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Qualitative and quantitative treatments are given of non-faradaic rectification by the electrical double layer for specific 
adsorption of a neutral substance or an ionic species in presence of a large excess of supporting electrolyte. Control of the 
mean charge (?) and/or mean potential (E) is considered. Rectification at constant q results i na shift of £ for an ideal 
polarized electrode and vice-versa. It is best to maintain £ constant and to supply the compensating charge by means of a 
double pulse method. A theory of this method is developed without assumption about the explicit form of the rate equation 
for adsorption kinetics. The charge variation due to rectification is expressed in terms of the elements of the equivalent 
circuit for the non-faradaic impedance and the latter are given as functions of thermodynamic and kinetic parameters for 
adsorption. The influence of frequency is analyzed, and it is shown how the general equation can be applied directly to the 
analysis of experimental results. Particular types of adsorption kinetics are also discussed. The method is applicable to 
frequencies (/ > 1 Mc.) at which non-faradaic impedance measurements with a bridge are hardly feasible. 

We consider an ideal polarized electrode on which 
an ionic species or a neutral substance is specifically 
adsorbed. The differential capacity of the double 
layer depends on the surface concentration of 
adsorbed species and consequently on adsorption 
kinetics. The corresponding non-faradaic imped­
ance has been studied by a number of workers2 _ s 

and has provided useful information on adsorption 
kinetics. I t was concluded that adsorption of a 
number of organic substances on mercury is dif­
fusion controlled up to frequencies at which bridge 
measurements can be made (below 500 KcJ. 
The kinetics of adsorption proper could also be 
studied for some substances and adsorption ex­
change rates were determined. Lorenz6 recently 
extended measurements up to approximately 1 
Mc. by the use of a T-bridge. The double layer 
impedance is very low in comparison with the 
cell resistance at high frequencies, and it seems 
that another approach is necessary for investi­
gation well beyond 1 Mc. Non-faradaic recti­
fication provides such an approach as was recog­
nized by Barker.7 This author studied recti­
fication by the double layer in the absence of com­
plications due to adsorption kinetics and for mass 
transfer. Theoretical analysis has not appeared 
thus far to our knowledge and is given here. 

Qualitative Discussion 
The charge on an ideal polarized electrode does 

not vary linearly with potential,8 and rectification 
results when the electrode potential varies periodi­
cally with time. This non-faradaic rectification 
will be discussed qualitatively in a manner which 
is inspired from a similar analysis of faradaic 
rectification.0 
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Two types of control will be considered: control 
of the mean charge q or the mean potential E 
and control of the alternating component of the 
charge or potential. Simple cases correspond to 
either q or E constant. If the alternating cur­
rent density for the charging of the double layer is 
a harmonic-free sinusoidal function of time (A.C. 
control), the potential-time variations include 
harmonics. Conversely, the current-time varia­
tions include harmonics for harmonic-free sinu­
soidal variations of potential (A.V. control.) 

Rectification at Constant Mean Charge.—Varia­
tions of E for A.C. control include, in this case, the 
fundamental harmonic at the frequency / and the 
2/-harmonic (Fig. IA). The latter results in a 
shift S0E of E. This shift can, in principle, be 
observed as follows: the ideal polarized electrode 
is coupled with a reference electrode and is charged 
at a given potential (an ideal polarized electrode 
would remain indefinitely at this potential); the 
cell is connected to an A.C. signal generator by 
means of a capacitor having a very low capacity 
in comparison with the double layer capacity, and 
the alternating current is controlled as a harmonic-
free sinusoidal function of time; application of 
the A.C. signal causes the rectification voltage 
SoS to appear. 

When there is A.V. control (Fig. IB) and q is 
constant, the non-linearity of the q-E relationship 
results in a varying component of the charge at the 
frequency 2/. This component is compensated 
on a time average by a charge of equal magnitude 
and opposite sign since q must remain constant. 
This requires a shift 50£ of the mean potential. The 
rectification voltage is the same as for A.C. control 
because of the reciprocity between Fig. IA and IB. 

The mean potential can be maintained constant 
provided the necessary charge is supplied by an 
outside source when the A.C. signal is applied. 
This result is achieved by simultaneous application 
of the A.C. signal and a rectangular current pulse 
of short duration (perhaps 10 microsec). The 
pulse height is determined by trial and error 
until SnE, as measured with a cathode-ray oscillo­
scope, is equal to zero and independent of the dura­
tion of application of the A.C. signal. Appli­
cation of this double pulse method to faradaic recti­
fication was described in a previous paper from 
this Laboratory.10 

(10) M. Senda, H. Imai and P. Delahay, / . Pkys. Chem., 63, 1253 
(1961). 
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Fig. 1.—Non-faradaic rectification in the absence of compli­
cation due to mass transfer. 

