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» 6.1 INTRODUCTION

The complete electrochemical behavior of a system can be obtained through a series of
steps to different potentials with recording of the current-time curves, as described in Sec-
tions 5.4 and 5.5, to yield a three-dimensional i-z-E surface (Figure 6.1.1a). However, the
accumulation and analysis of these data can be tedious especially when a stationary elec-
trode is used. Also, it is not easy to recognize the presence of different species (i.e., to ob-
serve waves) from the recorded i-¢ curves alone, and potential steps that are very closely
spaced (e.g., 1 mV apart) are needed for the derivation of well-resolved i-E curves. More
information can be gained in a single experiment by sweeping the potential with time and
recording the i-E curve directly. This amounts, in a qualitative way, to traversing the
three-dimensional i-¢-E realm (Figure 6.1.15). Usually the potential is varied linearly with
time (i.e., the applied signal is a voltage ramp) with sweep rates v ranging from 10 mV/s

(1 V traversed in 100 s) to about 1000 V/s with conventional electrodes and up to 10% V/s

with UMEs. In this experiment, it is customary to record the current as a function of po-
tential, which is obviously equivalent to recording current versus time. The formal name
for the method is linear potential sweep chronoamperometry, but most workers refer to it
as linear sweep voltammetry (LSV).!

L (a) (b

Figure 6.1.1 (a) A po.tion of the i-t-E surface for a nernstian reaction. Potential axis is in units of
60/n mV. (b) Linear - _tential sweep across this surface. [Reprinted with permission from W. H.
Reinmuth, Anal. Che.. .. 321509 (1960). Copyright 1960, American Chemical Society.]

'This method has also been called stationary electrode polarography; however, we will adhere to the
recommended practice of reserving the term polarography for voltammetric measurements at the DME.
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’ Figure 6.1.1
(a) Representation of a portion of the i-t-E surface for a nernstian reaction. Potential axis
is in units of 60/n mV. (b) Linear potential sweep across this surface. [Reprinted with
permission from W. H. Reinmuth, Anal. Chem., 32, 1509 (1960). Copyright 1960, American
Chemical Society.]
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Figure 6.1.2 (a) Linear potential sweep or ramp starting atE . (b) Resulting i-E curve.
(c) Concentration profiles of A and A+ for potentials beyond the peak.
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A typical LSV response curve for the anthracene system considered in Section 5.1 is
shown in Figure 6.1.25. If the scan is begun at a potential well positive of E" for the re-
duction, only nonfaradaic currents flow for a while. When the electrode potential reaches
the vicinity of E®’ the reduction begins and current starts to flow. As the potential contin-
ues to grow more negative, the surface concentration of anthracene must drop; hence the
flux to the surface (and the current) increases. As the potential moves past EY, the surface
concentration drops nearly to zero, mass transfer of anthracene to the surface reaches a
maximum rate, and then it declines as the depletion effect sets in. The observation is
therefore a peaked current-potential curve like that depicted.

At this point, the concentration profiles near the electrode are like those shown in
Figure 6.1.2¢. Let us consider what happens if we reverse the potential scan (see Figure
6.1.3). Suddenly the potential is sweeping in a positive direction, and in the electrode’s
vicinity there is a large concentration of the oxidizable anion radical of anthracene. As the
potential approaches, then passes, E 0', the electrochemical balance at the surface grows
more and more favorable toward the neutral anthracene species. Thus the anion radical
becomes reoxidized and an anodic current flows. This reversal current has a shape much
like that of the forward peak for essentially the same reasons. _

This experiment, which is called cyclic voltammetry (CV), is a reversal technique and
is the potential-scan equivalent of double potential step chronoamperometry (Section 5.7).
Cyclic voltammetry has become a very popular technique for initial electrochemical stud-
ies of new systems and has proven very useful in obtaining information about fairly com-
plicated electrode reactions. These will be discussed in more detail in Chapter 12.

In the next sections, we describe the solution of the diffusion equations with the ap-
propriate boundary conditions for electrode reactions with heterogeneous rate constants
spanning a wide range, and we discuss the observed responses. An analytical approach
based on an integral equation is used here, because it has been widely applied to these
types of problems and shows directly how the current is affected by different experimen-
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Figure 6.1.3 (a) Cyclic potential sweep. (b) Resulting cyclic voltammogram.




- - g ———

tal variables (e.g., scan rate and concentration). However, in most cases, panicula;iy
when the overall reactions are complicated by coupled homogeneous reactions (Chapter
12), digital simulation methods (Appendix B) are used to calculate voltammograms.

» 6.2 NERNSTIAN (REVERSIBLE) SYSTEMS
6.2.1 Solution of the Boundary Value Problem

)]0 'Q'

We consider again the reaction O + ne 2 R, assuming semi-infinite linear diffusion and a
solution initially containing only species O, with the electrode held initially at a potential
E;, where no electrode reaction occurs. These initial conditions are identical to those in
Section 5.4.1. The potential is swept linearly at v (V/s) so that the potential at any time is

E(f) = E; — vt (6.2.1)

If we can assume that the rate of electron transfer is rapid at the electrode surface, so that
Speci and R immediately adjust to the ratio dictate e Nernst equation, then the
equations o i at 1s, 4. ; .4.0) must be rec-

ognized as having a time-dependent form:

Co(0, e = nF el
Cr(0, 9 —ﬂt)—exp[jﬁ, (E; —vt—E )] (6.2.2)

The time dependence is significant, because the Laplace transformation of (6.2.2) cannot
be obtained as it could in deriving (5.4.13),? and the mathematics for sweep experiments
are greatly complicated as a consequence. The problem was first considered by Randles
(1) and Sevcik (2); the treatment and notation here follow the later work of Nicholson and
Shain (3). The boundary condition (6.2.2) can be written -

bt netEh 0D ge-or— s a8

Cr(0, 1)

whcrem !=e*°’¢= exp[(nF/RT)(E; — E 0')].( and(o- = (nF/R1 10] As before (see Sec-
tion 5.4.1), Laplace transformation of the diffusion equations and application of the initial
and semi-infinite conditions leads to [see (5.4.7)]

U ck 112
Colx, s) = TO + A(s) exp[—(ﬁs—) x] (6.2.4)
0
The transform of the current is given by [see (5.2.9)]
i dCo(x, s
i(s) = nFAD, = (6.2.5)
' X x=0

Combining this with (6.2.4) and inverting, by making use of the convolution theorém (see
Appendix A), we obtain3 '

(6.2.6)

>The Laplace transform of Co(0, 1) = 6CR(0, 1) is EO(O, 5)=40 ER(O. 5) only when @ is not a function of time; it
is only under this condition that @ can be removed from the Laplace integral.

