CONTROLLED-CURRENT
TECHNIQUES

B 8.1 INTRODUCTION

We discussed in Chapters 5—-7 methods in which the potential of an electrode was con-
trolled (or was the independent variable), while the current (the dependent variable) was
determined as a function of time. In this chapter we consider the opposite case, where the
current is controlled (frequently held constant), and the potential becomes the dependent
variable, which is determined as a function of time. The other conditions assumed in
Chapters 5-7, such as small ratio of electrode area to solution volume and semi-infinite
diffusion, are also assumed here. We do not treat UMESs, because the behavior in the
-steady-state regime is not a function,of whether the applied signal is a controlled poten-
tial or current. The experiment is carried out by applying the controlled current between
the working and auxiliary electrodes with a current source (called a galvanostat) and
recording the potential between the working and reference electrodes (e.g., with a
recorder, oscilloscope, or other data acquisition device) (Figure 8.1.1). These techniques
are generally called chronopotentiometric techniques, because E is determined as a func-
tion of time, or galvanostatic techniques, because a small constant current is applied to
the working electrode.

8.1.1 Comparison with Controlled-Potential Methods

Since the general aspects of controlled-potential and controlled-current experiments
are so similar, we might consider the basic differences between the two types of exper-
iments and the relative advantages of each. The instrumentation for controlled-current
experiments is simpler than the potentiostats required in controlled-potential ones,
since no feedback from the reference electrode to the control device is required. Al-
though constant-current sources constructed from operational amplifiers are frequently
used, a simple circuit employing a high-voltage power supply (e.g., a 400-V power
supply or several 90-V batteries) and a large resistor can be adequate. The mathemati-
cal treatment also differs from what we have already seen. In controlled-current exper-
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iments, the surface boundary condition is based on the known current or fluxes (i.e.,
the concentration gradients) at the electrode surface, while in controlled-potential
methods, the concentrations at x = 0 (as functions of E) provide the boundary condi-
tions. Usually the mathematics involved in solving the diffusion equations in con-
trolled-current problems are much simpler, and closed-form analytical solutions are
usually obtained.

A fundamental disadvantage of controlled-current techniques is that double-layer
charging effects are frequently larger and occur throughout the experiment in such a way
that correction for them is not straightforward. Treating data from multicomponent sys-
tems and stepwise reactions is also more complicated in controlled-current methods, and
the waves observed in E-t transients are usually less well-defined than those of potential
sweep i-E curves.

Controlled-current methods can be of particular value when the process being studied
is the background process, such as solvated electron formation in liquid ammonia or reduc-
tion of quaternary ammonium ion in an aprotic solvent. A simple method for determination
of the thickness of metal films is by anodic stripping at constant current. Working with
background processes in a controlled-potential mode is often difficult.

8.1.2 Classification and Qualitative Description

Different types of constant-current techniques are illustrated in Figure 8.1.2. Let us first
consider constant-current chronopotentiometry (Figure 8.1.2a) in the context of the an-
thracene (An) system used as an example in Section 5.1.1. The steady current, i, applied
to the electrode causes the anthracene to be reduced at a constant rate to the anion radi-
cal, An~. The potential of the electrode moves to values characteristic of the couple and
varies with time as the An/An- concentration ratio changes at the electrode surface. The
process can be regarded as a titration of the An in the vicinity of the electrode by the
continuous flux of electrons, resulting in an E- curve like that obtained for a potentio-
metric titration (E as a function of titrant added, i'f). Eventually, after the concentration
of An drops to zero at the electrode surface, the flux of An to the surface is insufficient to
accept all of the electrons being forced across the electrode-solution interface. The po-
tential of the electrode will then rapidly shift toward more negative values until a new,
second reduction process can start. The time after application of the constant current
when this potential transition occurs is called the transition time, 7. It is related to the
concentration and the diffusion coefficient and is the chronopotentiometric analogue of
the peak or limiting current in controlled-potential experiments. The shape and location
of the E-t curve is governed by the reversibility, or the heterogeneous rate constant, of
the electrode reaction.

Instead of a constant current, one can apply a current that varies as a known function
of time (e.g., i = Bt, a current ramp; Figure 8.1.2b). Although this technique, called pro-
grammed current chronopotentiometry, can be treated theoretically with little difficulty, it
has been employed infrequently. The current can also be reversed after some time (cur-
rent reversal chronopotentiometry, Figure 8.1.2¢). For example, if in the case considered
above, the current is suddenly changed to an anodic current of equal magnitude at, or be-
fore, the transition time, the An* formed during the forward step will start oxidizing.
The potential will move in a positive direction as the An/An* concentration ratio in-
creases. When the An* concentration falls to zero at the electrode surface, a potential tran-
sition toward positive potentials occurs, and a reverse transition time can be measured. In
an extension of this technique the current can be continuously reversed at each transition,
resulting in cyclic chronopotentiometry (Figure 8.1.2d). Finally, as in the treatment of
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Figure 8.1.2 Different types
of controlled-current techniques.
(a) Constant-current
chronopotentiometry.
(b) Chronopotentiometry with
linearly increasing current.
(c¢) Current reversal

0 +  chronopotentiometry.
(d) (d) Cyclic chronopotentiometry.

controlled-potential data, the derivatives of the E- curves can be obtained or differential
methods can be employed.!