Rectification at Constant Mean Potential.—A.C. 
control in this case produces a 2/-component of E 
which must be compensated since E is constant 
(Fig. IC). There results a change S0g in the mean 
charge and a transient current for the double 
layer charging. This rectification current can be 
observed when the cell with the ideal polarized 
electrode is connected to a potentiometer so 
that E is kept constant. Application of the A.C. 
signal then results in a charging current which dies 
out progressively. In actuality, the charging 
current-time variations depend on the circuit 
resistance. 

A. V. control at constant E causes a 2/-component 
of the charge to appear (Fig. ID). The latter is 
equivalent to a change 5oq in the mean charge which 
is the same as in Fig. IC because of the reciprocity 
between Fig. IC and ID. The corresponding recti­
fication current is observed for the same experi­
mental conditions as for Fig. IC. 

In conclusion, the type of control of the alter­
nating component is immaterial when changes in 
the mean component of the charge or the potential 
are considered. When q is constant, there appears 
a rectification voltage S0E which is equal to zero 
in the double pulse method. When E is constant, 
a rectification current is observed. 

Variations of Mean Components of the Charge, 
Potential and Surface Concentration.—We shall 
consider non-faradaic rectification for an ideal 
polarized electrode on which an ionic species or a 
neutral substance is specifically adsorbed, and we 
shall correlate adsorption kinetics with rectification. 
The basis of the analysis is similar to that in pre­
vious work on the non-faradaic impedance (Lorenz4b 

in particular), but second-order terms are now con­
sidered for the charge on the electrode. The ap­

proach is similar to that in a previous paper9 from 
this Laboratory on faradaic rectification. 

The charge on the electrode g = g{E, T) is a 
function of the electrode potential E and the sur­
face concentration T of adsorbed substance. One 
has 

ap2 = (dq/dE)5s,E + (d2/c>r)5pr + V 2 (1) 

where 5p
2g represents the second-order terms, 

namely 

w-S[(SH+(8H + 

(M-KdEdT ,)(«iB«ir)p (2) 

There p = 0, 1 and 2 corresponds, respectively, 
to the mean value, the fundamental harmonic 
and the second harmonic. Higher harmonics 
are neglected since SE is supposed to be small. 
One has 8p

2g = 0 for p — 1, i.e., for linearization. 
Equation 2 is approximate because the ^-values 
of (51.E)2 and for)2 are taken rather than the p-
values of (5E)2 and (SF)2. All derivatives are 
taken at equilibrium in eq. 1 and 2. The terms 
(dg/dE)8pE + (dg/dr)SpT, as written for the fun­
damental harmonic (p = 1), correspond to the 
linearized non-faradaic impedance. The term 
dp^q, as written for p = 0, accounts for rectification 
and gives the change in the mean charge of the 
electrode upon application of the A.C. signal. 
Steady-state for supply of matter by semi-infinite 
linear diffusion is reached for the alternating 
current provided ( w i ) v ' » 1 where <o = 2ir/ (/ 
frequency) and t is the time elapsed since the appli­
cation of the A.C. signal. 

In the simplest possible case d g / d r = 0, as for instance 
for the supporting electrolyte alone. One then has a t 
constant mean charge (J02 = 0), (dq/dE)S0E + 80

Jg =• 0. 
Further, (BiEy = V^/2, Vx being the amplitude of the 
alternating voltage applied to the double layer. Since 
dg/dE is the differential capacity c\ of the double layer one 
has, as was shown by Barker' 

S0E = -
VV l .d£, 
4 cidE 

(3) 

Conversely, the charge variation at constant mean potential 
is 6o2 = V 2 . *•«• 

F A ! da 
So2 = 

4 AE 
(4) 

This result was already reported by Barker. ' 
We now consider the more general case in which dq/dV ?* 0. 

When the mean potential is constant (S0E = 0), as would be 
for the ideal case of a cell circuit with zero resistance (r, 
as defined for current densities) one has S0q = S0

2q since 5or = 
0 under such conditions (see Appendix). Actually, r ?£ 
0 and SnE ^ 0. The charging current is equal to the current 
which would flow if a voltage-step equal to — 8»E were 
applied to the cell circuit across the resistance r. At t ime 
t = 0 one has: S0q = 0, 80r = 0 and S0E = -Sa*q/(<>g/dE). 
For t > 0 (t finite), S0V ^ 0 and mass transfer of the con­
stituents of the double layer must be considered. As t —» °°, 
S0E —> 0 and S0q —> So2q. One has in the simple case cor­
responding to dg/dT = 0 (cf. eq. 4) 

dSo2 S0
2q T t "I ,.* L e x p L - ^ ^ j (5) 

(6) 

When S02 = 
So'q/Oq/dE). 

dt ~ r^q/bE)"^ I r(i)q/dE). 

