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Theoretical equations are presented of the a.c. polarization and of the a.c. polarography and voltammetry for
the surface redox reaction (O,q-+ne=2R,,) in which charge transfer reaction takes place exclusively between the
adsorbed reactants O,q and R,q, and both reactants are adsorbed so strongly that the amount of O or R brought
to or removed from the electrode surface can be neglected. The interaction between adsorbed molecules is as-

sumed to be expressed by Frumkin’s a-parameters.
account.

Electrochemistry with electroactive reactants ir-
reversibly or strongly adsorbed on or chemically bonded
to electrode surface is an active field of current research
(for reviews, see Refs. 1 and 2). In the majority of
cases the electrochemical behavior of such electrodes
has been studied by using linear sweep cyclic voltam-
metry and differential pulse polarography. Also the
coulostatic technique® and the second harmonic a.c.
voltammetric technique? were used for the study of
electron transfer reactions between reactants irrevers-
ibly or strongly adsorbed on or chemically bonded to
electrode surface. We have applied the a.c. polaro-
graphic technique to elucidate the electrode processes
of ferredoxins irreversibly adsorbed on the surface
of mercury electrode.®® The results indicated that
the a.c. polarography is a powerful technique, in par-
ticular, for determining the electrochemical kinetic
parameters.

Theory of the faradaic impedance or a.c. polaro-
graphy of the electrode processes with specific adsorption
has been given in a general form® which involves terms
of mass transfer, adsorption and charge transfer.
Although the general expressions are very involved,
the expressions will become very simple” when the
charge transfer reaction takes place exclusively between
adsorbed molecules and the amount of electroactive
species (O or R) brought to or removed from the
electrode surface by mass transfer can be neglected
in comparison with the amount which remains adsorb-
ed. These conditions will be satisfied in the case of
strongly or irreversibly adsorbed or chemically bonded
species.

In this paper, we present theoretical expressions of
the faradaic impedance and of the a.c. polarography
and voltammetry of the electrode processes with re-
actants irreversibly adsorbed on or chemically bonded
to electrode surface (hereafter we call this the “surface
redox reaction”) on the basis of the general expres-
sions®). In the following derivation we shall make
several assumptions: (a) the charge transfer reaction
takes place exclusively between the adsorbed molecules,
(b) both O and R are adsorbed so strongly (irreversibly)
that the amount of O or R brought to or removed
from the electrode surface can be neglected, and (c)
the interaction between adsorbed molecules can be
expressed by Frumkin’s a-parameters. The effect of
the double layer impedance is also considered.

Also the effect of the double layer impedance is taken into
Some simplified cases are discussed in detail.

Theory of Faradaic and
Non-faradaic Currents

We consider an n-electron surface redox reaction,
O,q + ne = Ryq. (1

Since the surface redox reaction proceeds exclusively
between the adsorbed molecules (assumption (a)), the
faradaic current density Iy is a function of the electrode
potential, E, and the surface concentrations of the
adsorbed species O and R, I'; and I'p; I,=g(E,
I'y, I'y). For small variations of the potential, JF,
superimposed on the “d.c.” potential, E,,, (E=E;,+
OFE), the surface concentration will change around the

mean (“d.c.”) value, I, with small variations, 6[;

I''=T,+6I', (i=0 and R) and the faradaic current
will be given by®
Iy = Iy + OI. )
Thus we have for the first harmonic of faradaic current,
8,15,
8,1y = (IOE)S,E + (81)ol0)8,'0 + (31/als)8,I's,  (3)
where 6,E and §,I')’s represent the first harmonic
variations of E and I')’s respectively. From the as-
sumption (b) we further have®
d(6,0))/dt = jwd, [y = ==(0,I/nF). 4)
Here the upper and lower sings correspond to O and
R, respectively, j is the operator (—1)/2, and o the
angular frequency of sinusoidal variations.
By combination of Eqs. 3 and 4 we obtain the I-E
characteristic for sinusoidal variations of small ampli-
tude,

Oy = 8,15 + joIe™® = (r—jp)7'0,E, (52)
(rp)? 1
real __ ._6
o = T T hE, (5b)
and
6 I(mlg — _}_____.iéE (5C)
T TR

where §,I7* and §,/¥** are thc real and imaginary
components of the faradaic a.c. current, respectively,
and r and y are given by

r = 1/(dI/0E), (6a)
and
y=yo + yr = (1/nFw)[~ (01/0I"o)/(0I/0E)
+ (01/0I's)/(9I/0E)] - (6b)
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In harmony with the assumption (b) (see Eq. 4) the
general theory® would give the same expressions as
above when
(9¢o/0I'r) = (@¢r/0I'0) =0, || <],
and (w/2D)Y%(0I,/0C3)>1
(see Ref. 6 regarding the notations).

