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ABSTRACT

The current/potential curves of various mechanisms related to the electrochemical forma-
tion and electroreduction of monolayer films on inert electrodes, involving a single surface
covering species and two surface covering species are presented. The potential perturbation
functions consist both of single either linear or triangular potential sweeps and of triangular
modulated linear potential sweeps. A comparison of the theoretical E/I displays obtained
with the different potential perturbation techniques is given for the various reaction path-
ways presented.

INTRODUCTION

The use of potential pertubation methods is widespread in electrochemical
research. Since the paper by Will and Knorr [1], the linear potential scan, either
the single or the triangular technique, has received a great deal of attention as a
simple and rapid method for obtaining information on electrode processes in-
volving a submonolayer film at interfaces under a non-diffusion controlled
kinetics. This method which was initially mostly applied as a qualitative tool,
has proved also very useful to gain quantitative information [2—5]. The latter
can be sometimes achieved when the perturbation conditions are adequately
chosen through the potential/time profile acting on the interface reaction
[6—9].

An interesting extension of the linear potential sweep technique consists of
the triangular modulated linear potential sweep technique, developed by Conway
et al. [10—12] which is being successfully applied to study hydrogen and oxygen
submonolayer films on noble metal electrodes. This technique appears to be a
powerful tool for studying reaction intermediates produced during the electro- °
chemical reactions [13,14].

In this paper some theoretical mechanisms which are considered of interest
to understand the monolayer oxide electroformation and electrodissolution are
presented. The corresponding theoretical E/I profiles are calculated either for
linear triangular potential sweeps of different potential amplitude or for a trian-
gular modulated linear potential sweep. The influence of the different kinetic
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parameters of the individual steps and of the perturbation parameters on the
shape of the E/I profiles is described.

(I) A SINGLE ELECTRON TRANSFER MECHANISM (SURFACE COVERAGE BY A
SINGLE SPECIES)

Let us first consider a single stage electrochemical reaction involving the
electrooxidation of the anion A~ on the metal M yielding a product A at the
metal surface:

M+ A~ = M(A)+e™ (0

where any transport of matter towards or out of the metal/electrolyte interface,
as well as electrical double layer charging or discharging processes are disregard-
ed for the sake of simplicity. During a potentiodynamic scan the change of the
surface coverage by species (A) is given by equation:

k(df/dt) = k,(1 —0) exp[(1 —B)E/b] exp[—af(0)]
—k_10 exp[—BE/b] exp[(1 — a)f(6)] 1)

where k4 and k_, are the specific rate constants of reaction (I) in the anodic
and cathodic direction, respectively, expressed in terms of the current density,
§ is the symmetry factor related to the electron transfer barrier, « is a constant
associated to the the change of the apparent adsorption free energy with surface
coverage, the latter being expressed by f(0), the corresponding standard state
being referred to 8 - 0 [15], k is the charge associated to the formation of a
monolayer of A on the electrode, E is the potential difference at the metal/
electrolyte interface and b is the RT/F ratio. Equation (1) can be expressed in
terms of E.,, the standard reversible potential, as follows:

k(df/dt) = K1{(1 —6) exp[(1 — B)E — E,q)/b] exp[—af(8)]

— 0 exp[—B(E — E.q)/b] exp[(1 — a)f(0)]} (2)
where:
Ky =k, exp[(1 —B)E.q/b] = k—_; exp[—BE.4/b] (3)

K, is the exchange current density of reaction (I).
During the potential scan, the instantaneous current density, i, is obtained
from the equation:

i = k(d0/dt) (4)

This differential equation is numerically solved for a triangular modulated single
linear potential sweep, by using the 4th order Runge-Kutta integration method
and the theoretical E/I profiles are depicted on a IBM/2250 visual unit which is
coupled to a IBM/360 computer using sets of possible kinetic parameters and
perturbation potential conditions which can be experimentally approached.

In the following text the reversibility or irreversibility of the reaction is re-
lated to the ratio between the individual rate constants of the electrochemical
process is both directions and the rate of potential perturbation applied to the
system. Then in the following kinetic analysis one arbitrarily refers indifferently
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either to the degree of reversibility or the degree of irreversibility of the elec-
trochemical system.

For a reversible process the E/I display obtained with a triangular modulated
linear potential sweep (t.m.L.p.s.) run from the initial potential E;, towards
anodic potentials, corresponding to a particular set of v,, the guide potential
rate, and v, the superimposed triangular potential sweep rate, is shown in Fig. 1.
Both the anodic and cathodic E/I contours are symmetrically placed with re-
spect to E,, although the area pertaining to the anodic process is slightly larger
than that related to the cathodic process, because for v, = 1.5 Vs™ and v, =
20 V s, the actual potential sweep rate corresponding to the anodic and ca-
thodic processes are, respectively, 21.5 V s~ 1 and 18.5 V s~ . The anodic area
to cathodic area ratio, A,/A., approaches 1 when v, ~ 0. The slopes of the lines
connecting the points of the reversible anodic and cathodic E/I contours at the
inversion of the modulating signal, are practically equal to 90°. At each poten-
tial the veversible system attains instantaneously the equilibrium surface cover-
age degree and the contour of the modulated E/I voltammogram then coincides
with that displayed using a single linear potential sweep (s.l.p.s.) run at the
same potential scan rate.

