of AE for a given reaction and 
a given Co0 + CR0 also depends on the ratio COVCR0 

as one would expect from the form of the parameters 
G and H of eq. 15. Likewise, AE/ AEa, depends on 
Co0 + CR0 for a given Co0/ CR0 all other conditions 
being identical (Fig. 2). 

The foregoing analysis also holds for the decay 
curve for AE when the alternating_current is inter
rupted after the limiting value AE0, is practically 
attained. The right-hand member of eq. 14 is now 
equal to_AE» — AE. This conclusion holds only 
when AE „ is reached at the time of interruption 
since the previous analysis presupposes no mass 
transfer polarization for the mean concentrations 
before variation of the alternating current. 

The foregoing conclusion that AE/AEo is inde
pendent of FA2 is strikingly verified in Fig. 3 for 
the Ti(IV)-Ti(III) charge transfer process.17 The 
shape of_the AE against t curve was not altered 
when AE„ varied in the ratio 1 to 20. Further, 
the decay curves have the same shape as the build
up curves (upside down). Note the effect of noise 
at the highest sensitivity. _ Verification of the fre
quency-independence of AE/AEa, against t is given 
in Fig. 4 for the discharge of Hg(I) on mercury.18 

Thejnfluence of the concentrations Co0 and CR0 on 
the AE/AEco against t curve is shown in Fig._5 for 
the Ti(IV)-Ti(III) couple. Note that AE„ is 
approached more slowly when (1/Co0 Do^) + 
( I / C R Z)R1A) increases as one would expect from 
eq. 14 (see its simplified form in eq. 16 which is 
however not applicable here in all rigor). 

(17) For a faradaic impedance study of this couple, see J. E. B. 
Randies and K. W. Somerton, Trans. Faraday SoC, 48, 937 (1952). 

(18) For studies of this process by the double pulse galvanostatic 
method, see H. Gerischer and M. Krause, Z. fhysik. Chem. (Frankfurt), 
14, 184 (1958); H. Matsuda, S. Oka and P. Delahay, T H I S JOURNAL, 
Bl, 5077 (1959). 
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Fig. 3.—Tracings of oscillograms of AE versus t for 1.4 

mil/ Ti(IV) plus 18.1 m i f Ti(III) in 0.88 M H2SO,, 0.5 JW 
tartaric acid for different applied voltages VJI. Ripples 
are due to hum and noise. 

Rectification from the Double Layer.—The fore
going treatment will now be modified to take 
into account rectification due to the double layer. 
As was shown by Barker,4= variations of the dif
ferential capacity c\ of the double layer with poten
tial results in a shift of the mean potential 

^-iff i^' (17) 

when the mean non-faradaic current is equal to 
zero. There VA is the amplitude of the alternating 
voltage across Ci. The shift AEi is frequency inde
pendent if (l/ci)(dci/d£) does not depend on fre
quency. This seems to be so for the mercury elec
trode at frequencies studied thus far, i.e., up to 1-2 
megacycles per sec. for the electrolytes studied by 
Barker.4= 

If there is a charge transfer reaction, the net shift 
of mean potential is a combination of the shift of 
potential of eq. 14 and AEi of eq. 17. The term 
between brackets in eq. 13 now includes AEi, and 
eq. 14 is replaced by 

AJE = A£» - ( A J E - -

AJE1-) J1 /.» —. - T g [ g e x p ( G 2 / ) e r f c ( G { V J ) _ 

g . exp (HH) erfc (if*Vi)I (18) 

It follows frorn eq. 18 that AE = AfS,- at t = O, 
and AE = AE0, for t-*• » . The shift of mean 
potential upon interruption of the alternating cur
rent when AJEeo is practically reached is — AEi. 
These conclusions from theory are borne out experi
mentally (Fig. 4). AiS,- and AE „ may have the 
same or opposite signs. 

Influence of Circuit Resistance for Control of E at E,.— 
The analysis is similar to the treatment of the potentiostatic 
voltage-step method given by Vielstich and Delahay.19 

We now include the ohmic drop TS0I (r total resistance of 
cell and circuit for the measurement of I,) in writing eq. 6, 
i.e. 

* ' - S < - ^ - + r V ) + ^ r SoCo + ^ SOCE (19) 
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Fig. 4.—Tracings of oscillograms of AJS against t for dis
charge of 0.08 mM Hg(I) in 1.14 M HClO4 for two fre
quencies. Ripples are due to hum and noise. 