50g = 60
2gll - exp[-t/r(bq/i>E)} 

0 for t > 0, S0T = 0 for t = 0 and S0E = 
F o r i -

SnE = -

, one has 

( d 2 / d £ ) + ( d g / d r X d r / d E ) 

S«T = (&r/oB)(S0E)t-v„ 

(7) 
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and consequently SaE and SoT depend on mass transfer of 
the double layer constituents. 

In the double pulse method, Sq =» V 2 , W => 0 and W2 = 
0 for t > 0. The charge Sf q is supplied from an outside 
source a t t = 0 for all practical purposes by the use of a 
short rectangular current pulse and S0E is maintained a t zero 
despite the finite resistance of the cell circuit. 

In practice, two types of measurements are possible: 
(a) comparison of the charging current resulting from recti­
fication with the charging current for a voltage step equal 
to — S0E (Barker7); (b) the double pulse method. 

Non-Faradaic Impedance.—The term S0
2q of 

eq. 1 will be evaluated in terms of the elements of 
the equivalent circuit of the non-faradaic impedance 
just as the faradaic rectification voltage was pre­
viously expressed in terms of the components of the 
faradaic impedance.9 The current density varia­
tion for the first harmonic is (c/. eq. 1) 

SJ = ju(bq/bE)SiE +Ja(ZqZbT)S1T (9) 
where j is the operator (— I) ' / ' and 8}T depends on 
adsorption kinetics. As u —»• <=, 5) T -*• 0 since 
variations of potential are too rapid for adsorption 
to follow. If Za, is the non-faradaic impedance 
for w -*• oo, the impedance at the frequency w is 
composed of z» in parallel with the impedance 
z„ corresponding to the term in SjI1 of eq. 9. The 
impedance zw will be evaluated by consideration 
of adsorption kinetics. 

The flux 4>a for adsorption is a function of the 
potential E, the volume concentration C* of ad­
sorbed substance at the electrode surface and the 
surface concentration r . Hence 
«i*. = (^JbE)S1E + (b<t>.ZbC*)SxC* + ^JbT)S1T 

(10) 
on the assumption that only the first derivatives 
are considered in the expansion. Non-linearity 
could also be considered just as for the charge 
(c/. eq. 1 and 2), but this will not be done for the 
sake of simplicity. This simplification is justi­
fied since S1E is supposed to be sufficiently small. 

As in another paper,11 we correlate variations 
of C* and <f>a for the fundamental frequency by 

SlC* = (Hr -Jhx)SKh (H) 
where an anodic current corresponds to a positive 
flux and A is a function whose explicit form is 
solely determined by the mass transfer process. 
F. r instance, hr = Hx = (2coD)-'A (D diffusion 
coefficient of adsorbed species) for semi-infinite 
linear diffusion.12 Since adsorption and mass trans­
fer are the only processes involving the adsorbed 
substance (no loss in a charge transfer reaction), 
one has 

- ^ r = (1/Jo))S1*. (12) 
where w — 2wf, f being the frequency. By com­
bining eq. 10, 11 and 12 one obtains 

1 w 1 
i f = 

(S) (xd + x>) + j(r* + r") 
WS (13) 

where 
H = - \l/l(bqZbT)(bC*/bE))}hr 

*<* = - {l/[(bq/bT)(bC*ZbE)]}hx 

(14) 

(15) 

(11) M. Sends and P. Delahay, J. Phys. Chem., 65, 1580 (1961). 
(12) This value of hT and kx is derived by application of Duhamel's 

theorem for a sinusoidal flux. Cf., e.g., H. S. Carslaw and J. C. 
Jaeger, "Conduction of Heat in Solids," Oxford University Press, 
London. 1047, P, 57, eq. !). 

f = \lZ{(bq/bV)(bC*/bE))}{lZ(bh/bC*)) (16) 

*» = -|i/[(da/arxdc*/dB)!)(i/«)(ac*/ar) (17) 
all derivatives being taken at equilibrium. The 
frequency dependent component zu of the non-far­
adaic impedance (see discussion of eq. 9) is directly 
obtained from eq. 9 and 13. Thus 