3This derivation is left as an exercise for the reader (see Problem 6.1). Equation 6.2.6 is often a useful starting
point in other electrochemical treatments involving semi-infinite linear diffusion. 7 in the integral is a dummy
variable that is lost when the definite integral is evaluated.
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By letting

f(@) = % (6.2.7)

(6.2.6) can be written

t
Co(0, 1) = C§ — (wDg)~ 172 fo f@e -~ dr (6.2.8)

-

Similarly from (5.4.12) an expression for Cg(0, f)can be obtained (assuming R is initially
absent): -

L

Cr(0, t) = (wDg) "7 fo f()(t— 7" Pdr (6.2.9)

The derivation of (6.2.8) and (6.2.9) employed only the linear diffusion equations,
initial conditions, semi-infinite conditions, and the flux balance. No assumption related to
electrode kinetics or technique was made; hence (6.2.8) and (6.2.9) are general. From
these equations and the boundary condition for LSV, (6.2.3), we obtain

f r =12 gr = C5 6.2.10
b Tk Sy e nFA7'2DYC
fo f(f)(t 7 “dr [0SOE + 11 (6.2.11)

where, as before, £ = (Do/Dg)"2. The solution of this last integral equation would be the
function i(f), embodying the desired current-time curve, or, since potential is linearly re-
lated to time, the current-potential equation. A closed-form solution of (6.2.11) cannot be
obtained, and a numerical method must be employed.

Before solving (6.2.11) numerically, it is convenient (a) to change from i(?) to i(E),
since that is the way in which the data are usually considered, and (b) to put the equation
in a dimensionless form so that a single numerical solution will give results that will be
useful under any experimental conditions. This is accomplished by using the following
substitution: :

Snk S aF g
o*t—RTvt (RT)(E‘ E) (6.2.12)

Let f(1) = g(o7). With z = o7, so that 7 = z/o,dr = dz/o,z= 0at7=0,and z = ot at
T = t, we obtain

t ot -12 .
f f@e— 7P dr = f g(z)(t = g) & (6.2.13)
0 0
so that (6.2.11) can be written |
ot Cg(wDo)le

, 8@t - )20 dz = (6.2.14)

1 + £6S(o?)

or finally, dividing by C&(mDg)"/2, we obtain

7 ix(2) dz 5 1 '
fo- (ot—2)2 1+ 205D Wete)
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where
$&) o s i(o)
Co(@Doa) 2 nFACH(wDoo)'

x() = (6.2.16)

Note that (6.2.15) is the desired equation in terms of the dimensionless variables y(z),
€, 0, S(ot) and ot. Thus at any value of S(o'7), which is a function of E, x(ot) can be ob-
tained by solution of (6.2.15) and, from it, the current can be obtained by rearrangement

of (6.2.16):
l i = nFACH(mD o) x(ot) ‘ (6.2.17)

At any given point, (o) is a pure number, so that (6.2.17) gives the functional rela-
tionship between the current at any point on the LSV curve and the variables. Specifi-
cally, i is proportional to Cg and v'2, The solution of (6.2.15) has been carried out
numcm by a series solution [Sevcik (2), Reinmuth (4)],
analytically in terms of an integral that must be evaluated numerically [Matsuda and
Ayabe (5), Gokhshtein (6)], and by related methods (7, 8). The general result of solving

(6.2.15) is a set of values of y(o'7) (see Table 6.2.1 and Figure 6.2.1) as a function of ¢
or n(E — Em).“

TABLE 6.2.1 Current Functions for Reversible Charge Transfer (3)“’5

TR ey T '
RT/F o 7'2x(ot) Plot) | RIF  WVABC 701 o)
0‘3‘- 4.67 120 0009 0008 | —0.19 -5 0400  0.548
an 3.89 100 0.020 0019 | —0.39 ~10 0418 059
3.11 80 0042 0041 | —0.58 -15 0432 0641
2.34 60 0.084  0.087 | —0.78 ~20 0441  0.685
1.95 50 0.117  0.124 | —0.97 —25 0445 0725 _p
1.75 45 0.138 0.146 |(=1.109 —28.50  0.4463 O.TSIGM
1.56 40 Gi60 " 078 11T = .~ ok 07 Ty
1.36 35 0.185 0208 | —1.36 ~35 0.443  0.796
149 30 0.211 0.236 | —1.56 —40 0438  0.826
0.97 25 0240 0273 | —1.95 —50 0421 0875
..... o 0,78 T 0.269 4w 0314 [ —2,34 = _ ) 0399 0912
0.58 15 0298 0357 | —3.11 —80 0353  0.957
0.39 10 0328 0403 | —3.89 ~100 0312 0980
0.19 5 0355 0451 | —4.67 ~120 0280  0.991
0.00 0 0380 0499 | —584 — —150 0245 0997

“To calculate the current:
L
1. i=i(plane) + i(spherical correction). 4 aw'c
2. i=nFADE*CEo'Pr'Px(or) + nFADGCE(1/rp)db (o),

3. i= 60222 ADYPCEV R Py(ort) + 0.160[D*/(ron'?v'?)] @ 1)} at 25°C with quantities in the
following units: i, amperes; A, cm? Do, cm%/s; v, V/s; C, M; r, cm.

’E\p = EY + (RT/nF) In (Dx/Dg)'.

*Note that In £0S(a1) = nf(E — Eyp5), where Eyjp = E¥ + (RT/nF) In (Dr/Do)'>.
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Figure 6.2.1 Linear potential
' ' sweep voltammogram in terms of
T 0 =150 dimensionless current function. Values
n(E=Eyp) = %lﬂ & + n(E; - E%) -l-}:-rc 2 on the potential axis are for 25°C
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6.2.2 Peak Current and Potential

The function 11'”2)((0':), and hence the current, reaches a maximum where wlnx(ct) =

0.4463. From (6.2.17) the Eeak current, ii, is

3\1/2
i = 0.4463(%) w2 ADY2CEy\2 (6.2.18)

At 25°C, for A in cm?, D in cm?/s, C in mol/cm®, and v in VJs, i, in amperes is

iy = (2.69 X 10°)n*2 AD{*CGv'"? (6:2.19)
The peak ﬁgtﬁa‘iﬁl wlp is found from Table 6.2.1 to be
E,=Ey, — 1.109 R—n; = 28.5/nmV at 25°C (6.2.20)