I 

5 10 

Tl ME(mi l l isec) 
Fig. 5.—Tracings of oscillograms of AEfAEm against t for 

Ti(IV)-Ti(III) in 0.88 M H2SO1 and 0.5 M tartaric acid. 
Concentrations for curves 1 to 5: 6.2, 17.4, 1.3, 0.61, and 
1.4 HiJf Ti(IV); 13.3,2.1, 18.2, 1.35, and 0.55 mjtf Ti( I I I ) . 
Values of (1/Co0Oo1'2) + ( 1 / C R 0 Z P R " 2 ) in 10« sec."2 mole"1 

cm.2 for curves 1 to 5: 1.1, 2.8, 4.0, 11.4, 12.0 for DTKIV) 
= DTi(Hi) = 0.44 X 1O-6 cm.2 sec . - 1 AE and A J S „ were 
positive for curve 2 and negative for the other curves. Rip
ples due to hum and noise not represented. 

The mean rectification current density is 

Ir = 
AEa 

r + 
with 

l_RT 
fa0 nF 

exp (\'H) erfc (X'«'/«) 

X ' = 
nF 

Vf„° ^ RT ) 
K C o 0 D o V . + CR' 0 P R V I ) 

(20) 

(21) 

(19) W. Vielstich and P. Delahay, THIS JOURNAL, 79, 1874 (1957) 

and previous discussion19 of this result applies here. Ir 
is primarily determined by the circuit resistance r and not 
by the kinetics of the charge transfer reaction when r is 
appreciably larger than the charge transfer resistance (RT/ 
nF){1/Ia°). This is the case for processes with large ex
change current densities, and consequently direct measure
ment of rectification current is of limited usefulness for fast 
reactions. 

The rectification voltage, however, can be determined as 
was shown by Barker* by the following method which finds 
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I IO 
CELL VOLTAGE (v.) 

Fig. 6.—Variations of AEa, with cell voltage (log-log 
plot) for 0.7 mM Ti(TV) plus 18.8 mil/ Ti(III) in 0.88 M 
H2SO4 and 0.5 M tartaric acid at different frequencies (in 
megacycles per sec) . Note that all curves have a slope of 

its justification in eq. 21 : the rectification current is com
pared at a sufficiently short time * with the current (at the 
same time t) which results from the application of a voltage-
step to the cell in the absence of alternating current; the 
voltage-step is equal to the rectification voltage when the 
two currents are equal at time /. 

Rectification Voltage in the Absence of Coupled 
Chemical Reaction. 

Influence of Applied Voltage.—Values of rs and 
ys derived for the faradaic impedance will now be 
introduced in eq. 10 and 11. According to War
burg,20 Randies21 and Ershler22 one has (i = O or R) 

ri = y i = 2 1 AB^C 1 - 0 D 1
1 AO) 1 A ( 2 2 ) 

where D1 is the diffusion coefficient of species i. 
Further, yt = l/cocs, cs being the capacity of the 
series equivalent circuit. Combination of eq. 9 
to 11 and 22 then yield 

A£. -gy. 

i[-

\2a - 1 

Co0Po1A 
Co0CoV= + CR' 1 PR 1 A J 1 

c t n 1 

ctn2 
(23) 

where 8a is the apparent phase shift (no double layer 
correction) between current and voltage, i.e. 

ctn 9a = ajrsc5 (24) 

It follows that A7±ro = 0 when Co0Doh = Cg-
.DR1A and a = 0.5, as one_would expect. One also 
infers from eq. 23 that AEa, is proportional to FA2. 
If the cell resistance r is such that r S> Z and r S> 
1/wci, AEa, is practically proportional to the square 
of_the cell voltage (Fig. 6 and Table I2S; note that 
AEa, for a given FA is virtually frequency-inde
pendent in Table I). It is worth noting that al-

(20) E. Warburg, Ann. Physik, 67, 493 (1899); 6, 125 (1901). 
(21) JT. E. B. Randies, Discussions Faraday SoC, 1, 11 (1947). 
(22) (a) B. V. Ershler, ibid., 1, 269 (1947). (b) B. V. Ershler, 

Zhur. fiz. Khim., 22, 683 (1948). (e) K. Rozental and B. V. Ershler, 
ibid., 22, 1344 (1948). 

(23) It was assumed in the calculation of VA that 1/wci <?C Z, Z 
being the faradaic impedance. In this instance, c\ = 27.0 microfarads. 
cm. *' as measured with a bridge at 250 cycles per sec. 

though theory was developed _for values of FA not 
exceeding a few millivolts, AEa, is proportional to 
FA2 for values of FA exceeding even 50 mv. 