» 8.2 GENERAL THEORY OF CONTROLLED-
CURRENT METHODS

8.2.1 Mathematics of Semi-Infinite Linear Diffusion ’
We again consider the simple electron-transfer reaction, O + ne — R. A planar working
electrode and W are assumed, with omx spegies 0 minﬁz greseﬂn ara
concentration Cg. These conditions are the same as those in Section 5.4, , SO that the dif-
fusion equations and general boundary conditions, (5.4.2) to (5.4.5), apply:

ICox, ) [8*Colx, 1)
TN,

'"These latter methods are employed infrequently and are discussed in more depth in the first edition, Sections
7.4.3 and 7.6.
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ICrer, ) [d*Crlx, 0
2. ot
Att = 0 (for all x)
and Colx,8) =C3 Crx, ) =0 (8.2.3)
as x —> oo (for all ¢)
dCo(x, 1) Crex, |
Do[ = ]Fo + DR[ = ]FO =0 (8.2.4)

Since the applied current i(7) is presumed known, the flux at the electrode surface is also
known at any time, by the equation [see (4.4.29)]:

ax

( U% Sffwr— ’ ’J DO[&CQ(X, I):|x=0 =%= ﬂ%_ (0‘{}9 (8.2.5)

Yo @M

ALY
This boundary condition involving the concentration gradient allows the diffusion prob-
lem fo be solved without reference to the rate of the electron-transier reaction, in contrast
With T concentration-potential boundary Conditions required for controlled-potential
methods. Although in many controlled-current experiments the applied current is con-
me more general case for any arbitrarily applied current, i(¢), can be solved readily
and includes the constant-current case, as well as reversal experiments and several others
of interest.
For species O, application of the Laplace transform method to (8.2.1) and (8.2.3) yields

= ca s \12
Colx, 5) = 5 + A(s) exp| — D_) x (8.2.6)
0
The transform of (8.2.5) is
c?EO(x, s) _ f(s)
DO[ ax :|x=0 =T (8.2.7)
By taking the indicated derivative of (8.2.6) and substituting in (8.2.7) to eliminate A(s),
we have
= . _C5 i(s) s \?
CO(I, .S') =i [W exp| — D_o X (828)

By substitution of the known function, ?(s), and employing the inverse transform, Cq(x, )
can be obtained. Similarly, the following expression for Cg(x, s) can be derived:

- 3 12
Cr(x, 5) = [ ﬁ :| exp[_(i) x:l (8.2.9)

Note that direct inversion of (8.2.8) and (8.2.9) using the convolution property leads to
(6.2.8) and (6.2.9). These integral forms are also convenient for solving controlled-cur-
rent problems.

8.2.2 Constant-Current Electrolysis—The Sand Equation
m——— s

If i(¢) is constant, then ?(s) = j/s and (8.2.8) becomes

= CE‘; [ s \2
Co(x, S) =T_ W exXp| — Fo X (8.2.10)
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Colx, 1) = CE - -%l 2(—-—) exp
n 0 T
Typlcz!d concentraon profiles at VATious fimes during a constant-current electrolysis are

given in Figure 8.2.1. Note that Cp(0, #) decreases continuously, yet [dCo(x, 1)/dx] = is
constant at all times after the onset of electrolysis.

An expression for Cg(0, £) can be obtained by setting x = 0 in (8.2.1 1), or directly by
inverse transform of (8.2.8) with x = 0:

%

= Co i
CO(U, S) = = W (8.2.12)

to yield
2it'2
Co(0,0)=C§ - —=____ (8.2.13)
nFADgQ?rm
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Figure 8.2.1 Concentration profiles of O and R (in dimensionless form) at various values of #/7
indicated on the curves.
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At the transition time, 7, C(0, 7) drops to zero and (8.2.13) becomes

72 nFADPr'? 12
e o - 124 MA-S
= 2 85.5nDg°A i

(with A in cm?) (8.2.14)

This equation, known as the Sand equation, was ﬁrst derived by H.J. S. Sand (1).
As discussed in Section g I 2 % Tix of O to the ele 2
tion time is not large enoug

shape of the E-¢ curve is discussed in the next sections.

The measured value of 7 at known i (or better, the values of it'/? obtained at vari-

ous currents) can be used to determine n, A, C§ or DOW
* . .

transition time constant, it*/C

is independent of i or C5. A lack of constag n th

ote that (8.2.11) can be written 1n a ent form with dlmcnsmnless groupings
Cox, DICE, t/7, and xo = x/[2(Dot) /2] for (0 <t < 7):
Co(x, 1) 12
Oc* =1- (,—i) [exp(—x3) — m™2xo erfc(xo)] (8.2.15)
0]

(8.2.16)

(8.2.17)

(8.2.18)

See Figure 8.2.1.

| Figure 8.2.2 Theoretical
1.0 chronopotentiogram for a nernstian
il electrode process. —
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=
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'8.2-3 Programmed Current Chronopotentiometry
3 P ———— e ety

It is possible to use currents that are programmed to vary with time in a special way,
rather than remaining constant (2, 3). For example, a current that increases linearly with

time could be used: s f—
Lo W Chieef
i(t) = Bt C%(C’/?O D07 207 e )%g.lg)

The treatment follows that for a constant-current electrolysis. In this case the transform is

i(s) = g (8.2.20)
so that (8.2.8) becomes, at x = 0,
— _CB B
Co(0, 5) = =2 - m (8.2.21)
2B
Co(0,7) = C¥ - 8.2.22
o f) =G5 nFADYT(5/2) )

where I'(5/2) is the mathematical gamma function, equal with this argument to 1.33. This
same treatment can be employed with any power function of time.
A particularly interesting applied current is one varying with the square root of time:

i(t) = B2 (8.2.23)
= arl/2

i(s) = ‘; 7 (8.2.24)

- 5 Cg Bﬂ_lﬂ
CO(O, S) B = m . (8225)

B'ﬂ'lmt
Co0,)=CH ———— 8.2.26
0( ) 0 2HFAD(1:{2 ( )

Again, defining the transition time 7 as that time when Co(0, #) = 0, an expression equiva-
lent to the constant-current Sand equation results, but with 7 (rather than 7'/2) proportional

* .
to CO andB r \ng\ % 3 -
. — 1. @227)

Because this current excitation function is fairly difficult to generate, the technique
has not been used very much. Nevertheless, it would be advantageous for stepwise
electron-transfer reactions and multicomponent systems (see Section 8.5).