Because of adsorption of O and R, the double layer
impedance, i.e., the non-faradaic impedance may dif-
fer from that observed in the absence of O and R.
In this case we can assume that the surface charge
density on the electrode, ¢, is a function of E, Iy,
and I’y only, so that for sinusoidal variations of the
non-faradaic current-density we have for the first har-
monic8-8)

SiInr = (dg/dt),e = jw[(0g/0E)SE+ (0/016)6: 0

+ (0¢/0I'r)0,I's] - @
From Egs. 4 and 7, we obtain for the non-faradaic
ac current

ddxr = (1/nF)[(0g/0I o) — (3g/01"r)10:1r + joo(dg[OE)O,E.

®)
Thus we have for the total (faradaic and non-faradaic)
ac current

01y = 8ily + il

= {1+ (1/nF)[(3¢/3I o) — (3q/0I"s)1}0:I¥
+ jo(dg/9E)S,E, )
and the observable real and imaginary components
are

8,15 = {1+ (1/nF)[(3q/0T o) — (3¢/0I'r)1}0, 15,  (10a)
and
O IiiE = {1+ (1/nF)[(8¢/0 o) — (9g/01 r)]}6:1 "
+ w(3q/0E)S,E, (10b)

respectively. The second term on the right-hand side
of Eq. 10b, w(9¢/0E)8,E, (i.e., so-called “wahre
Kipazitit” term®) can be estimated from double-layer
capacity measurements employing very high fre-
quencies. This term is generally a reverse-S-shaped
or S-shaped variation of the capacity current and
for practical purpose can approximately be eliminated
by a conventional method of correction for ac base
current as usually used in a.c. polarographic technique:

O3 = 8,15 — w(dg/0E)S,E

= {1+ (1/nF)[(3¢/0I o) — (3g/0I'r)]}6:1¥™¢.  (10c)
On the other hand it is very difficult to estimate the
term [(d¢q/0l ;) —(9g/0I'y)] experimentally. However,
since the potential range in which the faradaic
current appears does not exceed a few tenths of a
volt, it can be assumed that this term is practically a
constant within the range studied:

O Ik = (m/n)o, I3, (11a)
O, IimE = (mfn)d, I3, (11b)
(mfn) = {1+ (1/nF)[(3¢/0T"0) — (3¢/0I"=)]} (11c)

We call the constant, m, defined by Eq. 11c the apparent
number of electrons associated with the surface redox
reaction (1).
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Equations for Faradaic
Impedance and A.c. Polarography
and Voltammetry

Laitinen and Randles? first gave theoretical expres-
sions of the faradaic impedance for the surface redox
reaction. However, they did not take the interaction
between the adsorbed molecules into account. We
assume that the current-potential-concentration charac-
teristic can be written as”

Us/nF) =V -V, (12a)
V = k{(1—)8.B3* exp [B(nF|RT) (E—E;)]

X exp [—agg(l—f)0;—arof0:], (12b)
V = k2f0,B3 exp [—(nF|RT)(E—Ey)]

X exp [—aoof0:—aor(1—1)0:], (12c)

where B, is the constant representing the adsorption
energy of i on the electrode surface at E=E,, E, being
the reference electrode potential (see below), a; the
Frumkin’s a-parameter of interaction between the ad-
sorbed molecules i and j (a;; is positive for an attraction
and negative for a repulsion),!®) 6, the total coverage
defined by 0,=1I",/I' ,=0,+0y with 0,=Ig/I",, Oz=
ry/I',, and Ft=F0+FR=TO+—I—’B, I' . the maxi-
mum value of the total surface concentration, f=
00/0,, ki=k[',, and k, (in s7) the rate constant of
the charge transfer reaction at the standard potential
of the surface redox reaction, E;, which is defined by
E{ = E, + [RT/(a+ B)nF][In (Br/Bo)

—(1/2)(a00—8rr +a0r—ar0)0:].  (13)

The equilibrium dc potential, E,, at =0 is given by

Eoq = E{ + [RT/(x+B)nF][In (f/(1-1))