TABLE I 

VARIATIONS OP AEa, WITH VA FOR 0.7 mM Ti(IV) PLUS 

18.8 mM Ti(III) IN 0.88 M H2SO4 AND 0.5 M TARTARIC 
ACID AT DIFFERENT FREQUENCIES 

Mc./sec. 

0.01 

.02 

.05 

.1 

.2 

.5 

1 

FA, 
mV. 

15 
28 

13 
24 
37 

14 
22 
36 
67 

13 
40 
85 

8.8 
26 
40 
63 

8.9 
16 
30 
48 

5.9 
13 
18 

— AE OT, 

mV. 

0.42 
1.3 

0.27 
1.0 
2.4 

0.30 
0.80 
2 .3 
7.0 

0.28 
2.6 

12 

0.20 
1.0 
2 .8 
6.4 

0.14 
0.36 
1.3 
4 .0 

0.05 
.24 
. 8 

- A E c o / 
VK\ 
volt"1 

1.93 
1.65 

1.63 
1.75 
1.78 

1.52 
1.74 
1.83 
1.57 

1.57 
1.58 
1.66 

2.57 
1.51 
1.71 
1.63 

1.82 
1.50 
1.49 
1.73 

1.43 
1.35 
2.54 

- A E O T / 
VA', 

(average) 
volt" ' 

1.79 

1.72 

1.67 

1.60 

1.86 

1.59 

1.77 

Influence of Frequency.—The effect of fre
quency on AEa, is readily deduced from eq. 23. 
This matter which was only briefly_ examined by 
Barker4 on the basis of his value of A£» (equivalent 
to eq. 23) will be considered here. Two terms in eq. 
23 must be considered, namely FA and ctn Q3.. 
Variations of (1 + ctn0a)/(l + ctn20a) with 8* axe 
shown in Fig. 7. The voltage FA depends on the 
double layer differential capacity c\ and the farad
aic impedance Z and can easily be calculated. 
Two extreme cases are of interest, namely 1/co 
c\ ;§> Z and l/oic\ <S Z, which correspond for a con
stant cell current to A.C. control and A.V. control, 
respectively. Two limiting cases will be considered: 
diffusion control of the faradaic impedance for u —*• 
0 and control by kinetics of charge transfer for w -*-
co. One has ctn 0a -*• 1 for diffusion control and 

/ A £ O T \ jnF_ CQ 0 JQ 1 A - C R 0 D R V ' 
U A ' / U - 0 4 i ? r Co0D0

1A + CR 0 DR 1 A 
(25) 

Since VA « IA/UCI for 1/co Ci <C Z, Ia being the_ampli-
tude of the alternating current density, AEa, /IA1 

is proportional to 1/ar for diffusion-controlled 
processes. Conversely, FA ~ IKZ for 1/co c\ » Z 
with Z proportional to 1/co'A for a diffusion-con
trolled process, and AEa, /IA2 is proportional to 
1 /«. 

If co —> CO, o n e 
c o n s e q u e n t l y AE 

/SEa, 

\ 'VA' 

h a s F A 
a, -*- 0. 

• ) . - . 

—*• 0 for a n y 
F u r t h e r 

- nF to 

finite 7 A 

1 ) i 

, a n d 

:'26) 
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0.5 

I 

l+c tn0Q 

l + c t n 2 S a 

S i 

ctn0a 

ir/e IT/4 

Sa 
Fig. 7.—Variations of (1 + ctn 0„)/(l + ctn2 Ba) with 8„. 

At sufficiently high frequencies, A£„ / FA2 varies 
linearly with 1/«'/». Thus, one has (1 + ctn 
da)/(I + ctn2 0a) « l / c tn0 a fo rc tn0 o » I, and there 
follows from eq. 10, 11 and 22 

l 1^0 ( 1 \ l \ l (27) 

provided that w'/j > 104W(£«°, apparent standard 
rate constant of eq. 2, Z>o = -DR = 10~6 cm.2_sec.-1, 
Co0 = CR0). Under these conditions, AE^/VA2 

varies linearly with l/w1/s. The transfer coeffi
cient a is obtained from the intercept at l/w1/! = 0 
and J0

0 is then calculated from the slope of this 
plot. As a verification, a can also be determined 
from the variations of J0

0 with reactant concentra
tion.10 

Possible dispersion of the differential capacity of 
the double layer with frequency should not be 
overlooked in the calculation of VA at different fre
quencies. 