—

Br ~
F = 2nFAm 1,ﬂDgz

B 8.3 POTENTIAL-TIME CURVES IN CONSTANT-

CURRENT ELECTROLYSIS

8.3.1 Reversible (Nernstian) Waves
h————

For rapid electron transfer,

(8.3.1)
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where E_, the quarter-wave potential, is

(8.3.2)

8.3.2 Jolalivlureygrsiple Waves
For a totally irreversible one-step, one electron reaction Y 4 7‘)%
0 é@@é (244

kg

>, V. [b,{-) 0+e—sR (8.3.3)
2 J f the current is related to the potential by either of the following equations (5):

-~ ,ﬁ (6) i= ”FW (8.3.42)
_JC(@) j = nF (%_ x q) (8.3.4b)

When the expression for C(0, ), (8.2.16), is substituted into these equations, the follow-
ing expressions result:

_RT, (FACSK\  rT. [. ()2
E= oF ln(, = + oF Inf 1 > (8.3.52)
: *70 12
E=pg" 4 BT m(FA‘?O"‘ ) . ﬂm[l _ (i) ] (8.3.5b)
aF i aF 03
Equivalent expressions can be obtained by using the Sand equation and substituting for
172,
(et
0
= RT 2k RT \ ra2 _ AP
E= oF m[(WDO)l &] + oF In[7 4] (8.3.62)

(8.3.6b)

Thus, for a totally irreversible reduction wave, the whole E-t wave shi e
B K B A R Ty S ST TS YT
nce and working electrodes will also cause the E-f curve to shift with increasing i.
For a totally irreversible wave, |E, 4 — E;,4| = 33.8/a mV at 25°C.

8.3.3 Quasireversible Waves
ey TR

Fo-tthe quasireve)rsil(),le o'( e-iﬁcp, one-electron process,

' ol W 7 (0 .{_ |= ke

(#] "& g n > te= g
_i,_/,_Co(:_’e -—-C‘}sr c O+e=R (8.3.7)

P
,Lo _e;;;l a ge ationship is found from combining the current-overpotential equation,
(3.4.10), with the equations for Cn(0, ?). (8.2.16). and Cx(0. 7). (8.2.18). A bulk concen-
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tration of R, Cf{‘ » is required, so that a starting equilibrium potential can be defined (6,
7). This requirement adds the term CR to (8.2.18). The overall result is

. . : 12
: ]e*“f’? - [I +-2 * (—t ) ]e”"“’f’?
lo FACE \™Do FACE \"Dg

(8.3.8)

J, and the heterogeneous

Alternative forms can be written in terms of the current density,
rate constants,
) % i 5 12 * [t 12
or, when C;{‘ =0,
2j1'2 ( k k
j=FlCk - ; s (D(';Q + D;‘f"z) (8.3.9b)

where k¢ and ky, are defined in (3.3.9) and (3.3.10).
Usually, the study of the kinetics of quasireversible electrode reactions by constant-
current techniques (generally called the galvanostatic or current step method) involves
i and ial chan the equilibrium position is also

small. Wh i e linearized current-potential-concentra-
s (3.5, 33T, - Lombination with equations 8.2.13 an
8.2.18 (with the latter modified by an added term, Cff ) yields

(8.3.10)

The same resglt can be omained bz linearization of $8‘3'8=‘ Thus, a Rlﬂi of nVs. )
or small values o will be [inear, an an be obtained from the intercept. ©his
memoa 18 Ee constant-current anﬂog of the pofenflan ep method di a ?3

scussed 1n Section

3.5.1(c), iy :
eV d\L
' ;. - B ,4/%,
8.3.4 General Effects of Double-Layer Capacity 0 ¢ /%1/ d/
Because the potential is changing during the application of the current step, theré'is al-

ways a nonfaradaic current that contributes to charging of the double-layer capacitance. If
dA/dt = 0, then i, is given by

‘ i, = —AC;Ed;Zd:S = iAc;(dE/d:) ! (8.3.11)

Thus, of the total aEpIied constant current, i, only a portion, i, goes to the faradaic reac-
tion:
on

Since dE/dt is i time, i, and ir also vary with time, even when i is constant.

explicit form of dE/dt or dy/dt is known.
For the case where the one-step, one-electron process applies and the general g-7 ex-
pressio inearized, then (8.3.10) can be adapted as follows (8):

. _RT | 2412 _&*' 2.1
‘I]-—Tl[w—”z-N F ACdN +io]

(8.3.13)
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where

_1(_1 1 |

8.3.5 Practical Issues in the Measurement of Transition Time

As discussed in Section 8.3.4, the presence
charging current contribution proportion

I from the total applied current, 7. after anpli-
Ol QL the current and near the transition (where dE/df is relativelv larce). affects
€ OVera o b ebendeaiaire and makes measurement of 7 difficult and inaccurate.

A number of authors have examined this problem and have proposed tec ques for mea-
suring 7 from distorted E-¢ curves or for correcting values obtained in the presence of sig-
nificant double-layer effects.

In the simplest approach, i is assumed to be constant for 0 < ¢ < 7. This is not
strictly so, of course, since dE/dt and Cy4 (a function of E) change throughout the E-f curve
(9, 10); however the approximation leads to

i=ig+i, (8.3.15)
1/2 ;
_ [T

c6 Cc5 Cchr2
where it7!2/C is the “true” chronopotentiometric constant, a, equal to nFADY?# /2.
In the last term, i.7 is the total number of coulombs needed to charge an average double-
layer capacitance from the initial potential to the potential at which 7 is measured (AE),
so that ic7 =~ (Cg)ayg AE, and is represented by a correction factor b. Thus the final equa-
tion is

iT 1/2 _ l.f'.T

(8.3.16)

iT"2ICE = a + bICEF2 (8.3.17)

Plots based on (8.3.17) can thus be used to extract ¢ and b from the observed data (e.g., a
plot of i vs. 712 yields a slope aCg and an intercept b).