+(1/2)(1-2f)G0Jeq  (14)

where G is defined by Eq. 19. « and § are the transfer
coefficients for cathodic and anodic charge transfer
reaction, respectively. Similar expression of the cur-
rent-potential-concentration characteristic has been
used by Conway et al.111?) in the kinetic theory of the
linear sweep voltammetry of the surface redox reaction,
and by Laviron,®® Brown and Anson,'®) and Murray
et all® in theoretical expressions of the reversible
linear sweep voltammogram of the surface redox reac-
tion. It can generally be shown that the peak potential
of the d.c. reversible (i.e., d.c. Nernstian) linear sweep
voltammogram, E%{°, is equal to E; defined by Eq.
13. In the following we assume that the a;;-parameters
are independent of the electrode potential. In Egs.
12b and 12c the terms exp[B(nF/RT)(E—E,)] and
exp[—a(nF|/RT)(E—E,)] represent the dependence of
both the activation free energy of charge transfer and
the adsorption free energy of reactants on the electrode
potential. The quadratic dependence of these energies
on the electrode potential has been described. In
the following, however, we assume in the first ap-
proximation that the coefficients « and g are inde-
pendent of the electrode potential. The reference elec-
trode potential, E,, may be considered as correspond-
ing to the standard potential of the redox couple
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supposedly in the bulk of solution.
From Egs. 6a, 6b, 12a, 12b, and 12c we obtain
« —
r = (1/nF)[B(nF|RT)Vae+a(nF|RT)Vac] ™ (15)

and

7 = (1) {Vas[(1/T7) — (a00— aom) (/)]
+ Vael (/T %) — (ann—ano) 6/ T)1}.  (16)

poe & - — —> -
Here Vy,=V(E=E,,, f=f) and Vo=V (E= E,,, f=f)
with f_ =71-o/[' . and these are related to the dc faradaic
current by

(Ie)aofnF = Vao — Vao- (17a)

When the surface redox reaction is d.c. reversible (dc
Nernstian), i.e., (4RTk,/nFy)>1 in a.c. voltammetry
with the potential sweep rate, », or k,z>1 in a.c. polar-

ography with the drop time, 7, f or T, and Ty can
be estimated by
(Vao = Vac)ao rovorsivio = 0
and given by
Ese = E§ + [RT/(x+B)nF]
x [n (fi(1=£))+(1/2)(1-2f)G6,], (18)

(17b)

with
G = apo + arr — @or — aro- (19)
In this case r and y are given by

1 RT 1

Ty T )

and

= ! 1-G8(1—H)F
7 = (a+ B)nF(nE|RT)wT', ;" @1

where I, is the exchange current density at E=E,,
and given by
I, = nFk T, f8/(2+8) (1 — f)=/(@+8) B58/(*+5) By o/ (*+8)
x exp {— (B/(x+ B)) [aoof+aor(1—7)16:}
x exp {— («/(e+B)) [arr (1 —f) +arof16:} - (22)
The phase angle, ¢, is given by
cot ¢ = (ry) = (0I5 [0, Ix™*) = (5 1e%n/0:Le00F
:ﬂ.._ (1 '—f)f— —, (23)
¢0 l—Geo(l—'f)f
with ¢y=I/nFI,.
These equations 18, 20, 21, and 23 are applicable

without alteration to a.c. polarization of the surface
redox reaction at the equilibrium (dc) potential.

Simplified Cases

In the following we shall consider several simplified
cases, in which the surface redox reaction is assumed
to be dc reversible.

A.c. Reversible Case. When the rate constant is
so large that the condition (r/»)<1 is satisfied, Egs.
5a, 5b, and 5c are reduced to
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1
(Oudr)rov = (01IF*%)rev = -__y_'le

— (at BuF(FRT)o —T3 =515
1 Get( 1 _f)f

(24)

and cot ¢=0. That is, 6,/¥* becomes vanishingly
small and ¢ approaches 90°. The a.c. wave has a

maximum at f—=1/2 and is symmetrical with respect
to the peak potential. The peak current, (8,/%):,
peak potential, E;”, and half-peak width, AE:,
are given by

(64I2) oy = (x+ B)nF(nF|RT )l (4—GO,)~2,E, (25)

EYY = Eq, (26)
and
v _ _2RT 14y _
A= 20142 _apca, (27)
with
y = V/(4—G0,)/(8—GH,). (28)