Experimental data in Fig. 8 for the discharge of Hg(I) 
on mercury confirm these conclusions for diffusion-controlled 
processes. At low Hg(I) concentrations, the condition 
1/wci <SC Z is approached and AEa, / I A S is proportional to 
1/u2 as it should. Conversely, at high Hg(I) concentra
tions, the condition 1/coci ^$>Z is approached, and AEa, /IA2 

should vary with 1/w, as is indeed the case for the lower 
frequencies in Fig. 8. Further, AE/IA2 for pure diffusion 
control should be independent of the Hg(I) concentration 
according to eq. 25. This is indeed the case for the three 
lowest concentrations in Fig. 8. Extrapolation of AEa,/VA2 

to a — 0 for the three lowest concentrations gave the limiting 
value AE/VA2 = 20 ± 5 vo l t - 1 for an assumed differential 
capacity a of 160 microfarad, cm. - 2 . This is the limiting 
value AE/ VA1 = nF/4RT for u = 0 and n = 2 for a diffusion-
controlled process. No accurate verification was possible 
since C1 could not be measured in this case. As order of 
magnitude one can set Ci « 100 farad, c m . - 2 from double 
pulse galvanostatic measurements.18 

The frequency dependence for processes nearly controlled 
by charge transfer was not studied here because the upper 
frequency of 2 megacycles per sec. of the available instru
ment was not sufficiently high for accurate study of Hg(I) 
discharge. This matter will be taken up when an instru
ment for higher frequencies now under construction is 
available. 

Variations of A i L / I V with the Ratio C O V C R 0 . -
Barker4 examined the variations of a quantity 
which is proportional to AEa,/VA2 with the ratio 
Co0/CR (i.e. with the equilibrium potential). 
Two limiting cases for which eq. 25 and 26 apply, 
respectively, will be considered: « -»• 0 and co —»• 0. 

4-35 

IUJ . 

< 

0 

LOG U (sec'1) 

Fig. 8.—Plot of log (AJECO/IA2) against log a for the dis
charge of Hg(I) at different concentrations (raM per liter) 
on mercury in 1.14 M HCIO4. AEa, was negative for all 
concentrations. 

c0/c°R-
0.1 0.02 

Fig. 9.—Plot of (4RT/nF)(AEa/VA
2) against (nF/RT). 

(E0 - E1U) for different values of &s°Z(2a)P)1/2, P being the 
common value of P o and P R , and for a = 0.25. 

A£„/FA2for, 0 varies with 
(Co0 Po1A - C R 0 P R V O Z ( C O 0 P O 1 A + C R 0 P R 1 A ) 

This quantity approaches ± 1 for Ee —*• ± °° and is 
equal to zero at the polarographic half-wave poten
tial. Hence AiLZPV = ±nF/4RTfor Ee -+ ± <» 
and w —*• 0 Equation 25 applies for « -*• =0, and 
one has AEa,/VA ^ Oforajg; 0.5. An intermediate 
curve having the lines AEa=/VA2 = ±nF/4RT as 
asymptotes is obtained for mixed control of the 
faradaic impedance by mass and charge transfer 
(Fig. 9). All curves intersect at the point having 
the ordinate given by eq. 26 and the abscissa obey
ing the equation 

tanh I ̂  4C (Ee - £'/,)"] = (2<* - 1) (28) 
|_2 RT iEe 

The parameter a thus can be computed in two ways 
from the coordinates of the intersection point. 

Experimental curves for the Ti(IV)-Ti(III) 
couple in Fig. 10 have the same general shape as 
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-0 .30 
Ee (V. vs.S,CE.) 

-0.25 -0.20 -0.15 

0.5r 

-0 .5-

•1.0-

•1.5-

CTi(IV)/CTI ( ! | |) 

Fig. 10.—Plot of AEa/VA' against CTi<iV)/CTi(iii) for 
Ti(IV) - Ti( I I I ) in 0.88 M H2SO4 and 0.5 M tartaric acid 
for different frequencies (in megacycles per sec) . CTHIV)0 + 
CTKIU)0 = 19.5 mAfper liter. Experimental points at the 
common intersection point nearly coincide for all frequencies 
and are not indicated for the sake of clarity. The same 
remark also holds for some of the other measurements. 

the theoretical curves of Fig. 9. The experimental 
curves also exhibit a single intersection point, from 
whose coordinates one calculates a = 0.25 (abscissa) 
and a = 0.46. No conclusive interpretation can 
be given for this discrepancy, but there are at least 
two possible explanations: the influence of adsorbed 
tartaric acid which complicates the interpretation 
and the possibility of a chemical reaction preceding 
or following the charge transfer reaction (see 
below). 