For a quasi-reversible process under a t.m.l.p.s. the overall E/I display de-
picted in Fig. 2a presents an anodic and a cathodic contour. Now, the E/I pro-
files corresponding to each modulating sweep exhibit maxima located respec-
tively at the low left portion and at the upper right portion of the E/I display,
the corresponding currents being lower than those of the E/I envelope. The
cathodic portions of the modulated voltammograms agree with the E/I displays
(Fig. 2b) obtained with a single triangular potential sweep run from E;, within
the same potential limits, since when the system reaches the null current con-
ditions the same boundary conditions are valid for the integration of the cor-
responding differential equations. Either anodic or cathodic current peaks are
observed during the individual modulating cycles when the rates of variation
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Fig. 1. Triangular modulated linear single potential sweep voltammogram calculated for
mechanism (I) with the following parameters: kb = 1072 mA em™2; k_y= 109 mA em™2;8 =
0.5,f(8)=0;k =0.4mC em™%; vg=15V s'—l;vs =20V s"l;As =0.06 V; Eoq = 0.6325 V;
electrode area = 1 em?; 290 K.
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Fig. 2. (a) T.m.Lp.s. voltammogram calculated for mechanism (I). k{ = 5 X 1074 mA em ™2,
k_1=5% 10" mAcem 2,8=05,/(0)=0,k=04mCem 2,v,=15Vs o =20Vs?
As=0.06 V,E,q=0.635V,electrode area = 1 em?2, 290 K (b) L.s t.p s. voltammograms
covering different potential anodic limits v, =21.5V sThv, =185V s 1. The rest of the
parameters as indicated 1n (a) Figs. 2a and b are referred to the same current scale. (c¢)
T.m.Lp.s. voltammograms calculated as in (a) but A;=0.03 V.

of the anodic and cathodic currents are equal. Therefore, when the amplitude
of the modulating signal decreases so that the above equality is not obeyed no
relative current maxima are observed (Fig. 2c). Sometimes either the initial or
the final portions of the modulated E/I profiles as in Fig. 2c are interrupted be-
cause of the limited storage capacity of the available IBM visual unit.

When either the rate of the perturbation increases or the rate of response of
the electrochemical system decreases, the instantaneous surface coverage degree
at each potential lags behind the corresponding equilibrium value [2]. The
shape of the E/I contour depends therefore on the degree of reversibility of the
electrode process, on the potential amplitude swept by the modulating signal
(Figs. 3a—c) and on v, (compare Figs. 3a and 3d, 3b and 3c, 3e and 3f). Thus,
both the anodic and the cathodic areas involved in the transient are smaller than
those of the reversible case. A decrease of the amplitude of the modulating
signal causes an increase of the A,/A, ratio, the larger the effect the larger also
the degree of irreversibility of the electrode reaction. .

The difference between 6., the equilibrium surface coverage corresponding
to the potential E, and 0(t), the instantaneous surface coverage, increases with
the degree of irreversibility of the reaction. Hence, during the anodic scan, at
the point of inversion of the modulating signal the irreversible electrochemical
system still goes in the anodic direction, 6, being only attained when the null
current potential is reached. During the cathodic scan, when this potential is
exceeded a net cathodic current is observed, but the cathodic contribution re-
mains always smaller than the anodic one.

The area of the t.m.l.p.s. E/I contour for a given set of v, and v, is always
smaller than that of the corresponding s.l.p.s. run at vs + vg; the positive sign
corresponds to the anodic scan and the negative sign to the cathodic scan. Both
the t.m.l.p.s. and s.l.p.s. contours can only be exactly matched when the reac-
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Fig. 3. T.m.L.p.s. voltammograms calculated for mechanism (I). ky = 1073 mA em™ 2, k_; =
107 mA em ™% 8= 0.5; f(0) = 0;vg = 20 Vs E o = 0.6325 V; k = 0.4 mC em™2; 290K
Ug ~15Vs"1 Ag=0.06V (a)A —OO45V(b) A ~-003V(c),vg-3OVs“1 Ag
OOBV(d) A, —0045V(e) Ag —003V(f)

tion is reversible. The non-coincidence comes out from the fact that at a con-
stant v, the t.m.L.p.s. estimulates the system yielding at a given potential a
larger surface coverage degree than that obtained with s.1.p.s. at v * v,. There-
fore, 8(t) during the t.m.l.p.s. becomes closer to 6.

