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Qualitative and quantitative treatments are given of non-faradaic rectification by the clectrical double layer for specific
adsorption of a neitral substance or an ionic species in presence of a large excess of stipporting electrolyte. Control of the
mean charge (§) and/or ineau potential (£) is considered, Rectification at constant § results in a shift of £ for an ideal
polarized electrode and vice-versa. It is best to maintain E constant and to supply the compensating charge by means of a
double pulse method. A theory of this method is developed witliout assumption about the explicit form of the rate equation
for adsorption kinetics. The cliarge variation due to rectification is expressed in terms of the elements of the equivalent
cireuit for the non-faradaic impedance and the latter are given as functions of thermodynamic and kinetic parameters for

adsorption,
analysis of experimental results.

The influence of frequency is analyzed, and it is sllown how the geiteral equation can be applied directly to the
Particular types of adsorption kinetics are also discussed. The method is applicable to

frequencies (f > 1 Mc.) at whiclt non-faradaic impedance nieasurements 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 workers?~?
and has provided useful information on adsorption
kinetics. It 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 Kc%.
The kinetics of adsorption proper could also be
studied for some substances and adsorption ex-
change rates were determined. Lorenz® recently
extended measurements up to approximately 1
Mec. 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.” 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,® 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.?
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Two types of control will be considered: control
of the mean charge g or the mean potential E
and control of the alternating component of the
charge or potential. Simple cases correspond to
either g or E constant. If the alternating cur-
rent density for the charging of the double layer is
a harmonic-free sinuisoidal function of time (4.C.
conlrol), 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 f and the
2f-harmonic (Fig. 1A), The latter results in a
shift §E 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
&L to appear.

When there is A.V. control (Fig. 1B) and ¢ is
constant, the non-linearity of the g-E relationship
results in a varying component of the charge at the
frequency 2f. This component is compensated
on a time average by a charge of equal magnitude
and opposite sign since g must remain constant.
This requires a shift §,E of the mean potential, The
rectification voltage is the same as for A.C. control
because of the reciprocity between Fig. 1A and 1B,

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 6F, 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) M, Senda, H. Imai and P. Delahay, J. Phkys. Chem., 83, 1253
(1961),



u
)
o
a
b ol
o
t AMcontrol
POTENTIAL.
q
w !
)
o
P
I
Q
3.E =0 8.E=0
A.C.conirol A.V.controj
Jn

POTENTIAL .,

Fig. 1.—Non-faradaic rectification in the absetice of compli-
cation due to mass transfer,

Rectification at Constant Mean Potential.—A.C.
control in this case produces a 2f-component of E
which must be compensated since E is constant
(Fig. 1C). There results a change §,¢ 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 L causes a 2f-component
of the charge to appear (Fig. 1D). The latter is
equivalent to a change §yg in the mean charge which
is the same as in Fig. 1C because of the reciprocity
between Fig. 1C and 1D. The corresponding recti-
fication current is observed for the same experi-
mental conditions as for Fig. 1C.

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 ¢ is constant, there appears
a rectification voltage §E 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 (Lorenz*®
in particular), but second-order terms are now con-
sidered for the charge on the electrode. The ap-
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proach is similar to that in a previous paper® from
this Laboratory on faradaic rectification.

The charge on the electrode ¢ = ¢(E, T) is a
function of the electrode potential E and the sur-
gace concentration T" of adsorbed substance. One

as

dpg = (0g/OE)S,E + (3g/0T)5;T + 0p%¢ (1)

where 6,%¢ represents the second-order terms,
namely

g ~ 5 [ (552 Joumst + (St ] +

(555 )BT (@)

There p = 0, 1 and 2 corresponds, respectively,
to the mean value, the fundamental harmonic
and the second harmonic. Higher harmonics
are neglected since 6E is supposed to be small.
One has §,%¢ = 0 for p = 1, z.e., for linearization.
Equation 2 is approximate because the p-values
of (5E)? and (§,T')® are taken rather than the p-
values of (8E)? and (8T)2 All derivatives are
taken at equilibrium in eq. 1 and 2. The terms
(0g/OE)S,E + (0g/OT)8,T, as written for the fun-
damental harmonic (p = 1), correspond to the
linearized non-faradaic impedance. The term
dp%g, 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 (wf)'/*>>1 where w = 2xf (f
frequency) and ¢ is the time elapsed since the appli-
cation of the A.C. signal.