Because the peak is somewhat broad, so that the peak potential may be difficult to deter-

mine, it is sometimes convenient to report the potential at i,/2, called the hali—eeak poten-

tial, Eyp, which is )
T

= RT " o 2
—_ Elm + 1.09 F = Elfz + 28.0/n mV at 25°C

Eyp (6.2.21)

Note that E;, is located just about midway between E;, and E 5, and that a convenient di-
agnostic for ‘a nernstian wave 1s T T —
’ Ww. "ﬂv s
} (;(Vl’}o |E, — E, | = 220 2L = 56.5/n mV at 25°C
AP P p/2 Y nF "
;1
U' (7] Thus for a reversible wave, E;, is independent of scan rate, gnd i, (as well as the cur-
rent at any other point on the wWe atter property indicates
? diffusion control and is analogous to the on of 1g with 12 in chronoamperometry.
W m nstant in LSV is i, /v 12c% (sometimes called the current gnction),
which acpenas 0 s constant can be used to estimate 7 for an electrode

n n>'2 and DQ ;

(6.2.22)
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Figure 6.2.1

Linear potential sweep voltammogram in terms of dimensionless current function.
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reaction, if a value of Dg can be estimated, for example, from the LSV of a compound of
similar size or structure that undergoes an electrode reaction with a known 7 value.

6.2.3 Spherical Electrodes and UMEs

For LSV with a spherical electrode (e.g., a hanging mercury drop), a similar treatment can
be presented (4); the resulting current is
nFADoCE (o)

- (6.2.23)

i = i(plane) +

where ry is the radius of the electrode and ¢(c7) is a tabulated function (see Table 6.2.1).
For large values of v and with electrodes of conventional size the i (plane) term is much
larger than the spherical correction term, and the electrode can be considered planar under
these conditions.

Basically, the same considerations apply to hemispherical and ultramicroelectrodes at
fast scan rates. However, for a UME, where ro is small, the second term will dominate at
sufficiently small scan rates. One can show from (6.2.23) that this is true when

v << RTD/nFr} (6.2.24)

so that the voltammogram will be a steady-state response independent of v.> For ro =135 um,
D=10"° cm?/s, and T = 298 K, the right side of (6.2.24) has a value of 1000 mV/s; thus a
scan made at ~100 mV/s or slower should permit the accurate recording of steady-state cur-
rents. The limit depends on the square of the radius, so it is generally impractical to record
steady-state voltammograms with electrodes much larger than those normally considered to
be UMEs. Conversely, with very small UMEs, one requires a high sweep rate to see any be-

havior other than the steady state. For example, at an electrode of 0.5-pm radius and withD*- - -

and T as given above, steady-state behavior would hold up to 10 V/s.

12.0 ’—
10.0 |- 1V/s

8.0 0.1V/s

6.0
0.01V/s
4.0

Current (nA)

2.0

0

=2.0—

-4.0 ' ‘ '
0.3 021 0l 0, -0 -02 . 03

Potential (V)
Figure 6.2.2 Effect of scan rate on cyclic voltammograms for an ultramicroelectrode
(hemispherical diffusion) with 10 pm radius. Simulations for a nernstian reaction with # = 1,
E% =00V,Do=Dg =1X 1075 cm¥s, C§ = 1.0mM, and T = 25°C. At 1 V/s, the response
begins to show the peak expected for linear diffusion, but the height of the current at the switching
potential and the small peak current ratio show that the steady-state component is still dominant.

sReIatio_nship 6.2.24 involves a comparison of a diffusion length to the radius of the electrode in the manner
discussed in Section 5.2.2. The diffusion length is [Do/(nfv)] /2, which corresponds to the time 1/(nfv). This is
the period required for the scan to cover an energy €T along the potential axis (25.7/n mV at 25°C). It is often
regarded as the characteristic time of an LSV or CV experiment (Chapter 12).



The transition from typical peak-shaped voltammograms at fast sweep rates in the
linear diffusion region to steady-state voltammograms at small v is shown for cyclic
voltammetry in Figure 6.2.2. In the steady-state region, the voltammograms are
S-shaped and follow the treatment in Sections 1.4.2 and 5.4.2. Ultramicroelectrodes are
almost always employed in the limiting regions: the linear region when v 12/, is large and
the steady-state region when v'2/rq is small. There is nothing additional to be gained from
working in the mathematically more complicated intermediate region.

6.2.4 Effect of Double-Layer Capacitance

and Uncompensated Resistance

| ——

For a potential step experiment at a stationary, constant-area electrode, the charging cur-
rent dies away after a time equivalent to a few time constants (R,Cy) (see Section 1.2.4).

~ Since the potential is continuously changing in a potential sweep experiment, a charging

current, i, always flows (see equation 1.2.15):
lie| = ACqv (6.2.25)

and the faradaic current must always be measured from a baseline of charging current
(Figure 6.2.3). While i, varies with v'/2 for linear diffusion, ic varies with v, so that i be-

comes relatively momster scan rafes. From (6.2.19) an

& C,v%(1073)

= (6.2.26)
i 2.69r°2DY2CE
or for Dg = 10~5cm?/s and Cy4= 20 pF/cm?,
4 X 10”
ligl _ 24X 10" v 6.2.27)

ip nl2C g

Thus at high v and low CZ values, severe distortion of the LSV wave occurs. This effect

often seE %m::lﬁ oE %usegg scan raEc an; g minimum uscE! concensaslon;. »
In general, a potenti ntrols IR, Tather e true poten rking

electrode (Sections 1.3.4 and 15.6.1). Since i varies with time as the peak is traversed, the
error in potential varies correspondingly. If iR, is appreciable compared to the accuracy of
measurement (e.g., a few mV), the sweep will not be truly linear and the condition given by
(6.2.1) does not hold. Moreover, the time required for the current to rise to the level given in
(6.2.25) depends upon the electrode time constant, R,Cy, as shown in (1.2.15). The practical
effect of R, is to flatten the wave and to shift the reduction peak toward more negative po-
tentials. Since the current increases with v'/2, the larger the scan rate, the more E, will be
shifted, so that appreciable R, causes Ej, to be a function of v. It moves systematically in a
negative direction with increasing v (for a reduction). Uncompensated resistance can thus
have the insidious effect of mimicking the response found with heterogeneous kinetic limi-
tations (as discussed in Sections 6.3 and 6.4).