The E/I displays of Fig. 3 also show that the AI/AF slopes of each individual
modulating cycle, either they be considered at I = 0 or at the point where the
modulating sweep is reversed, attain the largest value within the potential reglon
of the current peak.

For a particular set of kinetic parameters and perturbation conditions, a de-
crease of the modulating signal amplitude produces a larger difference between
the t.m.Lp.s. envelope and that of the corresponding s.1.p.s. This difference in
Fig. 3 is more remarkable at the cathodic side than at the anodic side of the
voltammogram. ‘

Certainly, either for a completely irreversible electrochemical process or at an
infinite frequency (smaller amplitude) of the modulating signal no cathodic
response due to the modulating signal is observed.

The kinetic analysis of the single stage mechanism on the basis of t.m.L.p.s.
data can be made as follows. The slope of the E/I lines at [ = 0, for each modu-
lating cycle can be plotted vs. In K;, at the maximum of the E/I contour (Fig.
4a). This slope depends only on the rate constants of both processes and is in-
dependent either of the amplitude of the modulating signal or of any reasonable
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Fig. 4. Phenomenological relationships derived for mechanism (I). (1) Ky = 3.16 X 101 mA
em™2 (as in Fig. 8); (2) K1 = 1.58 X 102 mA em—2 (as in Fig. 2); (3) K; = 3.16 X 102mA
em™2 (as in Fig. 7a); (4) K1 = 3.16 X 103 mA cm™2 (as in Fig. 1).

Temkin parameter related to interactions among the species covering the elec-
trode surface. A second plot consists of the total area (charge) vs. the amplitude
of the modulating signal (Fig. 4b). This plot depends on the degree of reversibil-
ity of the process. As the amplitude increases the area approaches the values ex-
pected for the reversible case. For an intermediate degree of reversibility, when
the frequency of the modulating signal increases (decreasing amplitude), the
area, either anodic or cathodic, decreases, but the A,/A, ratio increases. Other-
wise, by doubling v, (Fig. 3), the area of the modulated voltammograms re-
mains practically unaltered except when the process becomes appreciably ir-
reversible and a perturbation of small amplitude is applied. After including in
the rate equation a positive Temkin factor, keeping the same rate constants,

the shape of the plot slightly approaches that of a more reversible process.
Finally, a plot of the difference between the anodic and cathodic current peak
potentials, (AE),, vs. the amplitude of the modulating signal is presented (Fig.
4c). For any value of K;, (AE), increases with the amplitude of the modulating
signal. This difference is, however, smaller than that recorded for a comparable
single triangular potential sweep (s.t.p.s.).

The plots illustrated in Fig. 4 have been calculated at 290 K. For the same
set of kinetic constants, coincident plots can be obtained at any temperature,
T, if the potential scale is referred at T, (Eq = Ea9o{T/290)), and the potential
sweep rate is corrected accordingly, [vp = Uggo(T/290)].

(II) REACTION PATHWAY INVOLVING THE COVERAGE OF THE SURFACE BY TWO
SPECIES

Let us consider a two consecutive stage pathway where two species A and B
are electrochemically formed and accumulated at the electrode surface during
the potential transient:

M+A™ = M(A) + e (1la)
M(A) = M(B) +e~ (Ib)

0 5 and 0y are respectively, the degree of surface coverage by A and B and their
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rate of change is given by:
dfa/dt = (K1/R){(1 — 0, — 0g) exp[(1 — B)E/b] exp[—a:1f(6)]
— 04 exp[—B:E/b] exp[(1 —a1)f(0)]} — dOp/dt

5
dfg/dt = (K5/k){0 5 exp[(1 — B2)(E — Ep)/b] exp[—a2g(0)] ®
— 0p exp[—fo(E — Ep)/b] exp[(1 — a5)g(0)1}
where
Ep=(Eeq)2 — (Eegh (6)

The potentials are referred to the equilibrium potential of step (IlIa) so that the
specific rate constants are:

ki=k_1=K; (D
ke = K; exp[—(1 — 3)Ep/b] (8)
and

k3= K, exp[B2Ep/b) 9)
The transient current density is given by:

i= k(dO ,/dt) + 2(dfg/dt) (10)

The integration of this set of differential equations was made with the proce-
dure already mentioned.

The simplest case arises when both electron transfer steps individually con-
sidered are reversible. For a s.t.p.s. experiment the E/I profile depends on E,.
Thus, for £y sufficiently positive (Ep 2 0.1 V) two anodic and two cathodic
separated current peaks are found whose peak potentials are respectively at
(Eeq)1 and (E.q)e. Otherwise, when Ep < 0, and K, = K, the E/I profiles show
only single asymmetric anodic and cathodic current peaks, which are antisym-
metric with respect to Ep/2. The processes occur far from equilibrium, since
the same amount of charge is involved within a smaller potential range. The
lower the potential sweep rate the closer the peak location and the overall pro-
cess approached a reversible behaviour. For the latter, the degrees of surface
coverage @ 5 and 0y are, respectively, given by:

04 = {exp(—E/b) + 1 + exp[(E — Ep)/b]1}* 1)
s =04 expl(E — Ep)/b] (12)

Figure b shows the dependence of §, and 63 on potential for £y, comprised
between —0.2 V and 0.5 V. For Ep =—0.2 V, 0, is always below 1% of the
total surface coverage, while for Ep > 0.1 V a relatively large coverage degree
by species A is achieved at low potentials causing the occurrence of two revers-
ible current peaks at (E.q); and (E.q)s, respectively. As Ep, decreases the separa-
tion of these current peaks also decreases until for a certain values of Ep, only
a single current peak is observed at Ep/2. As Ep decreases the single current
peak becomes sharper. Then, the response of the system to the t.m.Lp.s. is sim-
ilar to that of the reversible single electron transfer mechanism already discus-
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Fig. 5. Potential dependence of the partial surface coverage degrees, according to mechanism
(I1), for a reversible process and different Ep. The potential is referred to the equilibirum
potential of the first step. (a,2') Ep =—0.2 V; (b,b') Ep =—0.1 V;(¢,¢) Ep = 0 V; (d,d)
Ep=01V;(e,e)Ep=02V;({,f)Ep=0.3V;(g¢g)Ep=04V;(hh)Ep=0.5V.

Single letters refer to 0, and the dashed ones to 0g.

sed. Nevertheless, the ratio of the current peak height to the current peak width
at half peak height is now larger than the one referred previously. The envelopes
of any of the reversible t.m.l.p.s. E/I displays coincide with those recorded un-
der s.t.p.s. at a potential sweep rate equal to v, + v,.

When the system involves.a larger degree of irreversibility the shape of the
E/I profiles obtained with a s.t.p.s. as well as the degree of surface coverage by
species A and B depend upon Kj, K, and Ep. When K, < Ky and Ep, > 0, the
anodic scan exhibits two current peaks which come closer together as the poten-
tial sweep rate increases, and eventually, superimpose into a single anodic cur-
rent peak. The corresponding cathodic current peaks are in this case, affected
in the reverse way. The E/I displays obtained for an anodic process involving
K, < K, and Ep > 0, are equivalent to those already mentioned, if the reaction
scheme is analysed in terms of a sequence of cathodic processes, since the same
differential equation is still valid after replacing in eqn. (7) the following terms:
(1 — 0, — 03) by 0, it being the degree of clean surface; 0g by (1 — 0, —6o)
and K plays the role of K,. The corresponding cathodic E/I contours are ro-
tated 180° with respect to those already described for the anodic potential
sweep. Thus, depending on the equilibrium constant ratio, in both cases there
is a limiting potential sweep rate defining the occurrence of either two anodic
current peaks or two cathodic current peaks or four current peaks altogether.

The influence of K, and Ep, on the shape of the E/I profiles run for a s.t.p.s,
for K, > K, is shown in Fig. 6. For Ep = 0 (Figs. 6b and 6d), as K, increases
the anodic E/I profile tends to define a single current peak and the accumula-
tion of the A species at the electrode surface becomes smaller. The location of
the cathodic current peak is mainly determined by the magnitude of K,. For
the cathodic scan Ky0p exp[—02(E — Ep)/b] < K10, exp(—B,E/b) and, conse-
quently, within the potential range involved, the coverage change due to step
(IIb) is irreversible since a bare electrode surface is favoured instead of a surface
covered by the A species.
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Fig. 6. E/I profiles (full lines) calculated for s.t.p.s. on the basis of mechanism (II). K =
3.16 X 102 mA em™2; 84 = 0.5; 82 = 0.5; f(§) = 0, v, = 21.5 Vs v, = 18.5 Vs~ 1. (a)
Ko =3.16 X 10 mA cm™2, Ep =—0.03 V; (b) K3 = 3.16 X 10 mA em™2, Ep = 0 V; (c)
Ko =10, Ep =—0.03 V; (d) K5 = 10, Ep = 0 V. 290 K. Dotted lines (6 o) and dashed lines
{fg) indicate the potential dependence of the surface coverage degrees.

The effect of Ep, on the E/I profiles is also illustrated in Fig. 6. For a partic-
ular set of rate constants, the change of the anodic E/I profile by an increase
of Ey can be counterbalanced by a decrease of K, (compare Figs. 6a and 6b, 6¢
and 6d).

The rate of step (ITb) increases as K, exp[(1 — f3)(E — Ep/b] increases since
k, increases when exp[—FEp/b} increases. As step (IIb) only occurs appreciably
after a certain 9, has been attained, then an increase of %, should produce the
overlapping of the anodic current peaks (compare Figs. 6¢ and 6a, 6d and 6b).

In conclusion, a single anodic current peak is obtained either when Ey, dimin-
ishes or K, increases, while the corresponding cathodic current peak lies at more
positive potentials when either K, or Ey increases.