As seen from these equations, both (6;/#).» and
AE;; depend remarkably on the adsorption param-
eter GO, and also on the coefficient (x+f). It is
noted that these equations are the same as those of
the reversible linear sweep voltammogram!®) if the
term wd,E is replaced by the sweep rate ». Namely,
in this case the shape of the a.c. wave is the same as
that of the reversible linear sweep voltammogram and
EX" coincides with Ej°.
Case of a=a90="0agg=00r="0ago-
and y are reduced to
r = [(a+ B)nF(nF|RT )ksapl o0 P/ +0) (14 0)~1] 7, (29)

and

In this case r

> = [(a+ B)nF(nF|RT )l p(1+ 0)~2]7, (30)
where

Feap = kaB5P/(*+B) B/ (=+8) exp (—aby), @1

p = exp [(a+ B) (nF|RT)(Ese—E0)], (32)

with Ei=Ey+[RT/(x+B)nF]In(By/B,), because ago—
aprtaop—apo=0 1in this simplified case (see Eq.
13). Introducing Egs. 29 and 30 into Egs. 5b and
5c¢ leads to equations of the two components of the a.c.
wave, from which the two peak potentials, E7* and
E', are given as functions of the kinetic parameters,
a, p and k,,,, which implicitly depends on the adsorp-
tion parameter a, as shown, for example, for the case
of a+p=1 in Fig. 1.
For the phase angle we obtain
cot = (8,15*/0,15™%) = (@[ksap) 0/ +P (14 )72 (33)
Accordingly a plot of cot ¢ against F,, at any frequency
has a maximum at the potential
[Escleot p=max = Eg + [RT]/(x+ B)nF] In («/B) (34)
with a magnitude
[cot lmax = (@/ksap) [(a/B)=*/C**8) + (a/B)P/(*+DV].
(35)
The relations 33 to 35 are important because we do
not need the knowledge on [(9¢/0I,)—(dg/0I)].
When a+f=1, we can determine the kinetic param-
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Fig. 1. Variations of E¥* and E'™*f as a function of

log (w/kesp) for the case (2) with a4f=1. E™E:
(1) «=0.2, (2) =04, (5) «=0.5 E¥*: (3) «=0.2,
(4) «a=0.4, (5) a=0.5,

eters, kg, and «, from the relations 33 to 35. Then
the adsorption parameter, a, can be determined from
the slope of a plot of In £, versus 0,. Furthermore
if «=$=0.5, we have the following simplified relations
for the half-peak widths of the two a.c. components,
AE} and AEVY®, and the half-peak width of the
cot ¢ versus E,, curve, AE, (cot ¢):
AE,,(i=real or imag)
= (2RT/nF)|In [(1+7)/(1—79Y]], (36)
AE,/(cot ¢) = 5.27(RT/nF), 37)

In Eq. 36 p=V1—4¢,, with §,,, representing
the solution of the equation,
4[4+ (0/keyp) 1601 =(0/ksyp) % rem+1, and
728 =1V (44 (0[keyp)*1/[8+ (/ksop) -
When «+f=1 and a=0, theoretical equations of
the a.c. wave are reduced to

rea. ‘D
(SII!' 1= ﬂF(nF/RT)wth—P)—E*'
k+5)
AEED s, (38)
[(w/(k+£))2+1]
mag ___ p
(511} = nF(ﬂF/RT)(I)[‘tW'
e 4E, (39
[(w/(k+£))*+1]
where 7c’=ksBE"’/("”)BE"/(“”),D“' and ?:ksBaﬂN““)-
Bg*/t*+h)pt  If By=Bp=1, Eqs. 38 and 39 are
reduced to the equations which were previously
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)
"% 0 100
n(Ege—E%)/mV
Fig. 2. Normalized real component of a.c. wave cal-
culated by Egs. 5b, 40, 41 and 44 with «==0.5
and (wfks,p)=1. GO;: (1) 3, (2) 1, (3) —1L
0.3
0.2
4
k!
S
0.1

=100 ' 0 100
n(Ege—E%)/mV
Fig. 3. Normalized imaginary component of a.c. wave

calculated by Egs. 5c, 40, 41 and 44 with «=f=
0.5 and (w/ksap)=1. GO;: (1) 3, (2) 1, (3) —1.

derived for analysing the electrode processes of fer-
redoxins irreversibly adsorbed on the mercury elec-
trode.?®%?) Quite recently theoretical equations, es-
sentially the same as Eqs. 38 and 39, have been re-
ported by Laviron.1®

Case of ay=ag0=agp, Gy=aop=apo and ax=p.
In this case the terms r and y are reduced to

r = [20nF(nF|RT koo f112(1—f)¥/2] 1, (40)
5= I:anF(nF/RT)a)Ft—“—(l:i)f—_?] B @1
1-Go,(1-f)f
where
ksap = ks(BoBr) Y2 exp [~ (1/2) (au+a15)0:] (42)
and
G = 2(ay—ayy)- (43)

The relation between E,, and f is given by
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2.0

15

0.5

—100 0 100
n(Eq.—E;)/mV
Fig. 4. D.c. dependece of phase angle calculated by
Egs. 45 and 44 with a=$=0.5 and (w/ksp)=1.
Go,: (1) 3, 2) 1, (3) —1.