By using a UME, one can extend the useful range of sweep rates to the 10% V/s re-
gion. Because the measured currents at the UME are small, the iR, drop does not perturb
the response or the applied excitation to the same extent as with larger electrodes. The
much smaller R,C, at the UME also leads to less distortion in the voltammogram. How-
ever, even with the UME (6.2.27) applies, so the faradaic wave lies on top of a large ca-
pacitive current. To extract the desired information from the voltammogram, the total
response (capacitive plus faradaic) can be simulated (9) or perturbations caused by Cy and
R, can be subtracted (10). Alternatively, positive feedback circuitry with a fast response
can be used to compensate for distortions otherwise caused by Ry, (11).
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Figure 1.3.12
(a) Potential drop between working and auxiliary electrodes in solution and /R, measured
at reference electrode. (b) Representation of the cell as a potentiometer.
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Resultant (i)
E
RS
f |
E
.0.37 % )
1=R,Cy t
x Applied
. (E)
i;. E
i Figure 1.2.7 Current
iiii transient (i vs. f) resulting from
li t a potential step experiment.

| (b) Current Step
| When the R,Cj circuit is charged by a constant current (Figure 1.2.8), then equation 1.2.8

again applies. Since ¢ = [idt, and i is a constant,

{ [ t
E=irg+ [ a (12.11)
Cd 0

{I or
!i E = iR, + t/Cy) (12.12)

Hence, the potential increases linearly with time for a current step (Figure 1.2.9).

(¢) Voltage Ramp (or Potential Sweep)
A voltage ramp or linear potential sweep is a potential that increases linearly with time
starting at some initial value (here assumed to be zero) at a sweep rate v (in Vs~1) (see

Figure 1.2.10a).
' E=ut (1.2.13)

;\ ——
; Figure 1.2.8 Current step experiment for an RC
I Constant current source circuit.




1.2.8

2.11)

2.12)

) (see

2.13)

1.2 Nonfaradaic Processes and the Nature of the Electrode—Solution Interface < 17

Resultant (E)

iRg

Applied
(i)

Figure 1.2.9 E-f behavior resulting
f from a current step experiment.

If such a ramp is applied to the RyCy circuit, equation 1.2.8 still applies; hence
vt = Ry(dq/dt) + q/Cq4 (1.2.14)
Ifg=0att=0,
i =vCq[1 — exp(—t/R,LCyq)] (1.2.15)

The current rises from zero as the scan starts and attains a steady-state value, vCy (Figure
1.2.10b). This steady-state current can then be used to estimate Cg. If the time constant,

Applied E(r)
l | l | |
t
(a)
|
Resultant i |
vCy #
Figure 1.2.10 Current-time
behavior resulting from a linear
' : : potential sweep applied to an RC
() circuit.
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Applied E 3
Ey -[
E |- Slope =—v i
| _“Slope=v ]
. III!
t
— Resultant [i = £(1)] ]|
vCy - '"
1

i t
- \ -uCy

Resultant [i = f(E)]

\

g preamro

L i e

e i kY

W vCy

- =
E, E

|

iy

|G Figure 1.2.11 Current-time and current-potential
i plots resulting from a cyclic linear potential sweep (or
' triangular wave) applied to an RC circuit.

i

TR

RCy4, is small compared to v, the instantaneous current can be used to measure Cy as a
function of E.

If one instead applies a triangular wave (i.e., a ramp whose sweep rate switches from
v to —v at some potential, E)), then the steady-state current changes from vCq during the |
forward (increasing E) scan to —vCq during the reverse (decreasing E) scan. The result
for a system with constant Cy is shown in Figure 1.2.11.

» 1.3 FARADAIC PROCESSES AND FACTORS AFFECTING
RATES OF ELECTRODE REACTIONS

1.3.1 Electrochemical Cells—Types and Definitions

Electrochemical cells in which faradaic currents are flowing are classified as either gal-
vanic or electrolytic cells. A galvanic cell is one in which reactions occur spontaneously
at the electrodes when they are connected externally by a conductor (Figure 1.3.1a).
These cells are often employed in converting chemical energy into electrical energy. Gal-
vanic cells of commercial importance include primary (nonrechargeable) cells (e.g., the
Leclanché Zn-MnO, cell), secondary (rechargeable) cells (e.g., a charged Pb—PbO, stor-
age battery), and fuel cells (e.g., an Hy~O, cell). An electrolytic cell is one in which reac-
tions are effected by the imposition of an external voltage greater than the open-circuit
potential of the cell (Figure 1.3.1b). These cells are frequently employed to carry out de-
sired chemical reactions by expending electrical energy. Commercial processes involving
electrolytic cells include electrolytic syntheses (e.g., the production of chlorine and alu-
minum), electrorefining (e.g., copper), and electroplating (e.g., silver and gold). The
lead—acid storage cell, when it is being “recharged,” is an electrolytic cell.

1.3

A E e A

— . .
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1
T _
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v=9a
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T Figure 6.2.3 Effect of double-layer
i, charging at different sweep rates on a linear
potential sweep voltammogram. Curves are

0 _‘L plotted with the assumption that Cy is
(@) g i T independent of E. The magnitudes of the
et v 1 charging current, i., and the faradaic peak
‘.1' : _J{_ current, ip, are shown. Note that the current

T scale in (c) is 10X and in (d) is 100X that
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An important practical limitation of very fast voltammetry [other than instrumental
and R, and C4 considerations (11)], is the importance of adsorption of even small amounts
of electroactive substance or faradaic changes involving the electrode surface (e.g., for-
mation of an oxide layer). As shown in Section 14.3, for surface processes like double-
layer charging, the current response varies directly with v. Therefore, surface effects of
minor importance at small v can dominate at high scan rates.

6.3.1 The Boundary Value Problem

For a totally irreversible one-step, one-electron reaction O+ e — R) the nernstian
boundary condition, (6.2.2), is replaced by (see Section 5.5)

6.3 TOTALLY IRREVERSIBLE SYSTEMS bwf’/f@ PM
e “—1. u{W
k

' dCo(x,
L= Dn[—g(ig] = ke()CA(0, 1) (6.3.1)
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where
ke(6) = k° exp{ —af[E(®) — E®T) (6.3.2)
Introducing E(f) from (6.2.1) into (6.3.2) yields
ke(1)Co(0, ) = kiCo(0, 1)e®" (6.3.3)
where b = afv and
ke; = k° exp[—af(E; — E°)] (6.3.4)

The solution follows in an analogous manner to that described in Section 6.2.1 and again
requires a numerical solution of an integral equation (3, 5). The current is given by

i = FACE(mDob)\2 x(bt) (6.3.5)