A similar analysis is made for a t.m.l.p.s. The influence of the K/K, ratio on
the theoretical displays is shown in Fig. 7. Data correspond to fixed values of
both K, and Ep, K, < K, and K, increasing from display (a) to (c). As the
K, /K, ratio decreases the E/I profiles exhibit an increase of the A,/A ratio and
a decreasing symmetry, specially during the anodic potential scan.

The contribution of step (IIb) reflects on the shape of the relative current
maxima occurring during each modulating cycle. The AI/AE slope either at the
point where the modulating potential reverses or at I = 0, becomes smaller at
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Fig. 7. T.m.1.p.s. voltammograms calculated for mechanism (II). K = 3 16 x 102 mA em 2,
B1 =g =0.5; f(@)—Og(@)—O vg=20Vs1 v—15Vs_1 =0.06 V,k=0.4 mCcm™2,
electrode area = 1 em?2, 290 K. (a) Ko = 0, (b) Kz 10 mA cm 3 ,Ep=—0.01V,(c)Ky=
3.16 X 10 mA em™2 ED=—003V

the anodic potential extreme where the influence of K, is much larger.

For a given v,, the ratios between 8,, g and 6o =1 — 0, — 0y, depend on the
kinetic parameters characterising the electrochemical system. The shape of the
E/I display depends upon (I; + 2I,), the sum of the partial current corresponding
to steps (I1a) and (IIb). Therefore, at the initiation of the potential sweep the
E/I display practically exhibits the same current and E/I slope as it were an
electrochemical reaction involving a single surface covering species, since 6 g only
results from the previous coverage by species A and d//dt¢ is then determined
by K,. As the potential increases the average value of 0 also increases yielding,
consequently, a diminution of the I; component. But the system still keeps a
fast response capacity for any change in sign of the modulating signal, which
reflects in the rapid change in sign of I. Now the dI/dt slope is determined simul-
taneously by the equilibrium constants of both steps, since at the instant of the
modulating signal inversion it is independent on any coverage change. Then, the
dI/dt slope changes proportionally to 2v, Z,, k.0, exp(E/b).

When the step (11a) is faster than step (IIb), K; > K, (Fig. 7b) the first por-
tion of the E/I display exhibits a strongly modulated effect and during the ad-
vance of the guide signal the contribution of the second process is well noticed.
For E, values sufficiently positive, an increase of K, produces no sensible effect
in the profile region corresponding to the first reaction, which is mainly deter-
mined by K, except that the region of the modulated potential extends towards
potentials far from E;. Otherwise, when Ep, = 0, an increase of K, alters the
t.m.Lp.s. E/I contour (Fig. 7), and for a constant potential amplitude it causes
an increase of the A,/A_ ratio.

When Ep < 0, for instance Ep, = —0.1 V (Fig. 8), the first portion of the E/I
profile, [E — (E.q)1] < —0.05 V, coincides with that seen in Fig. 7b, although
the first modulated response involves now a very small anodic contribution of
the second step. As the potential further increases a region is reached where the
cathodic E/I contour disappears rapidly and only the anodic E/I display is re-



297

Current/(mA)

Potential / (V)

Fig. 8. T.m.lp.s. voltammograms calculated for mechanism (II). K5 = 10 mA em™2; Ep=
~0.1 V; B3 =082=0.5;f(0)=g(0)=0;v,=20 Vs }u,=15 Vs 1,k =04mC em™2; elec-
trode area = 1 cm?; 290 K. (a) A; = 0.06 V; (b) A¢ = 0.03 V.

corded there because step (IIb) is practically irreversible. When the potential
amplitude decreases, the anodic E/I profile diminishes appreciably. At a poten-
tial close to (E.,); the coverage change from 0, to 0g is notoriously hindered
since there 0y is only about 0.7 and 6, already exceeds 0,,.

When step (IIb) is faster than step (Ila) K; < K, the t.m.Lp.s. E/I profiles ob-
tained under different Ey, conditions are those illustrated in Figs. 9 and 10. For
Epn> 0 (Ep = 0.1 V) (Figs. 9c¢, d), the first region of the E/I display exhibits
practically no modulated contribution, but as the guide sweep reaches higher
potential regions it defines both the anodic and the cathodic components which
are related to the second equilibrium step. It this case, when the potential am-
plitude decreases the cathodic area decreases more markedly than the anodic
area.