In the simplest possible case d¢g/dI' = 0, as for instance
for the supporting electrolyte alone. One then has at
constant mean charge (8¢ = 0), (dg/dE)&E + &% = 0.
Further, (§1E)? = Va?/2, V. being the amplitude of the
alternating voltage applied to the double layer. Since
dg/dE is the differential capacity ¢j of the double layer one
has, as was shown by Barker?

VaZl da
&HE i o dE (3)
Conversely, the charge variation at constant mean potential
is 8og = do%q, t.€.
Vat da
M =3 dE @)
This result was already reported by Barker.?

We now consider the more general case in which dg/9I" # 0.
When the mean potential is constant (8E = 0), as would be
for the ideal case of a cell circuit with zero resistance (r,
as defined for current densities) one has g = 8¢ since &I" =
0 under such conditions (see Appendix). Actually, r =
Oand &E > 0. The charging current is equal to the current
which would flow if a voltage-step equal to —&E were
applied to the cell circuit across the resistance r. At time

= O one has: &g = 0, &I = 0 and &E = —8%q/(d¢/0E).
For ¢t > 0 (¢ finite), I >¢ 0 and mass transfer of the con-
stituents of the double layer must be considered. As¢{— o,
§F — 0 and 8¢ — &2g¢. One has in the simple case cor-
responding to 3¢/oT = 0 (¢f. eq. 4)

déog _ _ &’q —_—t
Fi r(aqo/aE)“‘p[ r<ag/aE):| 5
5og = 8i%g|1 — expl—t/r(2g/0E)]} (6)

When 50g= Ofort 20, 8 = O0fort = 0and §& = —
82g/(03¢/dE). Fort— =, onehas

- d'g
(0g/0E) + (0q/dT)(OT/0E)
I = (AT /OE)60E)t— o
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and consequently &FE and §I' depend on mass transfer of
the double layer constituents.

In the double pulse method, 8¢ = &g, &I = 0 and §E =
0 for ¢t > 0. The charge &%q is supplied from an outside
source at { = O for all practical purposes by the use of a
short rectangular current pulse and E is maintained at zero
despite the finite resistance of the cell circuit.

In practice, two types of measurements are possible:
(a) comparison of the cliarging curreut resulting from recti-
fication with the charging current for a voltage step equal
to —&.E (Barker?); (b) the double pulse method.

Non-Faradaic Impedance.—The term &%¢ 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 componentsof the
faradaic impedance.® The current density varia-
tion for the first harmonicis (¢f. eq. 1)

8l = jw(dg/OE)HE + jw(dg/0T)5:T (9)

where j is the operator (—1)"* and &I depends on
adsorption kinetics. As w — «, §I' — 0 since
variations of potential are too rapid for adsorption
to follow. If 2z, is the non-faradaic impedance
for w — ®, the impedance at the frequency w is
composed of 2, in parallel with the impedance
2, corresponding to the term in &I of eq. 9. The
impedance g, will be evaluated by consideration
of adsorption kinetics.

The flux ¢. 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 I Hence
bi1ps = (Opa/QE)SE + (3a/0C*)8iC* + (d¢pa/OT)81T

(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
(¢f. eq. 1 and 2), but this will not be done for the
sake of simplicity. This simplification is justi-
fied since 8§, is supposed to be sufficiently small.

As in another paper,!! we correlate variations
of C* and ¢a for the fundamental frequency by

HC* = (b — jhx)b1¢a (11)
where an anodic current corresponds to a positive
flux and & is a function whose explicit form is
solely determined by the mass transfer process.
F.r instance, # = hy = (2wD)~"r (D diffusion
coefficient of adsorbed species) for semi-infinite
linear diffusion.!? Since adsorption and mass trans-
fer are the only processes involving the adsorbed
substance (no loss in a charge transfer reaction),
one has

—&0 = (1/jw)b1n (12)
where w == 2xf, f being the frequency. By com-
bining eq. 10, 11 and 12 one obtains

1 1
aT = (b_q)x(xd+x,)+j(,d+r,)alE (13)
“\or
where
rd = — {1/[(dg/dT)Y(0C*/OE)]} h: (14)
xd = — {1/[(dg/T)(0C*/FE)]} hx (15)

(11) M. Senda and P. Delabay, J. Phys. Chem., 65, 1580 (1961).