Correction for the Double Layer Structure in the Absence 
of Specific Adsorption and beyond the Frumkin Theory.— 
Values of the r 's and y's which were introduced in eq. 9 
and which led to eq. 23 for AEa were taken from the classical 
theory of the faradaic impedance, i.e., the structure of the 
double layer was not considered in the boundary value 
problem in the derivation of AEa. The approximation is 
quite crude since the attenuation factor (equivalent to the 
diffusion layer thickness) for the concentration waves, 
(2D/w)Vi, is not extremely large in comparison with the 
diffuse double layer thickness, e.g., (2D/«)V> « 3 X 10~6 

cm. for D = 1O-6 cm.2 s ec . - 1 a n d / = 1 megacycle per sec. 
This effect of the double layer, which is beyond the Frumkin 
correction for the double layer structure,24 was analyzed in 
this Laboratory.26 The correction for AEa was already 
discussed by Matsuda and Delahay,8 and their results will 
be briefly reviewed in the light of the general theory pre
sented here. 

Correction is made by introduction in eq. 9 of the values 
of r 's and y's derived by Matsuda.2 s b Equation 23 is still 
valid but its right-hand member now includes as a first 
approximation the additional term 

_ VA2 r _ o f o (1 - «)riT| r, 
2nF LKCO0DO KCR°D E J r,2 + y,' 

where r, and y, are given by eq. 10 and 11, l/n. is the so-

(24) For a recent review see Chapter 1 by R. Parsons in "Advances 
in Electrochemistry and Electrochemical Engineering," P. Delahay 
and C. W. Tobias, editors, Interscience Publishing Co., New York, 
N. Y., in course of publication. See also Chapter 2 by A. N. Frumkin 

(25) (a) H. Matsuda and P. Delahay, J. Phys. Chem., 64, 332 
(1960). (b) H. Matsuda, ibid., 64, 339 (1960). 

called thickness of the diffuse double layer and Jo and fR 
are parameters depending on the double layer structure 
(c/. eq. 4 and 21 in ref. 25b). The limit of this additional 
term should also be included in the value of AEa for a —• =° 
(see eq. 25). (Note that r,/(r, + y,2) -> (nF/RT)h0 for 
a —> eo.) Further analysis of this problem in this Labora
tory has shown that the above correction holds only when 
fo and fR are sufficiently small to satisfy the conditions 
stated in ref. 25a and 25b. 

Rectification Voltage for a Charge Transfer Re
action with Preceding Chemical Reaction. 
This case, which was discussed by Barker4c on 

the basis of an absolutely equivalent circuit (by the 
use of transmission lines), is readily analyzed from 
the general equation 9. The values of r's and y's 
derived by Gerischer26 for the faradaic impedance in 
this instance must now be used. We only consider 
the first order or pseudo-first order reaction X <=* 0 
preceding charge transfer since equations for higher 
order reactions can be linearized for a small depar
ture from equilibrium. The following term 

RT 1 l l ((o>2 + ?2)'A + 
( r t p )o 

I) 1A 
(29) 

(30) 

{nFy 2V> C0D1A K ( w2 + I2 

must be added to rs and ro and the term 
= RT J- 1 I ((co2 + /2)'A - / (1A 

( :Vrp )o (nFY 2Vi Co0D1A K ( u2 + I2 ) 
must be added to ys and yo. The values of rs. and 
JE. remain unchanged (cf. eq. 22) since R is not in
volved in a chemical reaction. Notations in eq. 29 
and 30 are: D the common value of the diffusion 
coefficients of X and O supposed to be equal, K = 
Co0ZCx0 the equilibrium constant, C0 = Co0 + 
Cx0, and I = kt + kb, ki and kb being the rate 
constants for X <=± 0. 

The reaction polarization resistance (rrp)oof eq. 29 
is frequency independent in the limiting case cor
responding to cj <§C /, and (yrp)o is then equal to 
zero. Conversely, (rrp)o and (yrp)o are equal and 
are proportional to l/aj1/« when u » /. Further, 
(rrp)o and (>P)o approach zero for l/co1/s —»• 0. If 
the general eq. 9 or its particular form in eq. 23 is 
applied without consideration of a chemical reac
tion, the measured transfer coefficient, as deduced 
from eq. 26 by extrapolation with I/GJV", may be in 
error. If the charge transfer resistance rct is such 
that rct S> (>"rp)o at the highest frequencies being 
used, the error on a is negligible. Conversely, when 
rct <S (rrp)o at the highest frequenciesjpeing investi
gated, one deduces from eq. 9 that AEa -*• (—1/4) 
(nF/RT) VA2 for « -*• °=, i.e., a apparently approaches 
zero for the upper limit of co's being used when the 
effect of the chemical reaction is overlooked. This 
conclusion is in agreement with Barker's observa
tion4= that abnormally low apparent transfer coeffi
cients are obtained for discharge of certain metal 
ions. 