The magnitude of the corresponding A4,/A ratio depends on the degree of
irreversibility of step (Ilb). For Ep, = 0, within the first potential region,

[E — (Feg)1] =~ —0.1 V (Figs. 10a, b), the E/I display corresponds to an irrevers-
ible reaction, while a modulated current contribution appears at higher poten-
tials. The A,/A, ratio increases quite markedly when the potential amplitude
diminishes. Therefore, the first region of the modulated E/I profile is mainly
determined by K; since the amount of 8y produced by step (IIb) is small. In
this potential region, the dI/dE slopes either at the modulating signal inversion
or at I = 0, are similar to those already found in the process involving a coverage
by a single species for the same K, value. As the guide potential sweep goes
further the two processes are still observed but the modulated response of step
(ITb) becomes now better defined. The overall reaction implies a t.m.l.p.s. E/I
profile where the A4,/A. changes with the potential amplitude as it would cor-
respond to a slightly more reversible process involving a surface coverage by a
single species for the same K; value. On doubling v, the response of the overall
electrochemical system becomes more irreversible, because the slowness of the
surface coverage by 8, and consequently, the contribution of the second revers-
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Fig. 9. T.m.Lp.s. voltammograms calculated for mechanism (II). K1 = 10 mA em ™2, Ky =
3.16 X 102 mA em™2; By = fia = 0.5; f(8) = g(0) = 0; vg = 20 V;vg = 1.5 V; k = 0.4 mC cm™2;
electrode area = 1 em?2; 290 K. (a) Ep =—0.1 V, A, = 0.06 V; (b) Ep =—0.1 V,A;=0.03 V;
(c)Ep =01V, A,=0.06 V;(d)Ep=0.1V,A;=0.03V.

ible step becomes smaller. This effect can be readily seen after comparing Figs.
10 and 3.

When Ep < 0 (Ep = —0.1 V) (Figs. 9a, b), the first portion of the E/I profile
still exhibits an irreversibility which increases during the potential excursion.
For a 0.06 V potential amplitude, the initial portion of the anodic E/I display
presents a double contour (Figs. 9a, b) similar to that also seen in Figs. 10a and
b, due to the different kinetic response and surface coverage degree of steps
(IIa) and (IIb) at the inversion of the modulating signal. Accordingly the total
surface coverage is principally determined by K;. The first step exhibits now an
increasing degree of irreversibility since the 0g/0, ratio increases. The total sur-
face coverage lags behind its equilibrium value, but the § — 0. difference is ap-
preciably reduced during the cathodic half-cycle, when 6, and 0y both approach
their corresponding equilibrium values. Hence within the potential region where
both 6, and 05 become appreciable when the modulating signal is inverted the
significant contribution of the second step originates the double E/I profile.
Simultaneously, the anodic current contribution of step (I1a) is progressively
smaller. The net effect diminishes as the potential amplitude decreases. Thus,
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Fig. 10. T.m.l.p.s. voltammograms calculated for mechanism (II). (a) Ep = 0 V, A; = 0.06 V,
V=15V sTL(b)Ep=0V,A;=0.03V, vg=15V s (c)Ep=0V,4,=0.06 V,v, =
3Vs(d)Ep=0V,A =0.03 V,u, = 3 Vs~ 1 The rest of the Kinetic parameters as in-
dicated in Fig. 9.

for any value of the total surface coverage, the possibility of reaching either the
potential or the time required to attain 8, during the subsequent cathodic half-
cycle, is lower. Therefore, during the modulating ramp inversion, the contribu-
tion of the second equilibrium step is reduced and the first step cannot be indi-
vidually defined in the E/I profile but it is enclosed in the overall E/I contour.
At more anodic potential, the anodic half-cycles of the modulating signal show
a region involving a minimum current variation (hold-up) defining an imaginary
E/(I contour which attains a maximum at the equilibrium potential of the revers-
ible step (IIb).

(II1) MECHANISM OF REACTION INVOLVING A DUAL COVERAGE AND A CHEMICAL
TRANSFORMATION FROM THE SURFACE SPECIES RELATED TO 8 , TO THAT
RELATED TO g

Let us consider now the following reaction pathway involving two consecutive
electron transfer steps and an alternative second order chemical transformation
from the surface species firstly produced into the second one which, under the
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present circumstances, is the most stable:

M+A = MA)+te (I11a)
M(A) = M(B) + e~ (1IIb)
2M(A) >~ M(B) +M (I1lc)

The rates of the degrees of surface coverages are now given by:
dfa/dt = (K1/k){(1 — 0, —03) exp[(1 — $1)E/b] exp[—ayf(6)]
— 04 exp[—B1E/b] exp[(1 — ay)f(0)]} — dfg/dt — C30% explash(0)]
dfp/dt = (K2/k){0, exp[(1 — B2)(E — Ep)/b] exp[—azg(6)]
— Op exp[—B2(E —Ep)/b] exp[(1 — az)g(0)] + C30% explash(0)] (13)

and the current density is given by eqn. (10). Cj is the specific rate constant of
the chemical process and

f(6) = AGA/RT

8(0) = (AGg — AG,)/RT

and

h(0) = (AGg — 2AG,)/RT (14)

are the rate of changes of AG,, the apparent standard adsorption free energies
with coverage corresponding to each reaction step. The theoretical E/I profiles
are obtained after numerically solving the set of differential eqns. (13) using
different kinetic data.