\ 172
i = FACSDY'? (%) o

where y(bt) is a function [W tabulated in Table 6.3.1. Again, i at any
point on the wave varies with v'/“ and Cg. :
For spﬂenca electroacs, a procczu're analogous to that employed at planar electrodes

has been proposed. Table 6.3.1 contains values of the spherical correction factor, ¢ (b?)

employed in the equation
%

i = i(plane) + FADOE:}O‘;’(M) (6.3.7)

TABLE 6.3.1 Current Functions for Irreversible Charge Transfer (3)*
: Nm——y

Dimensionless  Potential® Dimensionless  Potential®
Potential® mV at25°C 72y (br) $(br) | Potential® mV at25°C 72y (br)  $(b)
6.23 160 0.003 0.58 15 0.437 0.323
545 140 0.008 0.39 10 0.462 0.396
4.67 120 0.016 0.19 S 0.480 0.482
4.28 110 0.024 0.00 0 0.492 0.600
3.89 100 - 0.035 -0.19 =9 0.496 0.685
3.50 90 0.050 —0.21 —5.34 0.4958 0.694
311 80 0.073 0.004 | —0.39 —10 0.493 0.755
2.72 70 0.104 0.010 | —0.58 —-15 0.485 0.823
2.34 60 0.145 0.021 | —0.78 —-20 0472 0.895
1.95 50 0.199 0.042 | —0.97 —25 0.457 0.952
1.56 40 0.264 0.083 | —1.17 —30 0.441 0.992
1.36 35 0.300 0.115 | —1.36 -35 0.423 1.000
1.17 30 0.337 0.154 | —1.56 —40 0.406
0.97 25 0.372 0.199 | —1.95 —50 0.374
0.78 20 0.406 0:253 | =292 =70 0.323

“To calculate the current: )

1. i=i(plane) + i(spherical correction).

2. i=FADYCED Pa'Py(br) + FADoCE(1/ro)d(bi)

3. i=602ADY*CEa'Pv" {7 Py (bi) + 0.160[DY/roc2v' )1 (b1)}. Units for step 3 are the same as in Table 6.2.1.
bDimensionless potential is (aF/RT)(E — E®) + In [(wDgb)2/k%).
Potential scale in mV for 25°C is a(E — E*) + (59.1) In [(#Dab) /i),
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6.3.2 Peak Current and Potential

The function y(br) goes through a maximum at wlnx(bt) = 0.4958. Introduction of this
value into (6.3.6) yields the following for the peak current:

i = (2. * (6.3.8)

- Db)!2
a(E, — EY) + RT m[ﬁ;—)] = —0.21 %" = —5.34mVat25°C (6.3.9)

(6.3.10)

= LBTRT _ 477 v at25°c (6.3.11)

where E,, is the potential where the current is at half the peak value. For a totally irre-

versible wave, Ep is a function of scan rate, shifting (for a reduction) in a negative direction

by an mothM”C) for each tenfold increase in v. Also, E, oc-
M (i.e., more negative for a reduction) b activation overpotential rela

to k". An alternative expression for i, in terms of E,, can be obtained by comBmmg 53.3.10)
Svith (6.3.6), so that the result contains the value of x(bf) at the peak. After rearrangement

and evaluation of the constants, the following equation is obtained (3, 6):

ip = 0.227 FACGK exp[~af(E, — E*)] (6:3.12)

’ A plotof Ini, vs. E, — E” (assuming E° can be obtained) determined at different scan ,
rates should have a slope of —af and an intercept proportional to £°.

For an irreversible process more complicated than the one-step, one-electron reac-
tion, it is usually not feasible to derive equations describing the current-potential rela-
tionship. In the general case, the more practical approach is to compare experimental
behavior with the predictions from simulations (see Appendix B and Chapter 12). Analyt-
ical equations may be achievable for a few of the simpler possibilities (see Section 3.5.4).
The most important is an overall n-electron process having an irreversible heterogeneous
one-electron transfer as the rate-controlling first step. In that case, all equations describing
currents in this section [(6.3.5)—(6.3.8), (6.3.12), and in the notes to Table 6.3.1] apply,
but with the right hand side multiplied by n. The equations describing potentials
[(6.3.9)—(6.3.11)] apply without alteration.

® 64 IREVERSIBLE SYSTEMS

"4
Matsuda and Ayabe (5) coined the term quasireversible for reactions that show electron-
transfer kinetic limitations where the reverse reaction has to be considered, and they pro-
vided the first treatment of such systems. For the one-s P, ONc- i
ke
O+e fR - (6.4.1)

the corresponding boundary condition is [from (5.5.3)]

6C0(x, f) Y- _ 0! _g0
DO(T)M = KO~ TEO~E7] (C(0, 1) — CR(0, e/ EO-E"])  (6.4.2)
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The shape of the peak and the various peak parameters were shown to be functions of &
and a parameter A, defined as

= K
A= o5 a9
or, for Do = Dr = D, s
A
T (6.4.4)
The current is given by
(6.4.5)

where W(E) is shown in Figure 6.4.1. Note that when A > 10, the behavior approaches
that of a reversible system.
The values of iy, E,, and E;, depend on A and c. The peak current is g.iven by

iy = ireVK(A, @) ' (6.4.6)

where iy(rev) is the reversible i, value (equation 6.2.18), and the function K(A, «) is shown in
12

Figure 6.4.2. Note that for a quasireversible reaction, in is not Bro&rtional to v

The peak potential is

Vp — Eyp = —E(A, (6.4.7)

0.5
e a=0.7 ”ﬁ k‘\ A\
15 { | v
.. '
5 0.2 "'/ / / :
. T I - " »
o AV e $~—  |ic. 727 % é&ﬁ?
. ’-' / y
0 ..?
0.5
a=05
0.4
e S b
e / 1 / I /IV
5% / Figure 6.4.1 Variation of
// / quasireversible current function,
0.1 4 W(E), for different values of &
0 (as indicated on each graph) and
the following values of A: (I) A
il PR =10, A = 1; (M A = 0.1;
0.4 a " (IV) A = 10~2. Dashed curve is
F, I/\ for a reversible reaction.n‘l’(%)
0.3 s #1172 12,1
y =y = i[FACoDg” (nFIRT) v
i // D St and A = KY[DY2(F/RT) v ]
n| m P (for Do = Dg = D). [From H.
0.1 = / Matsuda and Y. Ayabe, Z.
e Elektrochem., 59, 494 (1955),

_9‘ 28 0 128 257 385 with permission. Abscissa label
—(E = E, ), mV (25°C) adapted for this text.]
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04
——————————— 0.1
03
02 Figure 6.4.2 Variation of K(A, &) with A for
different values of «. Dashed lines show
0.1~ functions for a totally irreversible reaction.
| | | | | | | K(A, @) = iy/ip(rev). [From H. Matsuda and
O 2w 0 o1 = = = - Y.Ayabe,Z Elektrochem., 59, 494 (1955),
log A —> with permission.]

where E(A, ) is shown in Figure 6.4.3. For the half-peak potential, we have
Eyn — Ep = A(A, a)(%f) = 26A(A, @) mV at 25°C (6.4.8)

where A(A, @) is given in Figure 6.4.4.