Ege = E; + (RT/2anF)[In (f](1—)) +(1/2)(1—-2£)G0:]

(44)
with Ei=Fo+(RT/20nF)In(By/B,), because ago—
agp+-aor —aro=0 in this simplified case. Thus the a.c.

wave is expressed by Egs. 5a, 5b, and 5c¢ with Egs.
40, 41, and 42 and is shown to be symmetrical with
respect to the potential Ei=FE3;*. Also Eq. 42 pre-
dicts that In £,,, depends lineally on 6,. The nor-
malized a.c. waves, @, .,=6,I7"/nF(nF/RT)wl 6,.E
and @, =6,I7"*/nF(nF|RT)ol 6,E, for different
values of GO, at a==0.5 and (w/k,,,)=1 are illustrat-
ed in Figs. 2 and 3.
Furthermore we obtain

e . (e —f)ve (45)
ksap  1—-Go,(1—F)F

This equation predicts that the cot¢ wversus E,,
curve has a maximum for 4>G0,>—4 or minimum
for G6,<—4 at E; with a magnitude

[cot $lrs=r; = (@/ksap)[2/(4—G6,)] = Z. (46)
Figure 4 shows the cot ¢ versus Ey, curves for different
values of GO, at a=f=0.5 and (w/k,,)=1.

In this case we can determine the kinetic and adsorp-
tion parameters by the following two methods if «
is known.

Method (a):
(for G§,%0)

cot ¢ =

When a=pf=A, AE;, is given by

1 1411 —4 .
AE;, = (RT/AnF) lnl—__—‘/—ljé—(lﬂ)Gﬂﬂ/l—-‘l-El .

(47)

In this equation i=real or imag and §,,,, and §,,
respectively are the solutions of the following
two equations; (4—G8,)2(1+42)&n=(1—G0E, .13+
(42)2(4—G0,)* 0n  and  (1—-G0,8,,)+(4/2)(4—
Got) 2Elmag=2(4_Get) (1 +2'2) (l _Getelmug)elmag’ Where
A is defined by Eq. 46. Dependences of AE;x’s
on GO, for different values of 4 at «=p=0.5 are shown
in Figs. 5 and 6. Since 4 can be estimated from
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= s0p -
23 0 T ' Tt

GO,

Fig. 5. Variations of nAE}:' as a function of GO,
calculated by Egs. 36 and 47 with a«=f=0.5. i:
(1) 0.5, (2) 1, (3) 2, (4) 4
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rAESs/mV

[33
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[

(=3
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|
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S
ot
%)
w
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Go,

Fig. 6. Variations of nAE}Y® as a function of G6,
calculated by Egs. 36 and 47 with a=f=0.5. 2:
(1) 05, (2) 1, (3) 2, (4) 4

(6,158, I¥*®)Eee=55 and AE;y’s are functions of
GO, and 1 only, we can determine k,, and G0,
from A and either AE}:' or AE:®. As shown
in Fig. 3, 6,/¥** has a maximum or minimum at
E,,=Ei.. When §I7*° has a minimum at E, =
E;, AEy® of Eq. 47 means a difference between
the dc potentials at which the current value is one-
half that observed at E,,=ZFE..

Method (b): The half-peak width of the cot¢
versus E,, curve, AE_, (cot¢), depends on G0,
(G6,%0 in this case) only and is given by

AE,;(cot ¢) = (RT|AnF)

x |In [(1+VT=40)/(1 -V T=46)]
—(1/2)G0,V' T—43| (48)
with

= [1/2(G6,)*1{[2Gb, + (4—G6,)’]

—V2C0,F (24— GO P —4(G0y)%} .
Thus we can determine GO, from this relation and
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finally £,,, from A4 when GO, is given. As described
above, the cot ¢ versus E,, curve has a minimum at
E; when G6,<—4. In this case AE,;(cot¢) of
Eq. 48 means a difference between the dc potentials
at which the value of cot ¢ is one-half that observed
at E;,=FE;.

Finally since the sum of the parameters, (a,+a;),
can be determined from the slope of a plot of In £,
against 6,, the two parameters, a; and g, can be
determined when G is given.

Application of these simplified equations to the elec-
trode processes of ferredoxins irreversibly adsorbed on
the surface of the dropping mercury electrode!? will
be reported in a succeeding paper.
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