The theoretical displays shown in Fig. 11 correspond to different s.t.p.s. of
increasing potential amplitude and values of C; ranging from 0 to 500 s~ !. The
surface coverage degrees attained in these runs are comprised between 0 and 1.

The potential of the cathodic current peak corresponding to the largest poten-
tial excursion remains unchanged since it is determined only by K,. The anodic
current peak potential lies at lower potentials than that of the equivalent cur-
rent peak previously discussed for mechanism (I1). Therefore for mechanism
(I11), when Cj increases, both current peaks become closer.

The second order chemical transformation [step (Illc)] produces a relatively
small contribution to the overall reaction at 8, =~ 0. As a matter of fact if 0, is
determined by a reversible first order electron transfer step, the potential
dependence of the term K,0% exp(E/b) becomes smaller than that of the sec
ond order term C30% for 8, < 0.2. Consequently, when the amplitude of the
s.t.p.s. decreases, the cathodic scan exhibits a relatively larger contribution of
step (IIla), since species A is the initial reactive.

The low amplitude s.t.p.s. response for mechanism (III) under Temkin ad-
sorption conditions is seen in Fig. 12, where the standard adsorption free ener-
gies corresponding to A and B change with 8, and 0y according to:

AGA/RT = g1(04 +0p)
AGg/RT = g5(04 + 03) (15)

When the second electron transfer step is slower than the chemical step,
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Fig. 11. S.t.p.s. voltammograms covering different potential amplitudes for mechanism (III).
K1 =2x 102 mA em™2,Ky = 6 mA ecm™ 2, Ep = 0.02 V; 81 = 0.5; 85 = 0.6; f(6) = g(6) = 0;
v, = vf =21.5 Vs 1,k = 0.4 mC cm™2; electrode area = 1 em?; 513 K. (a) Cg5 = 0; (b) C3 =
25571, (¢) Cg = 250571;(d) C3 =500 5™,

K,0, exp[(1 —B_)E — Ep)/b] << C302, the anodic E/I profile is independent
of Ep, but is changes the position of the cathodic current peak which depends
also on K,.

Let us consider now a t.m.l.p.s. E/I profile for the simplest case where k5 = 0
(Figs. 13a, b). A modulating current response is only observed if step (IIla) is
fast. Furthermore, species B which comes from step (11lc) can be electrochemi-

Current/(mA)

-0.6 0.4 0.2 0. 0.2 0.4

Fotential 7(V)

Fig. 12. S.t.p.s. voltammograms for mechanism (III). K1 = 1 X 103 mA em™2; Ko =8mA
em 2 Ep =—0.02 V;C3=3x 103 51, 8; =fa =0y = 03 = 0.5; 81 = 10; (g3 —&1) = —2;
U=V, =60 Vs 1k = 0.2 mC cm—2; electrode area = 1 em?2; 513 K.
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Fig. 13. T.m.Lp.s. voltammograms for mechamsm (III). kg = 0,k_g = 10 mA cm™2, B1=
B2=0.5;f(0)=g(8)=0;v=20Vs1, vg=15 Vs 1 k=04mC cem 2;electrode area =
1 em?, 290 K,

(a) K1 =3.16 X 10 mAcem 2, C3=4 % 10257}, A_=0.06 V;

(b)Y K1 =3.16 X 102 mA em™ ~2 ,C3=4%102%g —1 AL =003V,

(¢) K1 = 3.16 X 102 mA cm™2, ,C3=8X103s 1 A =0.06V,

(d) Ky = 3.16 X 102 mA cm— 2 ,C3=8X 1035 ~1 ,As =0.03V;

(e) K1 =3.16 X 103 mA cm™ 2 ,C3=8X103g ~1 ,Ag=0.06 V;

(f) K1 =3.16X 103 mA cm~2, C3=8x 103 =y As =0.03 V.

cally transformed into species A. Under these circumstances the E/I display
looks like that already seen for the reaction mechanism (II). This general coin-
cidence, however, is fortuituous since the chemical step is conceived as a sec-
ond order process with respect to 8, , while in mechanism (II) the electrochem-
ical conversion of species A into species B depended principally on the term
K20, exp[(1 —B)(E —Ep)/b].

The initial portion of the cathodic E/I contour displayed in Fig. 13a com-
pares well with that shown in Fig. 7¢, for both runs involve a low value of 6.
The amount of 83 is, however, already enough to give an I, component which
actually modified the E/I profile corresponding to the reduction of species A.
Nevertheless, when the potential increases, the I, contribution, in Fig. 7¢, be-
comes notoriously larger than in Fig. 13a. The anodic right portion of the E/I
display of Fig. 13a is similar to that of Fig. 7b, the latter involving a K, whose
value is lower than that of Fig. 7c. Otherwise, the cathodic profile shown in
Fig. 7b practically corresponds to that obtained for mechanism (I) since the con-
tribution of the second anodic step is smaller than that shown in Fig. 13a.