An equation of this form can also be used to correct for formation of an oxide film
(e.g., on a platinum electrode during an electrochemical oxidation) and for electrolysis of
adsorbed material in addition to diffusing species. Under these conditions, (8.3.15) be-
comes (10):

P =gt iy + gy + i (8.3.18)

where iox is the current going to formation (or reduction) of the oxide film and Iags 1S the
current required for the adsorbed material. A treatment similar to that given above again
yields (8.3.17), where b is now an overall correction factor including O,y = i, 47 and
Qads = nFT, where T is the number of moles of adsorbed species per square centi-
meter (Section 14.3.7). Although these approximations are rough, treatments of
actual experimental data by (8.3.17) yield fairly good results, even at rather low con-
centrations and short transition times, where these surface effects are most
important (11).
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o wast™ P K

Figure 8.3.1 Fraction of total current
contributing to the faradaic process (ig/i) vs. time
for a nernstian electrode process. K values of
, | [ (D5X107% 21073 ()2 % 107% @) 5 X 1073;
00 0.5 1 1.5 2.0 (5) 0.01. [From W. T. de Vries, J. Electroanal.
th —> Chem., 17, 31 (1968), with permission.]

A more rigorous approach involves only the assumption that Cy is independent of E
(12-14). In this case, one must solve the diffusion equation, (8.2.1), beginning with the
usual boundary conditions, (8.2.3). The flux condition, (8.2.5), is replaced by

ac,
= nFADO(a—;) . ACd(%) (8.3.19)
X= .

In addition, one needs the appropriate i-E characteristic (i.e., for a reversible, totally irre-
versible, or quasireversible reaction). The resulting nonlinear integral equation must be
evaluated numerically. Alternatively, the problem can be addressed by digital simulation
techniques. Figures 8.3.1 and 8.3.2 illuminate the effects of different relative contribu-
tions of double-layer charging on i (at constant i) and on the E-¢ curves of a nernstian re-
action. The charging contribution is represented there by the dimensionless parameter, K,

defined as
- (RT
- (%)

Ca

(8.3.20)

400

200

n(E ~ E,p)(mV) —>
o

=200 Figure 8.3.2 Effect of double-layer

capacitance on chronopotentiograms for
a nernstian electrode reaction. Values of
K as in Figure 8.3.1. [From W. T. de
Vries, J. Electroanal. Chem., 17, 31
(1968), with permission.]

-400
0
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1 Figure 8.3.3 (a) Shielded electrode

for maintaining linear diffusion and

LN suppressing convection. (b) Tubes to which
shielded electrode i1s attached to provide:

(/) horizontal electrode, diffusion upward;
(2) horizontal electrode, diffusion downward;

&Jj L& (3) vertical electrode. [Reprinted with
3

permission from A. J. Bard, Anal. Chem.,

33, 11 (1961). Copyright 1961, American
(a) (®) Chemical Society.]

—| 14 mm |=— 1 2

The effect of double-layer charging is clearly most important at small 7 values (see
equation 8.3.20). Problems with distorted E-z curves and the difficulty of obtaining cor-
rected 7 values have discouraged the use of controlled-current methods as opposed to con-
trolled-potential ones.

In both controlled-current and controlled-potential methods, problems develop at
long experimental times because of the onset of convection and the nonlinearity of dit-
fusion. Convective effects, caused by motion of the solution with respect to the elec-
trode, can arise by accidental vibrations transmitted to the cell (e.g., by hood fans,
vacuum pumps, passing traffic) or as a result of density gradients building up at the
electrode surface because of differences in density between reactants and products (so-

~called “‘natural convection”). Convective effects can be minimized by using electrodes

with glass mantles (shielded electrodes; Figure 8.3.3) and by orienting the electrode
horizontally so that the denser species i1s always below the less dense one (15, 16). Ver-
tically oriented electrodes (e.g., foils or wires) often suffer from convection effects even
at not very long times (e.g., 60 to 80 s). The shielded electrode also has the virtue of
constraining diffusion to lines normal to the electrode surface so that true linear diffu-
sion conditions are approached. An unshielded electrode, such as a platinum disk
imbedded in glass can show appreciable “sphericity” effects when the diffusion layer
thickness 1s not negligible with respect to the electrode dimensions; that 1s, material can
diffuse to the unshielded electrode from the sides. This effect causes increases in the
transition time (or anomalously large currents in controlled-potential methods). With
properly oriented shielded electrodes, however, linear diffusion conditions can be main-
tained for 300 s or longer.

> 8.4 REVERSAL TECHNIQUES
8.4.1 Response Function Principle

A useful technique for treating reversal methods in chronopotentiometry (and other tech-
niques in electrochemistry) is based on the response function principle (2, 17). This
method, which 1s also used to treat electrical circuits, considers the system’s response to a

perturbation or excitation signal, as applied in Laplace transform space. One can write the
general equation (2)

R(s) = V(5)S(s) (8.4.1)

where W(s) 1s the excitation function transform, E(s) is the response transform, which de-
scribes how the system responds to the excitation, and S(s) is the system transform, which



- 7.6 DERIVATIVE METHODS

By rather straightforward instrumental approaches the derivative of the chrono-
potentiogram, that is, a curve of dE|d? vs. ¢, can be obtained. The theoretical form of
the derivative curve can readily be found by differentiation of the appropriate E-t
expression. Thus for a nernstian process, from (7.3.1),

While finding = from the imum of the derivative curve is possible, its determina-

tion bﬁMm&aﬂm&t approach.