(12) This value of hr and hy is derived by application of Duhamel’s
theorem for a sinusoidal flux. Cf., e.g,, H. 8 Carslaw and J. C.
Jacger, "’ Conduction of Heat in Solids,”” Oxford University Press,
London, 1947, p. 57, eq. 0.
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r = {1/[(0g/or) dC*RE)]} [1/(0¢4a/DC*)] (16)
—11/1(0g/0r)(0C* /RE) }(1/w)dC*/3T) (17)
all derivatives being taken at equilibriuin. The
frequency dependent component z, of the non-far-

adaic impedance (see discussion of eq. 9) is directly
obtained from eq. 9 and 13. Thus

X =

Vzw = 1/(ra — jxa) (18)

where
rg =13 4 (19)
%o = x9 4 2 (20)

The impedance z, thus corresponds to the series
combination of #s and x,. Conversely, determina-
tion of 7 and x, (after correction of the non-
faradaic impedance for z.. (¢f. eq. 9)) should allow
study of adsorption kinetics. %13

The series circuit (r, — ¢,) which is equivalent to 2z, can
be converted to tlie parallel circuit (r, — ¢,) already con-
sidered by Lorenz.®® The corresponding phase angle 6 is

such that
tan 8 = x./7. = 1/w ¢ty (21)
= rp/%p = wCprp
1t follows from eq. 14 to 20 that
1+ (1/h)(1/w)/(3T/2C*
0 = G T a2
or, for semi-infinite linear diffusion as mass transfer process
1
tan 6 = -11—*;_%‘{%@ (23)
with
A = (2D)/s/(dr/dC*) (24)
B = —(2D)/1/(04./0C*) (25)
Equation 23 was already obtained by Lorenz.® There is

diffusion control when 7 << #, {.e. for Bw'/s << 1 and
control by slow adsorption when Bw!/t+ >> 1. Further,
there is very strong adsorption for 4/w'/1 << 1 and weak
adsorption for A/w'/2 >> 1. These are relative terms
since the conditions for which they apply depend on w.
Four extreme cases can be distinguished:

Diffusion control, very strong adsorption: tang = 1
Diffusion control, very weak adsorption: tan § = A4 /w2
Adsorption control, very strong adsorption: tan 8 ~ 1/Bw'/s
Adsorption control, very weak adsorption:

tan 8 =~ (A/B)(1/w)

Since w = 2xf, one has Bw'/z >> 1 or Buw'/t << 1, for
—(d¢a/0C*) < 104 f'/2 (control for slow adsorption) or
—(0¢a/0C*) > f'/: (diffusion control), respectively, all
quantities being expressed in c.g.s. units. Likewise, one
has A/w'/t >> 1 or A/w'/2 << 1 for (OT'/2C*) < 2 X 10-*
f7'/2 (very weak adsorption) or (JT'/2C*) > 2 X 10—
f~Y/+ (very strong adsorption). These numerical limits
give orders of magnitude of the frequency to be used. Some
nur?sx;icl:aal data are available in the papers of Lorenz,
et ab A8

Non-Faradaic Rectification.—The change in
mean charge &% which is measured by the double
pulse method will be expressed in terms of the
elements of the non-faradaic impedance. The
quantities (8:E)¢%, (6:T),® and (8, £8T),® appear-
ing in eq. 2, as written for p = 0, are for §;E =
Va exp(juwt)

(8E)? = (1/2)V,? (26)
21 1 (=)2
(8T )? = 5 Va? [(OE/oT: rf F a2 27

(13) (a) W. Lorenz and E. O. Schmalz, Z. Eleklrochem., 63, 301
(1958); (b) W. Lorenz, F. Mackel and W. Miiller, Z. physsk. Chem.,
N.F., 28, 145 (1960); (¢) W. Lorenz and W. Miiller, sbid., 28, 161
(1960).
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: 1 1 ,
G190 =5 Ve omem Gt e )

Vat[1l /ot P
o'g = _2A 2 (-511%) + () r.’(i)x.’+ M r.’x:i-xdx.:
(29)

where

1 /0% DE\?