IAo, = l/(r. -jx.) (18) 
where 

r. = r* + r- (19) 
x. Xd + X* (20) 

The impedance zu thus corresponds to the series 
combination of rs and xs. Conversely, determina­
tion of rs and xs (after correction of the non-
faradaic impedance for z» (c/. eq. 9)) should allow 
study of adsorption kinetics.4'613 

The series circuit (r, — c,) which is equivalent to zu can 
be converted to the parallel circuit (rp — cp) already con­
sidered by Lorenz.4b The corresponding phase angle 9 is 
such that 

tan B = x,/r. = 1/u c,r. (21) 

= rB/xp — ucprp 

I t follows from eq. 14 to 20 that 

t a n q - i + (i/hx)(i/«)/(br/bc*) 

or, for semi-infinite linear diffusion as mass transfer process 

1 + (AZa'/') 
tan 9 

1 + Bo,1/. 

with 

A = (2Dy/'/(bT/bC*) 

B = -(2D)'/'/(b<f>JbC*) 

(23) 

(24) 

(25) 

Equation 23 was already obtained by Lorenz.4b There is 
diffusion control when r* < < r*, i.e. for Ba'/' < < 1 and 
control by slow adsorption when /SWVJ > > 1. Further, 
there is very strong adsorption for A/a'/' < < 1 and weak 
adsorption for A/a1/' > > 1. These are relative terms 
since the conditions for which they apply depend on a. 
Four extreme cases can be distinguished: 

Diffusion control, very strong adsorption: tan 9 » 1 
Diffusion control, very weak adsorption: tan 9 « AZa1/' 
Adsorption control, very strong adsorption: tan 9 « XZBa'/' 
Adsorption control, very weak adsorption: 

tan 9 » (AfB)(IZa) 

Since a = 27r/, one has Ba'/' > > 1 or SwVi < < 1, for 
— (b^JbC*) < 1 0 " ' / 1 A (control for slow adsorption) or 
— (b<j>JbC*) > /Vi (diffusion control), respectively, all 
quantities being expressed in c.g.s. units. Likewise, one 
has A/a'/' >> 1 or A/a'/' « 1 for (bT/bC*) < 2 X 10"* 

f-'/t (very weak adsorption) or (bT/bC*) > 2 X 10_ 1 

/"1A (very strong adsorption). These numerical limits 
give orders of magnitude of the frequency to be used. Some 
numerical data are available in the papers of Lorenz, 
etal.*-'-13 

Non-Faradaic Rectification.—The change in 
mean charge 50

29 which is measured by the double 
pulse method will be expressed in terms of the 
elements of the non-faradaic impedance. The 
quantities (SiE)0

2, (S1F)0
2 and (S,£S,r)0

2 appear­
ing in eq. 2, as written for p = 0, are for S1E = 
VK exp(jo>t) 

(S1E)0' = (1/2)VA
2 

(X TM J _ 1 T/ 1 (**) ' 
( 5 i r ) o - 2 F A [(bE/bT)}* rj+l& 

(26) 

(27) 

(13) (a) W. Lorenz and E. O. Schmalz, Z. Eleklrochem., 62, :)01 
(1958); (b) W. Lorenz, F. Meckel and W. Muller, Z. physik. Chnn., 
N.F., 25, 14.r, (I«fi0); (c) W. Lorenz and W. Muller, ibid., 26, 161 
(lOflO). 
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(S, VSE)0' - I VA 
x'x. 

(t>E/i>V)(r,' + x.>) 
(28) 

*.*, 7 A ' r 1 ( d ' « \ 4. rx x u (*")' . * _ £ * * ! 

where 

Xi 

XJ 

1 ZdJgN /ZdEy 
2 \ a rv /V . J 

(*•)' 

r.' + *.! 

r.» + *.' ' 

kdrv 

)/(i) 
[A/uV'¥ 

(J^. 

[1 + B«V.] ' + [1 + (A /«'/•)]« 

+ 
(29) 

(30) 

(31) 

(32) 

(33) 
( i + So1Vi)' + [ i + MAiVi) ]« 

The amplitude of the voltage FA applied to the 
non-faradaic impedance is J7A = J A | Z | , where JA 
is the amplitude of the current and z is the total non-
faradaic impedance (cf. discussion of eq. 9). VA 
is not measurable, in practice, at the frequencies 
used in rectification studies because z is negligibly 
small in comparison with the total cell resistance. 
7A, however, can be measured easily. 