This discussion can readily be extended to charge 
transfer processes preceded by a heterogeneous 
chemical reaction since there is a formal analogy 
between the treatment of this case and the above 
analysis. This extension is valid provided that 
steady state is reached for the heterogeneous chemi
cal reaction. 

Limitations Resulting from the Cell Resistance 
Limitations are imposed by two conditions for the time t 

at which AEa is measured: / must be long enough to allow 

(26) H. Gerischer, Z. physik. Chem., 198, 286 (1951). 
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A.2eo to be reached but t must be short enough to prevent 
undesirable local heating of the solution. Corrections could 
possibly be worked out when these two conditions are not 
satisfied, and the limit of measurable 7,°'s could be increased. 

Attainment of AE& does not raise any problem for fast 
reactions since the charging of the double layer is then very 
rapid under proper conditions. Further, the alternating 
cell current must practically attain its steady-state value. 
Steady state is reached within 1% for t > 5 re, r being 
the total resistance of the circuit connected to the alter
nating current generator and c, for control at 7 = 0, the 
capacity equivalent to the series combination of the 
double layer differential capacity and the capacity in series 
with the cell (see the end of the Qualitative Discussion). 
The latter capacity which generally should not exceed 0.01 
microfarad for a cell with a dropping mercury electrode 
is determinative, and the condition for steady state attain
ment for usual values of r(r = 100 ohms) is t > 5 micro
seconds. This is not a stringent condition. 

The upper limit of Z is generally determined by the maxi
mum allowable rise in temperature of the electrolyte near 
the electrode. The change in equilibrium potential due to 
temperature rise must indeed be small in comparison with 
AE<*. Since \EA<*\ < (nF/4RT) VA

S and VA < 0.005 volt 
(this limit might possibly be raised), one has|A.£=°| « 100K 
to 200» microvolts. Further |d£ , /d / | < 1 millivolt deg . - 1 in 
general, and consequently one should have A F < 0.001 
0.01 degree. A conservative estimate of the maximum al
lowable time for measurement is readily obtained on the 
assumption that there is no heat transfer in solution and 
between solution and the electrode. One has for an electrode 
with uniform current density d T/dt = 0.24 ( J A * / 2 ) ( IAeS0Ch) 
at the electrode surface, K6 being the specific conductance of 
the electrolyte, Ch its specific heat and So its density. For 
instance, for a 1 molar aqueous solution of a strong acid 
one has at room temperature dT/dt — 0.3 / A 2 deg. sec . - 1 

or for IK — 1 amp. cm.2 (an order of magnitude f o r / = 1 
megacycle per s ec ) , dT/dt = 0.3 deg. sec. - 1 . Since one 
should have AT < 0.001 to 0.01 degree, AE™ must be 
measured within 3 to 30 milliseconds in this particular case. 
Such measurements are made by pulse techniques. A 
correction could of course be made for the temperature 
change, but it would require the solution of the boundary 
value problem for heat transfer. 

The large ohmic drop for the alternating current is elimi
nated in the measurement of AEa by means of a low pass 
filter. Requirements for this filter become more stringent 
as the resistance increases as one can readily show. Thus, 
A/Zoo is proportional to VA2, i.e., to the square of the alter
nating voltage V applied to the cell provided that r ^> Z 
and r ^> 1/aci, r being the cell resistance and c\ the dif
ferential capacity of the double layer. The output alter
nating voltage of a one-section inductance-capacity filter 
VOM in its cut off range is proportional to the input voltage 
and inversely proportional to am where usually m = 2. 
Hence AE/ Vaat is proportional to V and inversely propor
tional to rl. 

Experimental 
Solutions.—Solutions were prepared from analytical 

grade reagents (except for Ti(I I I ) ) and bidistilled water 
(over KMnO4) . The stock solution of Hg(I) in perchloric 
acid was standardized by electrogravimetry after reduction 
of traces of Hg(II) by mercury. Traces of adsorbable 
organic impurities were removed by treatment with puri
fied charcoal according to Barker.40 Charcoal was puri
fied by a two-week extraction with HCl in a Soxhlet ex
tractor (without cartridge) followed by a one-week extrac
tion with frequently renewed distilled water. 