M=3 (a‘fw)/ ‘a’f) (30)
= (29 /(2E
e = (bEaI‘)/ (ar (31)
() (A /w!/1]? 32)
7+ %t (14 Bo /At + (1 + (A/w/0)]

XXy (4 /w‘/!) (33)

rd + 2t (1 + Bo/Ay + (1 + (AJa/]?

The amplitude of the voltage Va applied to the
non-faradaic impedance is Va = I Alzf, where Ja
is the amplitude of the current and zis the total non-
faradaic impedance (¢f. 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.
Ia, 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, 4 is a
thermodynamic quantity which can be obtained
by the same method. The only unknown in the
analysis of the experimental dependence of &%
on frequency is the kinetic parameter B (eq. 25),
and this parameter thus can be obtained.

It is seen from eq. 29 that &g — ( Va2/4)(0%q/QE?) for
w — «©, f.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 Ay 2 A, This condi-
tion is not unrealistic in a number of practical instances.4
The term in (A - Az) or A: then can be neglected when
A/w'/s << 1 (very strong adsorption) or A/w'/a >> 1
(very weak adsorption), respectively. Onelas: Be'/s >>
1 and A/w!/s << 1 (adsorption control)

_wat 41

72 + %42 Bj w2
Bw'/s >> 1and A/w'/1 >> 1 (adsorption control)
ep  _ 1 .
r,z+x_=_1+(§ )s (35)

A w
Bw'/s << 1land 4/w'/1 << 1(diffusion control)
zexd 4

AN X R
Bul/t << 1and 4/w'/s >> 1 (diffusion coutrol)
(x2)?
A R
Tlhe 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, tltat corresponding to adsorption kiuetics accord-
ing to Brunauer, Love and Keenan.*

(34)

(36)

~ 1

(37)

(14) Cf.. e.g., M. DBreiter and P. Delatray, J. Am. Chem. Sor., 81,
2938 (1959).

(15) (a) S. Brunaner, K. S. Love and R. G. Keenau, ibid,, 64, 751
(1042); (1) see also T, L. Hill, Advances in Catalysis, 4, 211 (1952).
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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.’® 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 progtess.

Acknowledgment,—This investigation was sup-
ported by the Office of Naval Research.

Appendix
Variations of §T for §E = 0.—By definition of the flux

one has
Sol' = — fo ! 3¢adt (38)
Further .
_ R :
5C* = (”D)lhﬁ T du (39)

Hence, in view of eq. 10

_ 2 [
5 brﬁw.dt-f—

1 O S
(=D)7 (J‘) fo T aynde (40
It can be shown by Laplace transformation that the only
solution of eqq. 40 is 60, = 0. Hence, 8T = 0.
Adsorption Kinetics According to Brunauer, Love and
Keenan.—One lias!

b = kac exp[_ w_szr_‘%_v] -

0
ECH(1 — o) exp [— Wt bur R*;,’S“’] (41)
where k4 and k, are rate constants, ¢ is the coverage (¢ =
I'/Tw, ' maximum surface concentration), We® and W, are
activation energies for adsorption and desorption for ¢ = 0,
respectively, Tle energies Wy® and W, are dependent on
the electrode potential.l® It is postulated in eq. 41 that
energies of activation for adsorption and desorption are
linear functious of the coverage. One has at equilibrium?

o = pC*/(1 4 pC*) (42)
where
p = (ko/ky) exp [[(We® — W) — (Ba + Ba)o)l/RT}
(43)

If 640 is the adsorption exchange rate at equilibrinm, the
partial derivatives at equilibrium are

Oba _ _ & O —
SE = ~ ®Rt oW wa) (44)
o _ 4 [L(ly 1 ), 1 L
8- o[ (a + = .,) + o gt ] (49)
0 _ _ &
AC* T c* (46)

Simpler forms corresponding to the Laugimuir isotherms
are directly obtained from the above equations for g, =
B1=0.

(16) J. A. V. Butler, Proc. Roy. Soc. (London), A122, 399 (1929).
(17) Tquatiou 42 reduces to a Temkin isotherm when ¢ is in the
vicinity of 0.5,