As an alternative, Peters and Burden (29) recommended that the mini um in the

derivative curve, which for a nernstian process occurs at ¢ = 47/9, bh’
=== ——

(dEJdt) o™ — (27/8) (%) (7.6.2)
 =—0.08664/nr Vsectat 25°C - (7.6.3)

7 can be obtained by a direct evaluation of (dE/dt)py. Typical experimental results
are shown in Figure 7.6.1. :
For a totally irreversible reaction, (see equation 7.3.6),

dE _ _( RT 120,18 _ sumy-1

- (m) [£23(r t12)] (7.6.4)

and (dE|dt)uy, occurs at ¢ = 7/4 with the value

| dE\ 2RT !
(d—,)m@ W i

Determination of = by this approach i free om problems of double-lave charging

because it 1s evaluated at a position in the curve betore he ransition time region

waere an appretidbl maataine current contribution exists. However, the arge

charging current contribution at the start of the ch onopotentiogram still contributes,
Even so, by using = values evaluated from (dE/dt)p, and applying the double-layer
correction approach embodied in equation 7.3.19, extensions of chronopotentio-
‘mietric measurements to low concentrations (e.g., 10~¢ M Cd? *) and very short
times (e.g., = values in the usec région).are possible (15, 30, 31). Thi i
approach does suffer owledge about the d
ode reaction and, if it is irreversible, Knowin

alie approach involves using generated (dE[dt) value to .
produce a feedback signal representing 7,. This is ihen added to i applied to the cell to
yield a more constant i, (32). This approach requires a fair amount of instrumental
complexity and is only partially successful, since a known and assumed constant value
of C, must be used to obtain #,. Applications of this method, and ch}ohopotentio-
metric techniques in general, to analytical or mechanistic problems have been rather
sparse compared to the use of controlled potential techniques (27, 33, 34).
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Expenmental conventxona.l and derivative chronopotentiograms. Reductmn of 6.28 mM
TI(I) in 0.1 M KNOjs at mercury pool cathode (1.38 cm? area) at { = 0.503 mA. Curve 1: -
Conventional E-t curve, Curve 2: Derivative curve, (dE/dt)yG, represents the value of
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1 Figure 8.3.3 (a) Shielded electrode

for maintaining linear diffusion and

LN suppressing convection. (b) Tubes to which
shielded electrode i1s attached to provide:

(/) horizontal electrode, diffusion upward;
(2) horizontal electrode, diffusion downward;

&Jj L& (3) vertical electrode. [Reprinted with
3

permission from A. J. Bard, Anal. Chem.,

33, 11 (1961). Copyright 1961, American
(a) (®) Chemical Society.]

—| 14 mm |=— 1 2

The effect of double-layer charging is clearly most important at small 7 values (see
equation 8.3.20). Problems with distorted E-z curves and the difficulty of obtaining cor-
rected 7 values have discouraged the use of controlled-current methods as opposed to con-
trolled-potential ones.

In both controlled-current and controlled-potential methods, problems develop at
long experimental times because of the onset of convection and the nonlinearity of dit-
fusion. Convective effects, caused by motion of the solution with respect to the elec-
trode, can arise by accidental vibrations transmitted to the cell (e.g., by hood fans,
vacuum pumps, passing traffic) or as a result of density gradients building up at the
electrode surface because of differences in density between reactants and products (so-

~called “‘natural convection”). Convective effects can be minimized by using electrodes

with glass mantles (shielded electrodes; Figure 8.3.3) and by orienting the electrode
horizontally so that the denser species i1s always below the less dense one (15, 16). Ver-
tically oriented electrodes (e.g., foils or wires) often suffer from convection effects even
at not very long times (e.g., 60 to 80 s). The shielded electrode also has the virtue of
constraining diffusion to lines normal to the electrode surface so that true linear diffu-
sion conditions are approached. An unshielded electrode, such as a platinum disk
imbedded in glass can show appreciable “sphericity” effects when the diffusion layer
thickness 1s not negligible with respect to the electrode dimensions; that 1s, material can
diffuse to the unshielded electrode from the sides. This effect causes increases in the
transition time (or anomalously large currents in controlled-potential methods). With
properly oriented shielded electrodes, however, linear diffusion conditions can be main-
tained for 300 s or longer.

> 8.4 REVERSAL TECHNIQUES
8.4.1 Response Function Principle

A useful technique for treating reversal methods in chronopotentiometry (and other tech-
niques in electrochemistry) is based on the response function principle (2, 17). This
method, which 1s also used to treat electrical circuits, considers the system’s response to a

perturbation or excitation signal, as applied in Laplace transform space. One can write the
general equation (2)

R(s) = V(5)S(s) (8.4.1)

where W(s) 1s the excitation function transform, E(s) is the response transform, which de-
scribes how the system responds to the excitation, and S(s) is the system transform, which
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connects the excitation and the response. For example for current excitation we can write,
from (8.2.8) at x = 0,

Co(0, 5) = C§ /s — [NFADY?s"2]~Vi(s) (8.4.2)
or
C& — Co(0, s) = [nFADY2s121~1i(s) (8.4.3)

In this case -“I_f(s) = i(s) (the transform of the applied current perturbation), R(s) =
C& = Co(0, 5),the transform of the concentration response to the perturbation, and
S(s) = [nFADgzsm]_l, which is characteristic of the system under excitation (semi-infinite
linear diffusion). For controlled-current problems involving different systems (e.g., spher-
ical or cylindrical diffusion, first-order kinetic complications) other system transforms
would be employed.? We have illustrated how this equation could be employed for con-
stant and programmed current methods, using appropriate i(s) functions. We now extend

its use to reversal techniques.