The increase of C3 (compare Figs. 13a and 13¢, 13b and 13d) modifies the
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shape of the overall t.m.l.p.s. E/I profile in the direction expected for an elec-
trochemical process of increasing irreversibility. This effect becomes more evi-
dent by changing the amplitude of the modulating signal (compare Figs. 13a
and 13b, 13c and 13d). When the latter decreases the total area changes so that
the A,/A, ratio increases, the largest change corresponding to the cathodic
envelope.

The effect of K; on the t.m.l.p.s. display is also recorded (compare Figs. 13c
and 13e, 13d and 13f). At the inversion of the modulating ramp, particularly
when the anodic partial sweeps are initiated, the contribution of the first step
produces a more abrupt change of the dI/d E slope, the larger the ratio of step
(1Ila) and (1IIc) becomes.

After comparing these E/I profiles with those for mechanism (II) one con-
cludes that the irreversibility of the second process principally influences the
end of the modulating response through an increasing asymmetry of the cathod-
ic E/I contour (Figs. Tb, ¢ and 8a, b). But when the species B is chemically form-
ed through step (Ilic) the overall t.m.L.p.s. E/I contour exhibits no depression
of the cathodic branch when the region of the largest irreversibility is attained.

CONCLUSIONS

The preceding analysis shows the outstanding characteristics of the t.m.l.p.s.
technique to reveal intermediate steps either chemical or electrochemical in
those non-diffusion controlled electrochemical reactions where the amount of
charge involved is of the order of a monolayer thickness.

The t.m.Lp.s. displays the current response of the system either to changing
potential amplitude at a fixed v, or to changing v, while keeping the potential
amplitude constant, without implying an important variation in the potential
and time conditions involved in the formation of the different species. Never-
theless, although the rapid visual display of the E/I characteristics, is possible
any careless straightforward comparison between theoretical and experimental
data generates ambiguous quantitative kinetic information, because of the large
number of adjustable parameters involved in the analysis of complex reaction
mechanisms. This drawback however is partially overcome when the t.m.l.p.s.
technique is applied together with another potential perturbation such as the
s.L.p.s. or the s.t.p.s. voltammetry, which implies a change of potential scan rate
corresponding to a variation of the time required to form the electrode surface
species. Therefore, during the t.m.Lp.s. the system is perturbed within a certain
potential range, without modifying substantially the time required for the forma-
tion of the intermediate species, which mainly depends on the rate v,.

In this respect for the reaction mechanisms involving the formation of two
surface species it is interesting to emphasize the coincidence of the initial por-
tion of the anodic E/I profiles obtained either with s.t.p.s. of increasing ampli-
tude or with the t.m.1.p.s. techniques started from E; (Fig. 14). This means that
within the potential region where the profiles are coincident the overall anodic
reaction behaves close to a simple reversible process. The current peaks observed
for t.m.l.p.s. are located at the equilibrium potential of the first electron transfer
reaction. The occurrence of the second contribution is actually noticed at higher
anodic potentials and as it behaves irreversible, there is a net anodic contribu-
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Fig. 14. Comparison between s.t.1.p.s. and t.m.1.p.s. voltammograms for mechanism (III).
K1=2Xx102mAcm 2, Kg=9mAcem 2,Ep=0V,C3=2X 1025 1,8, =fp=0y =ap =
0.75; (AGA/RT) = 2(61 + 012); (AG/RT) = 0; k = 0.4 mC cm™2; electrode area = 1 cm?;
290 K. (a) Ua =1, =21.5 Vs 1 (b)vy=1.5 Vs 1, y,=20 Vs L

tion at the end of each modulating cycle.

With the t.m.Lp.s. the time dependence of 6 , changes if the process involves
one or two covering species. When there is only one species (Fig. 15a) the magni-
tude of §,, fluctuates along a monotonously increasing function which exhibits
an inflection point. When the reaction is reversible, the latter lies at 6, = 0.5. For
the case of two coverages (Fig. 15b) the initial portion of the curve coincides
with that shown in Fig. 15a but the occurrence of the second electron transfer
process causes a maximum at 8, = 0.24.

The maximum 0, value and its largest time variation occurs in a potential
region close to the equilibrium potential related to species A. Since the species

= o -]
T T T

Surface coverage degrees,8,
~n
T

1 1 - L

110 2x16” Time/ (s)

Fig. 15. Potential (time) dependence of the degrees of surface coverage for the t.m.Lp.s.
technique. (a) The dependence of 8, predicted according to mechanism (I); K; = 2 x 10
mA em—2, (b) The dependence of a bredicted according to mechanism (IIT) and the
kinetic conditions indicated in Fig. 14.
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B blocks the surface to species A, the equilibrium related to the first electron
transfer reaction is attained on a restricted clean electrode surface. As a first ap-
proximation, (E.4); of species A lies at a potential slightly higher than that cor-
responding to the maximum 6, . This is equivalent establishing a low limiting
value for (F,y);.
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