The derivatives in eq. 29 to 31 are taken at 
equilibrium and are thermodynamic quantities 
which can be determined from electrocapillary 
curves obtained for different volume concentrations 
of the adsorbed substance. Likewise, A is a 
thermodynamic quantity which can be obtained 
by the same method. The only unknown in the 
analysis of the experimental dependence of 50

2g 
on frequency is the kinetic parameter B (eq. 25), 
and this parameter thus can be obtained. 

I t is seen from eq. 29 that h*q -* ( TVAOCdV&E') for 
to —» co, i.e., eq. 4 is applicable, as it should, since there is 
no effect of mass transfer. Some simplified forms of eq. 
29 will be given for the case in which X1 > Xi. This condi­
tion is not unrealistic in a number of practical instances." 
The term in (Xi -f- Xj) or XJ then can be neglected when 
A/w'/> « 1 (very strong adsorption) or A/u'h > > 1 
(very weak adsorption), respectively. One has: Bu1Zt » 
1 and A/u'/t « 1 (adsorption control) 

x*x* A_ 1 

r.2 + K.S " S 2 «Vi 

SwVi > > 1 and / l /w'/ i > > 1 (adsorption control) 

(X') 8 _ 1 

(34) 

r.J + x.' 1 + (I")' 
(35) 

Sw1A < < 1 and A/u'/> « 1 (diffusion control) 

xrifi A 

r,* + x<? " 2uVi 

Sw1A < < 1 and A/u'/' > > 1 (diffusion control) 

W „ 1 
r.» + x,' 

The above results are general and do not depend on any 
particular form of the rate equation for adsorption kinetics. 
A particular case is treated in Appendix as an example, 
namely, that corresponding to adsorption kinetics accord­
ing to Brunauer, Love and Keenan." 

(36) 

(37) 

(14) Cf., e.g., 
2938 (1959). 

(15) (ul S. Brunatier, K. S. Love and R. G. Keenan, ibid,, 64, 751 
(1942); (!>) see nlso T. L. Hill, Advances in Catalyst;, 4, 211 (1952). 

Conclusion 
Non-faradaic rectification allows the quanti­

tative study of kinetics for adsorption of neutral 
substances or ions in presence of a large excess of 
a supporting electrolyte.1' No explicit form of 
the rate equation for adsorption kinetics need be 
postulated and kinetics is characterized by the 
partial derivative of the rate with respect to the 
concentration at constant potential and coverage. 
Interpretation in terms of a particular type of ad­
sorption kinetics is also possible. The method has 
the advantage over the non-faradaic impedance 
method to allow determinations at frequencies far 
too high for bridge measurements. Experimental 
study is now in progress. 
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Appendix 
Variations of SaT for S0E «• 0.—By definition of the flux 

one has 

«0r 
Further 

SC* = 

- / : 

"'Jo 

S<f>.At 

TT. AU 

(38) 

(39) 
(IrD)ViJ0 (t - U)Vi 

Hence, in view of eq. 10 

(TrD)Vi \i)C*/ J o (t - u)'/r 

I t can be shown by Laplace transformation that the only 
solution of eq. 40 is «9» = 0. Hence, SV «• 0. 

Adsorption Kinetics According to Brunauer, Love and 
Keenan.—One has15 

80. •d« (40) 

. T Wd0 - gd<r"| 
<£a = *d<r exp ~ p 

£MC*(l-g)exp [ - % + / ' * ] (41) 

where ki and k, are rate constants, a is the coverage (<r = 
r / r m > r m maximum surface concentration), TPV and W," are 
activation energies for adsorption and desorption for a = 0, 
respectively, The energies WV and WV are dependent on 
the electrode potential." I t is postulated in eq. 41 that 
energies of activation for adsorption and desorption are 
linear functions of the coverage. One has a t equilibrium17 

<r = pC*/(\ + PC*) (42) 
where 

P = (k./k,t) exp H(H-V - WV) - (/3d + M']/RT) 
(43) 

If 0„" is the adsorption exchange rate at equilibrium, the 
partial derivatives at equilibrium are 

'SE RTi>E( 4 

dl 

WV) (44) 

^-*--[s(5 + rh) + AA-^+«] (45) 

(46) &0» 

be* C* 
Simpler forms corresponding to the Langinuir isotherms 

are directly obtained from the above equations for ft, •» 
/3,! = 0. 

M. Breiter and P. Delahuy, J. Am. Cliem. Soc, 8t , 
(10) J. A. V. Butler, Proc. Roy. Soc. (London), A122, 399 (1929). 
(17) Etiuatiou 42 reduces to n Temkin isotherm when <r is in the 

vicinity of 0.5. 