84.2 Current Reversal (18, 19)

Consider a solution where only O is present initially at a concentration C3, semi-infinite lin-
ear diffusion condition prevail, and g constant cathodic current : 1S appiied for a time ¢
where 41 < 7, with 71 being the forward transition time). At ¢, the current 1S reverseq, that 1s,
e direction of the cyrrent 1S chanee Oom cathodicC to anodic, so that K tormed during the
orward step IS oxidized 10 O, and the time 7 (measured from #,) at Which Gpg at the electrode
Ul SIORSLQ.ZEI0 1S Doled. At 7o, the reverse transition time, the potential ShHOWS & rapid
change toward positive vdue;mmm

uSIng the ' Zero s, commr0<t£tl,i(r)=i,andfor '

h <t=1 + 7, i(t) = —i, the expression for the current, using step function notation, is

it) = i + S, (1)(—2i) (8.4.4)
so that the transform is given by
- 3 —1;8\; :
=i 28 70 _ (g-)a — 27t (8.4.5)
Introducing this into (8.4.3), we obtain
G5 -
=2 —Co(0,9) = (g)a — 2 ¢~ "P)nFADYs ') (8.4.6)

The analogous expression for ER(O, s) [see (8.2.9)] is
Cr(0, 5) = (%)(1 — 2 ¢""S)(nFADY?s'2)~1 (8.4.7)
The inverse transform of (8.4.7) yields an expression for Cr(0, #) at any time [recall that
S,l(:) =0fort=¢; S,I(t) = 1fort > t;; Section A.1.7]:
2i
nFA='2DY?
Att=1; + 75, Cr(0, £) = 0, so that (#; + 75)'/2 = 2712 and

i

Cr0, 1) = [£'2 — 25, (O — 1)'2) (8.4.8)

2This approach, and transform methods in general, are useful only for linear problems; hence second-order
reactions or nonlinear complications cannot be treated by this technique.
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0.6 —

0.7 —
Figure 8.4.1 Typical experimental

chronopotentiogram with current reversal. Oxidation
of diphenylpicrylhydrazyl (DPPH) followed by
reduction of the stable radical cation, DPPH? .Solution
was acetonitrile containing 1.04 mM DPPH and 0.1 M
NaClO,. The current was 100 pA, and a shielded
platinum electrode of area 1.2 cm? was employed.
1_(_1 o _>_| [Reprinted with permission from E. Solon and A. J.

Bard, J. Am. Chem. Soc., 86, 1926 (1964). Copyright
1964, American Chemical Society.]

E vs. SCE

Thus transition time (for stable R) is always 1/3 that of the forw
(Figure 8.4. 1 up to and including 7, iIndependent o and the rate of the
C ontr u it 18 sufficiently rapid to sh it is, |
e factor o

i ht Wonder at the independence of 7,/t; on Dg.

en a lareer amount might be expected to diffuse away. HOWEVer, a large also 1m-
pﬂa !aréer amEunt will dxggse EaEE EEﬁEEE ;EE: an_a ﬁe maﬁematws
emonsirates compensates for the diffusion away from the electrode.

potential step reversal Inc/ina = 1.00 in cvclic voltammetry (Section
6.5.1). Expressions can also be wntte otential-time behavior by combining the

appropriate kinetic relationship with the equations for Co(0, #) and Cr(0, 7) For exame_

ple, for a nernstian wave, Eg 245 - Eﬁ For a quasireversible system the separation be-
tween /4 AN 0.2157, e (4] ermine 5

» 8.5 MULTICOMPONENT SYSTEMS AND
MULTISTEP REACTIONS (19, 21-23)

Consider a solution containing two reducible substances, O; and O,, at concentrations C;k
and C5, respectively, where the reduction O; + nye — R; occurs first, and then, at more
negative potentials, O, + nye — R,. Again, assuming semi-infinite linear diffusion, the
following response-function equations can be written:

o 13
" nFADY?| =& — C(0, 5) =‘Sﬁ) (8.5.1)

12
“’\CO“'P‘ ; N
M 12 Cg‘ = ir(s) ' 8.5.2)
mFADS®| == Cy0.9) | =35 (8.5,
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where E, (s) and ?2(3) are the transforms of the individual currents [i1(?) and i5(9)] involved
in the reduction of O, and O,, respectively. Since the total applied current, i(¢), is i 1) +
i5(?), then i(s) = ‘1(5) + zz(s) and from (8.5.1) and (8.5.2),

12 i - 12 Cgc = i(s)
mDy"| 5 = C1(0, 5) | + nDY*| ==~ Cx(0, 5) | = AP (8.5.3)
This cguation is el alllimes.
For the period when the potential i

1, ](0 s) =0, so that (8.5.

DECOmMES
1/2% * K
nlDl CI C2 o Z(.S')
—+ HZD;H[T — Cy0,5) | = AP (8.5.4)

"191 C;k & ﬂzDngik B | (8.5.5)
g 5 FAs? o
Inversion yields
(mD{2CY + n,DYC} )(FA;” ) =i(r + 1) (8.5.6)

For example, for the special case n,D12C¥ 1= n2D2 CY.m= 37;. Thus, whlle in contro]l -
potential voltammetric methods two su C ual

s10n coefficients show two waves of equal heicht. in chronono entiomet: nequal
[Tansifio es arise. Lhe long second transition results from the continued diffusion of
U, to the electrode after 7y, so that only a fraction o e applied curre ailable fo

reduction of Qo LEioure X 977
imilar reasoning shows that for a stepwise process:

° O + ne — Rl (8.5.?)
M& Rl b npe —> R2 (8.5.8)

Time (seconds)

100 —

a
o
|

7.7 %1078 M Cd?*

Figure 8.5.1 Consecutive reduction of
Pb(IT) and Cd(II) at a mercury pool
electrode. Note that if E-¢ curve is
plotted in this manner, it resembles

a voltammogram. [Reprinted with
permission from C. N. Reilley, G. W.

| [ I | | | Everett, and R. H. Johns, Anal. Chem.,

1.54 x 1075 M Pb2*

-0.3 -0.4 -05 08 -0.7 -0.8 27, 483 (1955). Copyright 1955,
E,V vs. Ag/AgCI American Chemical Society.]
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(a)

Potential

" Figure 8.5.2 E-f curves for stepwise reduction of

oxygen and uranyl ion at mercury electrode. (a) 1 M
LiCl solution saturated with oxygen at 25°C. 0; +
2H,0 + 2e = H,0, + 20H™; H,0, + 2¢ —
20H7; 7y/7; = 3. (b) 10~ M urany] nitrate in

0.1 MKCl + 0.01 M HCL U(VI) + ¢ — U(V);

T2

» 8.6

T - U(V) + 2e — UIID); 1o/7; = 8. [Reprinted with
|'<—>| permission from T. Berzins and P. Delahay, J. Am.
Chem. Soc., 75, 4205 (1953). Copyright 1953,
Time American Chemical Society.]