The parameters K(A, a), E(A, ), and A(A, «) attain limiting values characteristic of
reversible or totally irreversible processes as A varies. For example, consider A(A, «). For
A =10, A(A, @) = 2.2, yielding the E, — Ey, value characteristic of a reversible wave,
(6.2.22). For A < 10~2 and & = 0.5, A(A, @) = 3.7, yielding the totally irreversible charac-

0.1 02 03 04 05

20
18-
16 -
14~
12

10 —

I, a) —>

Figure 6.4.3 Variation of Z(A, a) with A

for different values of a. Dashed lines show

functions for a totally irreversible reaction.

E\ @) = —(Ep, — E\p)FIRT. [From H.

+2 41 o -1 -2 -3 -4 Matsuda and Y. Ayabe, Z. Elektrochem.,
log A —>- 59, 494 (1955), with permission.]

o
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2 mmm=======A 09 Figure 6.4.4 Variation of A(A, a) with A

19 and «. Dashed lines show functions for a
U totally irreversible reaction. A(A, @) =
e B | A | (Ep/2 — Ep)F/RT. [From H. Matsuda and
+2  + 0 -1 =2 -3 -4 Y. Ayabe, Z. Elektrochem., 59, 494 (1955),
log A —> with permission.]

anetic effects dcpends on the time wmdow of the experiment, which 1s essenually the time
needed to traverse the LSV wave (see Chapter 12). At small v (or long times), systems may
yield reversible waves, while at large v (or short times), irreversible behavior is observed. In
Section 5.5, we reached the same conclusions in the context of potential step experiments.
Matsuda and Ayabe (5) suggested the following zone boundaries for LSV:6

Reversible (nernstian) A = 15; K = 0.3v"2 cm/s
Quasireversible 15= A = 10"21+a); 0312 = 10 = 2 X 1073 v cm/s
Totally irreversible A =<10720%2). 10 <2 x 1075 v'”2 cm/s

CYCLIC VOLTAMMETRY
T e e

The reversal experiment in linear scan voltammetry is carried out by switching the direc-
tion of the scan at a certain time, ¢ = A (or at the switching potential, E)). Thus the poten-
tial is given at any time by
O0O<t=A) E=E —-ut (6.5.1)
t>A) E=E;— 2vA + vt (6.5.2)

While it is possible to use a different scan rate (v") on reversal (12), this is rarely done, and
only the case of a symmetrical triangular wave is considered here. The theoretical treatment
follows that of Section 6.2, except that (6.5.2) is used in the concentration-potential equation,
rather than (6.2.1), for ¢ > A. This sweep reversal method, called cyclic voltammetry, is ex-
tremely powerful and is among the most widely practiced of all electrochemical methods.

Nernstian Systems

Application of (6.5.2) in the equation for a nernstian system, (5.4.6), yields (6.2.3), where
S(#)is now given by
(> X)- RS0 = ¢t 2 (6.5.3)

6The &° values are based on n = 1, @ = 0.5, T = 25°C, and D = 10~ cm?/s. With v in V/s, A =~ K/(39Dv)'2.
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The denvanon then procccds as in Section 6.2. The shape of the curve on reversal depends on

’ peaks all have the same general shape, bas1ca]1y consisting of a curve shaped like the forward /
i-E curve plotted in the opposite direction on the current axis, with the decaying current of the
cathodic wave used as a baseline. Typical i-t curves for different switching potentials are
shown in Figure 6.5.1. This type of presentation would result if the curves were recorded on a
time base. The more usual i-E presentation is shown in Figure 6.5.2.

Two measured parameters of interest on these i-E curves (cyclic volt
the ratio of peak current® j,./i d the segparation of Eeak potentialg, E ora
nernstian e with inaline = 1 regardless of scan rate, or E, >
mﬁEpc) and diffusion coeﬂm when mm thmbaymg ca-
thodic current as a basem 1 and 6. 5 2). This baseline can be determined
by the methods described in Section 6.6.

If the cathodic sweep is stopped and the current is allowed to decay to zero (Figure
6.5.2, curve 4), the resulting anodic i-E curve is identical in shape to the cathodic one, but is
plotted in the opposite direction on both the i and E axes. This is so because allowing the ca-
thodic current to decay to zero results in the diffusion layer being depleted of O and popu-
lated with R at a concentration near c:'; , So that the anodic scan is virtually the same as thai
which would result from an initial anodic scan in a solution containing only R. :

Deviation of the ratio in,/ip. from unity is indicative of homogeneous kinetic or other
complications in the electrode process (13), as discussed in more detail in Chapter 12.

Nicholson (14) suggested that if the actual baseline for measuring i;, cannot be deter-
mined, the ratio can be calculated from (a) the uncorrected anodic peak current, (ipa)o,
with respect to the zero current baseline (see Figure 6.5.2, curve 3) and (b) the current at
E), (isp)o, by the expression:

EE B (ipado 3 0.48-5(i5p)0 :

'pe

i : 0.086 (6.5.4)
pe pe

In real cyclic voltammograms the faradaic response is superimposed on an approxi-
mately constant charging current. The situation for the forward scan was discussed in Sec-
tion 6.2.4. Upon reversal, the magnitude of dE/dt remains constant but the sign changes;
hence the charging current is also of the same size, but opposite in sign. It forms a base-
line for the reversal response just as for the forward scan, and both i;¢ and i, must be cor-
rected correspondingly.

mﬁ current 1S Wmelllx uncertain. For the revers € 1IMmprecision is INcrease
Cause one cannot reai e the folded faradaic response for the forward process (e.g.,
curve 1! : 5 !, or 3' n Figurc 6.5.2) to use as a re%erence ;or me measurement. 6onsequently,

CV is not apn jdeal method for quantitative evaluation of system properties that must be de-
1ved from peak hejoh 0_as the concentration of an electroactive species or the rate
constant of a coule omogeneous reaction. Inhe method’s power lies 1 1tS dlagnostc

A5C pterpreting qualitative and semi-quantitative be-
havIor, Once a SyoTel s unaerstood mechanistically, other Methods are o cr suited

or the EI’C 15€ €valuation oI parameiers.