The Ti(IV)-Tl(II I ) solutions were prepared from a 2 0 % 
TiCIi aqueous solution (Matheson Co., Inc.) . This solu
tion contained an appreciable amount of zinc as was found 
by polarography but this impurity did not interfere. The 
titanium solution was analyzed as follows: aliquot sample 
was oxidized by H2O2; chloride was removed by heating 
with HjSO1 to fuming; Ti(IV) was finally reduced to Ti-
( I I I ) and titrated with KMmO 1 in a nitrogen atmosphere. 
The Ti( IV)/Ti( I I I ) ratio was changed by complete reduc
tion with zinc amalgam followed by partial oxidation by 
bubbling of oxygen. Finer control was achieved by the 
mixing of completely oxidized and reduced solutions. 
The Ti(IV)/Ti(I I I ) ratio was determined in situ in the cell 
by polarography from the cathodic and anodic diffusion 

currents. The ratio obtained in this fashion agreed well 
with the ratios calculated from equilibrium potentials. 

Cell.—A polarographic H-cell was used with dropping 
mercury electrode and mercury pool in the same arm. 
The other arm of the cell was filled with a 1 I f solution 
of ammonium nitrate (for the H g j + + study) or 0.88 M 
sulfuric acid (for the Ti study) and connected with a satu
rated KCl bridge to a saturated calomel electrode. Pre
cipitation of potassium perchlorate or potassium hydrogen 
tartrate was thus avoided. The cell was immersed in a 
water-bath, the water of which was made conducting by 
salt addition. This provided adequate shielding for the 
cell. The dropping mercury electrode was fitted with a 
magnetic hammer for synchronization of drop fall with oscil-
loscopic recordings. 

Current-Potential Curves.—A Sargent polarograph model 
XXI was used according to conventional practice. Re
cordings were made with the saturated calomel electrode 
(and not the Hg-pool) as reference electrode. 

Double Layer Differential Capacities.—Measurements 
were made according to Grahame.27 

Rectification Voltage.—Rectification voltages were meas
ured during a short single pulse for each consecutive drop 
at the dropping mercury electrode. Oscilloscopic display 
of the rectification voltage was synchronized with the fall 
of the mercury drop by means of magnetic hammer and a 
timing device. The output of a Hewlett-Packard oscil
lator model 200 CD (up to 0.6 Mc) or General Radio 
oscillator model 1211-B (above 0.5 Mc) was 100% modu
lated by a Tektronix preamplifier 53-54 C used as gate. 
The modulating pulse obtained from a Tektronix pulse 
generator model 163 was properly synchronized with the 
drop fall. The Tektronix preamplifier 53-54 C was in
serted in a Tektronix oscilloscope model 536, and a 15 volt 
modulated signal was thus obtained. This signal was fur
ther amplified with a Tektronix amplifier model 112 to 
approximately a 100 volt signal. The latter was applied 
to a conventional power amplifier using two 6AS7G tubes 
in parallel. The maximum output was 5 volts across 50 
ohms at frequencies up to 2 megacycles per sec. Recti
fication voltages were measured with a Tektronix oscil
loscope model 531 equipped with a preamplifier model 
53-54 E . The maximum sensitivity was 50 microvolts 
per cm. The low pass filter between the cell and the input 
of the preamplifier was composed of General Radio adjust
able decade capacitor and inductance boxes, model 1419-K 
and 1490-C, respectively. The settings on these boxes were 
adjusted according to the frequency. In general, values of 
A£c» was read on the screen of the oscilloscope. A number 
of photographs were also made. The alternating voltage 
across the cell was displayed during the single pulse measure
ment on a Tektronix oscilloscope model 535 with preampli
fier model 53-54 G. 

Experimental Conditions.—For the Hg2 + + study: cell 
resistance, 52 ohms (mostly due to the mercury column of 
d.m.e.); m for d.m.e., 1.01 mg. sec. - 1 ; T without syn
chronization, « 6 s e c ; r synchronized, 5.02 s e c ; t at 
the beginning of r.f. pulse, 3.7 or 1.3 sec. (to provide areas 
of 2.06 X 10 - 2 and 1.03 X 1O-* cm.2 in the ratio 2 :1) . 

For the Ti(IV)-Ti(III) system: cell resistance, 56 ohms; 
m for d.m.e., 1.65 mg. sec. - 1 ; T without synchronization 
» 6 s e c ; T synchronized, 5.02 s e c ; t at the beginning of 
r.f. pulse, 3.7 sec. 