8.5.9)

: ("_1)2 |

Thus for n; = ny, 7 = 37; (Figure 8.5.2). By use of the response-function principle one
can show (Problem 8.4) that if a current of the form i(r) = Btm is used, then equal transi-
tion times result when ny = n,.

THE GALVANOSTATIC DOUBLE PULSE METHOD

In Section 8.3.4, we saw that the single-pulse galvanostatic method cannot be used for
fast electron-transfer reactions (i.e., those with large ip), because the current is primarily
nonfaradaic during the initial moments following the application of the current step, and it
contributes mostly to charging Cy. Gerischer and Krause (24) developed a galvanostatic
double pulse method (GDP), in which two constant-current pulses are applied to the elec-
trode (Figure 8.6.1). The first (large) pulse /1, applied for 0 < ¢ < t;, mainly serves to
charge the double layer to a potential that becomes the point of interrogation by a second,
smaller pulse of current 7,. The basic idea is to use the short first pulse typically 0.5 to 1

lo i an overpotenti t exactly supports the second current.

11 F1gure 5.0.2.

li ﬁen will not change when j, is a ﬁed and there 1s no si mﬁcant ettect from cﬁargmg
“Te double !aEer aunnﬁ the second Ehase. X block &aEam oi apparatus Tor this tecﬁiqu%

"4

" Some faradaic current does flow during the first pulse, and its effects must be taken
into account. The theory of the GDP method was extended along that line by Matsuda, et
al. (25). Valuable instrumental advances were later made by Aoyagi and coworkers
(26-28).

- Figure 8.6.1 Excitation waveform for the
0. f & ) ic d
"'"K_‘/ . ' galvanostatic double pulse method.
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; ;
ion of ;
a) 1y
32 + 01 '
’ Pulse 0 !
1 > generator
; 1
vith ; Ry Rp
". Am, [
i i 0 Mixer O
rigger (adder)
0 t CRO
R
Pulse ¢
>-| generator
2
5.
%) Figure 8.6.2 Block diagram for galvanostatic double-pulse method. A two-electrode cell (i.e.,
with a common counter/reference electrode) is placed in a bridge circuit for compensation of the
On'e cell ohmic resistance, Rg. The bridge is adjusted with Ry = Rg, Rc = Rq, Ry >> Ry, so that the
insi- pulse generators produce an essentially constant current through the cell. Provision is sometimes
made in double pulse circuits, however, for a three-electrode cell and potentiostatic control of the
working electrode before the application of the galvanostatic pulse. For details of such apparatus,
see references 26-28.
for
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Figure 8.6.3 (a) Overpotential-time traces for galvanostatic double-pulse method for reduction of
0.25 mM Hg %"' in 1 M HCIO, at an HMDE. Ratio i»/i; was (I) 7.8,(2) 5.3, (3) 3.2; (2) shows the
m) Voltage-time traces for constant-current double
pulses wE W iiﬁijt shown. i; was (1) 7.6, (2) 5.5, (3) 3.3 mA; and ip = 1 mA.
[From M. Kogoma, T. Nakayama, and S. Aoyagi, J. Electroanal. Chem., 34, 123 (1972), with

permission.]
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or, at sufficiently small vﬂii of 5

(8.6.2)

Thus one can carry out Wwim different pulse widths ¢}, and plot
the value of 7 at the onset of #, vs. #;'* to obtaig the gxch:ﬂgg current from the intercept.
Note the similarity between (8.3.10) and (8.6.2). The 7''“ term in each case accounts for
electrolytic modification of the surface concentrations. In the situation yielding
(8.3.10), n was induced by current i; but in this case it is first induced by /; and then

supported by 5.
(1- The differential double-layer capacitance can also be obtained from these data by the
o, i equation:

.:9

Ftyig (i 4Nigt2\ -1
= lim -2 (2 )(1 - —- (8.6.3)
s 10 RTA 312
=W, '~ This relation rests on the idea that the total charge in the Arst 'step, iyt1, is purely non-

" 7 faradaic in the limit of very short #;.

The GDP method does not require knowledge of the diffusion coefficients for rea
3 value 1Ot the caenianon of 7o. Measurements using instru-
: Beioped by Aoyagi and coworkers suggest that rate constants of very rapid
elcctrode reactions (~1 cm/s) can be determined using this technique.

P 8.7 CHARGE STEP (COULOSTATIC) METHODS
8.7.1 Principles

In the charge-step (or coulostatic) method, a very short-durati
pulse 1s applied to the cell, and the variation of the electrode potential with time after the

pulse (L.e.. at open circuit) 1S recorded. 1ne lengt! i be suf-

ciently short that it causes only charging of the electrical double layer, so

Ve ast charge-lransier reaction docsS not proceed to an app eciable extent during S

ime. 10e pulse then serves only 10 mject a charge increment, Ag, and, in fact, under these

conditions the method of charge mnjection or the actual shape of the mjectin e
ulostatic impulse) 1s uni ” - cted by discharg-
Ing a small capacitor across the electrochemical cell (Figure 8.7.1) or with a pulse genera-

tor connected to the cell by a capacitor or switching diodes.