"This condition is based on the assumption that the pot=ntiostat responds ideally and that the effects of R, are
negligible (see Section 1.2.4). A larger margin between the peak and the switching potential would be needed in
less ideal circumstances.
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Table 6.5.1 Variation of AE,, with E)
for a Nernstian System at 25°C (3)

n(Ep. — E)) n(Ep, — Epc)
(mV) (mV)
715 " 60.5
121.5 59.2
171.5 58.3
271.5 57.8
S 57.0

6.5.2 Quasireversible Reactions

By using the potential program given by (6.5.1) and (6.5.2) in the equations for linear
scan voltammetry in Section 6.4, the i-E curves for the quasireversible one-step, one-elec-
tron process can be derived. In this case the wave shape and AE,, are functions of v, &, e,
and E,. As before, however, if E) is at least 90/n mV beyond the cathodic peak, the effect
of E, is small. In this case the curves are functions of the dimensionless parameters « and
either A (see equation 6.4.3) or an equivalent parameter, ¢ defined by®

‘Typical behavior is shown in Figure 6.5.3.

¢ =Aw

(%)aﬁ ko
—1/2 . R

(Do fo)'?

(6.5.5)

For 0.3 < & < 0.7 the A Ej, values are nearly independent of « and depend only on ¢.
Table 6.5.2, which provides data linking ¢ to k0 in this range (14), is the basis for a widely
used method (often called the method of Nicholson) for estimating k® in quasireversible

0.5

0.4

0.3

0.2

0.1

0

Normalized Current

0.1~
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N

T il (oS

0.3

180 120 60 0 -60-120-180
E—‘E\“rz,mv

Figure 6.5.3 Theoretical cyclic voltammograms showing effect of ¢ and a on curve shape
for a one-step, one-electron reaction. Curve 1: ¢ = 0.5, @ = 0.7. Curve 2: ¢y = 0.5, = 0.3.

Normalized Current

0.5

0.4

0.3

0.2

0.1

0

041

-0.2

-0.3

180 120 60

0 -60-120-180

Curve 3: = 7.0, @ = 0.5. Curve 4: ¢ = 0.25, @ = 0.5. [Reproduced with permission from R. S.
Nicholson, Anal. Chem., 37, 1351 (1965). Copyright 1965, American Chemical Society. Abscissa
label adapted for this text.]

$Note that ¢ in (6.5.5) is not the same as W(E) in (6.4.5).

I R
YIS =i
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0.5

Epc
0.4 —
Eyy
03[~ Eiy
T
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l

0.1

Current function

-02

0.3 [~

] | | I I I
100 0 -100 -200 =300 -400 t

Figure 6.5.1 Cyclic voltammograms for reversal at different E ) values, with presentation on a
time base.

The difference be
test of a nernstian reaction. Althouch AE. o 1p . 1t 1S alwz
sl for 59/n mV at 25°C). Actual values as a function of E) are shown in Table

.2.1. For repeated cycling the cathodic peak. current decreases and the anodic one in-
creases untl a stcaay-stafe paﬂem 1S attameq. At steaay state Ep - 337:: MV at 2500 253
A —————

0.5

0.4

0.3

0.2

0.1

Current function
2

| | | | l
-0.5
+200 +100 0 -100 -200 =300

; n(E - Eyp)
Figure 6.5.2 Cyclic voltammograms under the same conditions as in Figure 6.5.1, but in an i-E
format. E) of (1) Ey;, — 90/n; (2) Eypp — 130/n; (3) Eyjp — 200/n mV; (4) for potential held at E) 4
until the cathodic current decays to zero. [Curve 4 results from reflection of the cathodic i-E curve
through the E axis and then through the vertical line at n(E — Eypp) = 0. Curves 1, 2, and 3 result
by addition of this curve to the decaying current of the cathodic i-E curve (1’, 2,0r3").]
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Figure 6.5.1
Cyclic voltammograms for reversal at different E, values with presentations as they appear

on a strip-chart recorder (i-¢ curves).
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Table 6.5.2 Variation of

AE, with ¢ at 25°C (14)°
Epa = Epc
1] mV
20 61
7 63
6 64
5 65
4 66
3 68
2 72
1 84
0.75 92
0.50 105
0.35 121
0.25 141
0.10 212

“For a one-step, one-electron
process with ) = E, — 112.5/n
mV and a = 0.5,

systems. One determines the variation of AE, with v, and from this variation, Y. The ap-
proach is closely related to the determination of the electron-transfer kinetics by the shift
of E, with v as described in Section 6.4.

With both of these approaches one must be sure that the uncompensated resistance,
Ry, is sufficiently small that the resulting voltage drops (of the order of ipRy) are negligi-
ble compared to the AEP attributable to kinetic effects. In fact, Nicholson (14) has
shown that resistive effects cannot be readily detected in the AE,-v plot, because the ef-
fect of uncompensated resistance on the AE,-v behavior is almost the same as that of /3
The effect of R, is most important when the currents are large and when &° approaches
the reversible limit (so that) AE, differs only slightly from the reversible value). It is
especially difficult not to have a few ohms of uncompensated resistance in nonaqueous
solvents (such as acetonitrile or tetrahydrofuran), even with positive-feedback circuitry
(Chapter 15). Many reported studies made under these conditions have suffered from
this problem.

» 6.6 MULTICOMPONENT SYSTEMS AND
MULTISTEP CHARGE TRANSFERS

The consecutive reduction of two substances O and O’ in a potential scan experiment is
more complicated than in the potential step (or sampled-current voltammetric) experiment
treated in Section 5.6 (15, 16). As before, we consider that the reactions O + ne — R and

0" + n'e > R’ occur. If the diffusion of O and O’ takes place inde iy, e fluxesare.
ifj e i-E € 107 The MIXTUTe 1S the Sum of &e mawdual i-E curves of

). Note, however, that the measurement of i’ must be ma e using the de-
caying current of the first wave as the baseline. Usually this baseline is obtained by assum-
ing that the current past the peak potential follows that for the large-amplitude potential
step and decays as t~'2, A better fit based on an equation with two adjustable parameters
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i

Figure 6.6.1
Voltammograms for
solutions of () O alone; (2)
O’ alone and, (3) mixture of
100 0 -100 -200 -300 —400 mV O and O, withn = n',

E C3 = C&,and Do = Dg.

has been suggested by Polcyn and Shain (16); since this fitting procedure depends on the re-
versibility of the reactions and is a little messy, it is rarely used.