The temperature was 30 ± 0.1° in all experiments. 

Conclusion 
A general theory of faradaic rectification was 

developed, and it was shown that both the mean 
and the alternating components of potential and/or 
current must be controlled. Transients due to 
charging of the double layer and to rectification by 
the double layer are quite essential in the interpre
tation of rectification voltage measurements. 

The difficulties associated with the double layer 
capacity and ohmic drop in other relaxation 
methods are largely eliminated in the application of 
faradaic rectification to very fast reactions. The 

(27) D. C. Grahame, THIS JOURNAL, 68, 301 (1946); Tl, 2975 
(1949). 
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method has two unique features in t ha t (a) condi
tions in which the cell al ternating current is pri
marily controlled by the double layer capacity do 
not prevent measurement of J3

0 and a. bu t in fact 
are desirable (A.V. control), and (b) frequency dis
crimination by means of a low pass filter in the 
measurement of AIs co eliminates the difficulty re
sulting from a large ohmic drop and allows the 
determination of / a ° and a even when the cell 
resistance is very much larger than the charge t rans
fer resistance. 

An upper limit of t h e &a°'s which could be deter
mined can be set only after further evaluation bu t it 
appears tha t values of &a° up to 10 to 100 cm. sec . _ 1 

could be measured. The upper limit is based on the 
fairly reasonable assumption tha t frequencies up 
to 100 megacycles per sec. can be used (perhaps 
with some difficulties). The question arises at 
very high frequencies whether formulas derived 
from Fick's equation for diffusion still apply since 
motion can no longer be regarded as completely 
randomized. Such considerations, however, need 
not be introduced below 100 megacycles per sec. 
(or perhaps even higher frequencies) since the aver
age pa th of a diffusing particle (D 10- cm. 
sec. - 1) for t — 10~8 sec. is still quite large in com
parison with molecular dimensions. 
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Appendix 
Derivation of Equation 9.—As noted above, eq. 9 is de

duced from eq. 5 in which So2I is derived from eq. 4. Fur
ther, the terms in b2I/bCo\ b^I/Cs1 and b2I/dC0OCn in 
eq. 4 vanish if one assumes, as will be the case here, that the 
IS characteristic is linear in the concentrations of O and 
R (cf. eq. 1). The problem thus is to express 5Co and 
SICR of eq. 4 in terms of the resistive and capacitive ele
ments of the series equivalent circuit for the faradaic 
impedance. 

Quite generally one has with the conventions of sign 
or eq. 1 

SJ (31) 

where rs and y-, are the resistive and capacitive elements of 
the series equivalent circuit for the faradaic impedance (cf. 
eq. 10 and 11). Further, if one assumes that the kinetic 
parameters for the supply and/or removal of O and R 
(diffusion, homogeneous or heterogeneous chemical reaction, 
etc.) are independent of potential, one has for species i 
( ± 0 or R) 

SiQ = =F [(hr)i - j(hy)]iSj (32) 

where the =p sign holds for O and R, respectively, and hr 
and h„ are constants which depend only on the processes for 
supply and/or removal of O and R between the bulk of solu
tion and the electrode. By introduction of S1Ci from eq. 32 
into 

SiI = ;-JJ SiE + ^-=r SjCo + C77- SiCn 
OE 0C0 otu 

one obtains after re-arrangement of terms 

(33) 
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(34) 

(35) 

where fot, ro, CR, yn, yo are defined in conjunction with 
eq. 10 and 11. The values of the r's and y's are readily 
written by comparison of eq. 34 and 35. By introducing 
in eq. 32 the r's and y's thus obtained one derives for species 
t (» = O or R) 

SiCi = [(bI/bE)/(bI/bd)] (n - jy<)Sj (36) 

or after combination with eq. 31 . 

Sid = - [(bI/bE)/(bI/bCi)] U ~j.yiSiE (37) 
?> — jy« 

A general equation for S 0
2 / of e l - 5 can thus be written 

from eq. 4 and 37. Equation 9 was derived by substitution 
of these values corresponding to eq. 1 for the partial deriva
tives at Ee: bl/bE = -h\nF/RT), bl/bCo = /."/Co0 , 
bl/bCn = -ZaVCR0, b2I/bE* = L"W - (1 - «)2L 
b2I/bEbCo = - (L"/Co")/(anF/RT), bH/bEbCn = -
(/a°/Cn°)[(l - a)nF/RT], -(bI/bE)/(bI/bC0) = (nF/ 
RT)Co" and -(bI/bE)/(bI/bCji) = -(nF/RT)CR". 