coulostatic method. In practice, the cell

Trigger
o e’ M R A S e L)
Al B 1
1 © : :
1% P Cell :
1
0 |
___L_ e —=cy Y Figure 8.7.1 Circuit for charge-step or
Amp O may be held initially at a potential E¢q

by means of a potentiostat that is

disconnected immediately before the
Charge injection system L. Fast recording system charge injection.
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For the circuit in Figure 8.7.1, when the relay is in position A, the capacitor,
Cinj» is charged by the voltage source, Vinj» until the capacitor is charged by an
amount

Ag = CiniVinj (8.7.1)

For example, for V;p;=10V and Cjy; = 10~° F, Ag = 0.01 uC. When the relay switches
to position B the charge is delivered to the electrochemical cell. Because the double-layer
capacitance, Cy, is much larger than Cjy;, essentially all of the charge will flow into the
cell. The time required for this charge injection will depend on the cell resistance, Rq
(Figure 8.7.2), with the time constant for injection being essentially C;p;R¢) (Problem 8.6).
This injected charge causes the potential of the electrode to deviate from its original value
Eeq to a value E(t = 0), where

E¢=0)—Ey=n(t=0)= ¥ (8.7.2)

d

The charge on Cy now discharges through the faradaic impedance (i.e., the heterogeneous
electron-transfer process), and the open circuit potential moves back toward E.q as 7(z)
decreases to zero. Since the total external current i is zero, we have from (8.3.11) and
(8.3.12),

. . d
ip=—i, = Cd(E?‘) (8.7.3)
or
; t
@) =10t =0) + - j i dt (8.7.4)
CaJo

Solution of (8.7.4) with the appropriate expression for ig yields the desired expression for
the variation of E (or ) with ¢. Note that if no faradaic reaction is possible at E(t = 0) (i.e.,
at an ideally polarized electrode), Cq remains charged and the potential will not decay [i.e.,
forig=0,E = Eeq + m(z = 0) at all £].

We will now examine the E-t behavior following a coulostatic impulse for several
cases of interest. Details of the theoretical treatments have been given by Delahay (29, 30)
and Reinmuth (31, 32) and their coworkers, who first described the application of this
technique.

Aux

. Figure 8.7.2 Equivalent circuit of cell with

(@) Rq, the solution resistance, Cy, the double-
layer capacitance, and Z, the faradaic
impedance. The faradaic impedance represents
the effect of the heterogeneous electron-transfer
process. Often Z¢ is broken down into the
components shown in (b), where the charge-

,  transfer resistance R, manifests the kinetics of
T heterogeneous charge transfer, and the

=0

4)Wk components of the Warburg impedance,
R, and C,,, manifest diffusional mass transfer
() (see Section 10.1.3).
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8.7.2 Small-Signal Analysis (%f) -

When a chemically reversible, but kinetically sluggish, system is being investigated and
the potential excursion is sufficienfly smaﬁ, éat 1S, wﬁen n(t = 0) << RT/nF and mass-

transfer effects age absent, one can use the linearized i-n relation, (3.5.49),
e ——— =

C _é,) Céot& ‘LI RT
’l'/ C@ = nFi, !
/,{0 Co* escribe i¢ in (8 7.4). Thus,

nFiy
n() =n@=0) - RTC (t)dt (8.7.6)

(8.7.5)

This equation can be solved readily by the Laplace transform method (Problem 8.7) to

yield
n() = n(t = 0) exp(:—j) M

constant 7., governed by 0 jon (Figure 8.7.3). This
Tesult can 180 DE Opraimed Tom e equivalent circuit in Figure 8.7.2b by noting {hat

Rw and C,, are pegligible, so that C; discharges only through the charge-transfer resis-

ance K., given b 50). with a time constant CqR. When (8.7.7) holds, a plot
O

%-I |-<— Pulse width
1
1
1
1
1
i
1
=
| | ]
0 10 20 30
1 (us)
e (¢=0)
E
8
| | | |
0 10 20 30 Figure 8.7.3 Typical coulostatic relaxation curves for a

t (us) totally irreversible reaction.
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OC CUITen

D i .
Jn the other hand, when R, is negligible com ared to the mass-transfer im ance,
whiCh 15 the case Tor 2 neTnstan system, ﬁe Tollowin €Xpression applies:

(8.7.9)

RTC
P = d( ) ) (8.7.10)

n(t = 0) 2 12 12
o —p Lyexp(B) erfe(Br'?) — B exp(v’1) erfe(y)] | (8.7.1 1)
1/2 — 1312
: o, (fAr) — 1] 8.7.12)

B! : el 270 — Téﬁ

(where the + is assgciated with B and the — with ZZ' Note that E + y = 1'2”2/7" and
By = /7.

€ analysis of experimental data for the determination of 7, is easiest when
(8.7.7) applies; this requires that Tc =>> 7p. Detailed discussions of the analysis of coulo-
static data and relaxation curves have appeared (33, 34).

8.7.3 Large Steps—Coulostatic Analysis

Consider the application of a charge step sufficiently large that the potential
changes from E,q to a value, E(r = (), corresponding to the diffusion plateau of the
voltammetric wave. We assume that the double-layer capacity, Cy, is independent of
potential in this region. The faradaic current that flows under these conditions at a
planar electrode is given by (5.2.11). Introduction of this expression into (8.7.4)

yields
FADY*CE\ rt
E@)) = Et=0) + (" o 0) f 712 g (8.7.13)
a Cd 0
2nFADY2C¥s12
AE=E@®) —E(t=0) = lg g (8.7.14)
T°Cy

The sign of AE is positive, since the electrode relaxes from a more negative initial po-
tential toward more positive values. A plot of AE vs. ' is linear with a zero intercept
and a slope 2nFADé,”CE§/(7r1"ZCd), which is proportional to the solution concentration
(Figure 8.7.4).

This method has been suggested for the determination of small concentrations of
electroactive materials (35, 36), but it has not been widely applied, probably because it re-
quires recording of the E-¢ curve and js less readily automated than, for example, pulse
voltammetry.