An experimental approach to obtaining the baseline was suggested by Reinmuth (un-
published). Since the conccntratimde falls essentially to zero at poten-
tials just beyond E,, the current beyond E; is independent of potential. Thus if the
voltammogram of a single-component system is recorded on a time base (rather than in an
X-Y format) and the potential scan is held at about 60/n mV beyond E, while the time
base continues, the current-time curve that results will be the same as that obtained with
the potential sweep continuing (until a new wave or background reduction occurs). For a
two-component system this technique allows establishing the baseline for the second

Y

Figure 6.6.2

Ey SRR, o
measurement o Ip of second

wave. Upper curves: potential

programs. Lower curves:

resulting voltammograms with
1 (curve 1) potential stopped at
E; and (curve 2) potential scan
continued. System as in Figure
Tt 6.6.1.
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wave by halting the scan somewhere before the foot of the second wave and recording the
i-t curve, and then repeating the experiment (after stirring the solution and allowing it to
come to rest to reestablish the initial conditions). The second run is made at the same rate
and continues beyond the second peak (Figure 6.6.2).

An alternative experimental approach involves stopping the sweep beyond E,, as be-
fore, and allowing the current to decay to a small value (so that O is depleted in the vicin-
ity of the electrode or the concentration gradient of O is essentially zero near the
electrode). Then one continues the scan and measures ip from the potential axis as a base-
line (Figure 6.6.3). The application of this method requires convection-free conditions
(quiet, vibration-free solutions, and shielded electrodes oriented to prevent convection
from density gradients; see Section 8.3.5), because the waiting time for the current decay
must be 20 to 50 times the time needed to traverse a peak.

For the stepwise reduction of a single substance O, that is, O + nie = R, (E?),
R, + me - R, (Eg), the situation is similar to the two-component case, but more

complicated. If E9 and E? are well se arated, with E9 > E9 (i.e., O reduces before R;),
W&mﬁm o
1 1n an nj-¢lectron reaction, with R diffusing into the solution as the wave is traversed.
At the second wave, O continues to be reduced, either directly at the electrode or by re-
action with R, diffusing away from the electrode (O + Ry — 2Ry), in an overall (n; +
np)-electron reaction, and R, diffuses back toward the electrode to be reduced in an ny-
electron reaction. The voltammogram for this case resembles that of Figure 6.6.1.
In general the nature of the i-E curve depends on AE° (= EY — EY), the reversibility
m“mvo_lcmﬂcctmn steps are shown in Figure 6.6.4. When AE? is between
0 and —100 mV, the individual waves are merged into a broad wave whose E, is indepen-
dent of scan rate. When AE? = 0, a single peak with a peak current intermediate between
those of single-step le and 2e reactions is found, and E, — E, = 21 mV. For AE® > 180
mV (ie., the second step is easier than the first), a single wave characteristic of a re-
versible 2e reduction (O + 2e 2 R,) is observed (i.e., AE, = 2.3RT/2F).

~20to 50+,

Figure 6.6.3 Method of
allowing current of first wave to
decay before scanning second
wave. Upper curve: potential

| [ I | . program. Lower curve: resulting
100 0 -100  -200  -300  —400  voltammogram. System as in
E Figure 6.6.1.
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A case of particular interest occurs when AE 0= —(2RT/F)In2 = —35.6 mV (25°C).
This AE? occurs when there is no interaction between the reducible groups on O, and the
additional difficulty in adding the second electron arises purely from statistical (entropic)
factors (17). Under these conditions the observed wave has all of the shape characteristics
of a one-electron transfer even though it is actually the result of two merged one-electron
transfers. This same concept can be extended to the reduction of molecules containing &
equivalent, noninteracting, reducible centers (e.g., reducible polymers). For this case the
A E° between the first and th electron transfers is given by

EQ—E9= —(Z—RZ)lnk

7 (6.6.1)

and again the reduction wave, now involving k merged waves, appears like a single one-
electron wave with respect to shape, even though the height corresponds to a k-electron
process (18). From these considerations it is clear that for two one-electron transfer re-
actions, AE? values more positive than —(2RT/F) In 2 represent positive interactions
(1.e., the second electron transfer is assisted by the first), while AE 0 values more nega-
tive than —(2RT/F) In 2 represent negative interactions. Stepwise electron transfers
(EE-reactions) are discussed in more detail in Sections 12.3.6 and 12.3.7; see also Pol-
cyn and Shain (16).

Linear sweep and cyclic voltammetric methods have been employed for numerous
basic studies of electrochemical systems and for analytical purposes. For example, the
technique can be used for in vivo monitoring of substances in the kidney or brain (19); a
typical example that employed a miniature carbon paste electrode to study ascorbic acid
in a rat brain is illustrated in Figure 6.6.5. These techniques are especially powerful tools
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Figure 6.6.5 Application of cyclic voltammetry to in vivo analysis in brain tissue. (a) Carbon
paste working electrode, stainless steel auxiliary electrode (18-gauge cannula), Ag/AgCl reference
electrode, and other apparatus for voltammetric measurements, (b) Cyclic voltammogram for ascorbic
acid oxidation at C-paste electrode positioned in the caudate nucleus of an anesthetized
rat. [From P. T. Kissinger, J. B. Hart, and R. N. Adams, Brain Res., 55, 20 (1973), with permission. ]

in the study of electrode reaction mechanisms (Chapter 12) and of adsorbed species
(Chapter 14). '

» 6.7 CONVOLUTIVE OR SEMI-INTEGRAL TECHNIQUES
6.7.1 Principles and Definitions

By proper treatment of the linear potential sweep data, the voltammetric i-E (or i-f) curves
can be transformed into forms, closely resembling the steady-state voltammetric curves,
which are frequently more convenient for further data processing. This transformation
makes use of the convolution principle, (A.1.21), and has been facilitated by the availabil-
ity of digital computers for the processing and acquisition of data. The solution of the dif-
fusion equation for semi-infinite linear diffusion conditions and for species O initially
present at a concentration Cg yields, for any electrochemical technique, the following ex-
pression (see equations 6.2.4 to 6.2.6):

IR AN
Col0, 1) = C% — = AID 7 Lr} - fo - i(‘;))l - du] (6.7.1)

If the term in brackets, which represents a particular (convolutive) transformation of the
experimental i(?) data, is defined as I(¢), then equation 6.7.1 becomes (20)

I(®)
Col0,D)=CE = —=2 6.7.2
00,8 =Cq nFAD? ( )
where :
P
1) = - LI 6.7.3)

w2 Jo (¢t — w2






