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INTRODUCTION 

A number of relaxation methods for the determination of the kinetic parameters 
of electrode reactions are known. In these methods the equilibrium state of the 
electrode under study is perturbed by a controlled current or voltage function and 
the response, defined by the kinetic properties of the electrode process, is measured 
and analyzed. 

In the widely utilized faradaic impedance method the indicator electrode is 
perturbed by a sine wave current or potential and the kinetic parameters are deter- 
mined from the measured electrode impedance. The technique was first applied to 
relatively fast electrode reactions by Randles 1 and afterwards by others. At present 
there are two methods of analyzing the experimental data : Randles' vector construc- 
tion method and its extension, the complex plane method of Sluyters 2. 

~ Perturbation of the equilibrium state is achieved by means of current pulses in 
the galvanostatic single pulse method and by means of charging impulses in the coulo- 
static (im)pulse method. In these transient methods the overvoltage, arising from the 
galvanostatic current or the coulostatic charge injection, is measured as a function of 
time. The correspondence between these pulse methods and the faradaic impedance 
method has been fully clarified with the introduction of a transformation procedure by 
which transients are converted into impedances 3. Subsequent analysis by means of the 
complex plane method offers the possibility of avoiding the difficulty of analyzing 
the overvoltage-time curve according to cumbersome theoretical expressions. 
However, this convenient way of analyzing pulse data does not alter the fact that the 
study of the faster electrode reactions remains limited by three fundamental com- 
plications, viz. the ohmic drop, concentration polarization and double-layer charging 
current. 

Gerischer and Krause 4 were the first to attempt experimentally to remove one 
of these limitations. Recognizing that at short pulse times an important fraction of 
the cell current is non-faradaic, they developed the galvanostatic double-pulse 
method. The first pulse primarily charges the double-layer capacitance to the over- 
voltage required by the current density of the second pulse ; i.e., the overvoltage-time 
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curve should start with a horizontal tangent at the beginning of the second pulse. 
The current is thus entirely faradaic at that moment but the overvoltage generally 
contains an element of concentration polarization s . Besides, ohmic drop compensa- 
tion is still critical 6, especially when high exchange current densities are measured. 
The essence of the double-pulse galvanostatic experiment is simply the discontinuous 
lowering of the galvanostatic current to a value equal to the faradaic current at that 
particular moment. 

From these considerations a better approach would seem to be to combine a 
first galvanostatic pulse, which builds up a certain overvoltage, with a following 
coulostatic pulse instead of a second galvanostatic one. The charge injection, caused 
by this coulostatic impulse, can be chosen such that the overvoltage-time curve 
starts with a horizontal tangent just as in the galvanostatic double-pulse method. 
Clearly, such a situation can be achieved only if the polarities of the coulostatic 
charging impulse and the galvanostatic pre-pulse are opposite. After the (dis)charging 
has been completed, no net current flows through the cell and consequently the 
measured overvoltages contain no contribution from the ohmic resistance of the 
cell. This feature permits a favourable comparison with the galvanostatic double- 
pulse technique, which is seriously limited by the ohmic overpotential. 

Because the tangent in the overvoltage-time curve is bound to be horizontal 
after cessation of the coulostatic impulse, not only the net current through the cell 
but also the capacitance and faradaic currents are zero. This means that a pseudo- 
equilibrium state has been created where the potential is, simply by Nernst's law, 
prescribed by the surface concentrations of the electroactive species at that moment. 
The overvoltage thus represents the mass transfer polarization built up during the 
application of the pre-pulse, and contains no component due to activation polariza- 
tion. Apparently, combination of a galvanostatic pulse with a following coulostatic 
impulse offers the possibility of splitting the overvoltage into a charge transfer 
polarization part and a mass transfer polarization part. 

The proposed technique is therefore a step forward from the existing double- 
pulse method where only a separation between charging current and faradaic current 
is achieved. The choice of a coulostatic second pulse enables a direct experimental 
determination of charge transfer polarization with the logical consequence that the 
algebra is restricted mainly to Ohm's law. In the following the technique will be 
referred to as the G(alvanostatic) R(eversed) C(oulostatic)  pulse method, a notation 
which clearly expresses the mixed double-pulse character and the opposite polarities 
of the two pulses. 

THEORY 

In a general way, an electrochemical transient method can be characterized 
by a relationship between the parameters : current, potential, time and concentration. 

Considering the simple electrode process : 

Ox+ne  ~ R (1) 

and taking the double-layer capacity into account, Astruc and Bonastre 7 gave a 
unified mathematical derivation of these relationships for most important aperiodic 
relaxation methods. For the galvanostatic single pulse method the resulting ex- 

J. ElectroanaL Chem., 39 (1972) 



GRC--A NEW DOUBLE PULSE METHOD 27 

pression, first derived by Berzins and Delahay 8, is rather cumbersome as it contains 
exponential error functions with possibly complex argument. For  any given set of 
values for time, current density and bulk concentrations of Ox and R, the overvoltage 
is, in a complex way, defined by the charge transfer parameters ksh and 0c, the mass 
transfer parameters Dox and DR and the double layer parameter Ca. 

l 9 

.T ' ;  
Ic/. 

(a) 

't 2 t 

(b) 

to ~t2 t 

Fig. i. (a) Shape of a GRC-current pulse; (b) cell response having a horizontal tangent at time t 2. (...) 
Response in the absence of the coulostatic pulse. 

On applying a GRC-pulse signal to an electrochemical cell with an impedance 
that can be represented by the classical Randles' equivalent circuit, the resulting 
overvoltage t/will generally vary with time as is shown in Fig. 1. The input signal-- 
current as a function of time--is characterized by the galvanostatic current ig, the 
galvanostatic pulse width tg and the coulostatic charge density qc] which, in its turn, 
is defined by current i d and duration t d according to 

q¢l = i¢l t¢1 (2) 

The charge injection q¢~ should be such that the principal condition of the GRC 
method, viz. a horizontal tangent in the t/, t curve at t2 : 

(d~/dt), 2 = 0 (3) 

is fulfilled. The response signal (see Fig. lb) is sufficiently characterized by:  ~&q, 
the potential difference between the real equilibrium state and the pseudo-equilibrium 
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created, an "equilibrium overvoltage", and t/T, the "total" overvoltage that appears 
if only a galvanostatic pulse is applied. 

Figure 1 shows clearly that, the current through the cell being zero, neither 
t/X nor t/~q contain the ohmic overpotential t/n • 

The first part of the t/, t curve in Fig. lb, that is for to< t <  tl,  represents in 
essence a normal galvanostatic response and could be described by the potential- 
time relationship as derived for a galvanostatic current perturbation. However, 
the use of the complicated expression will not be necessary in the theoretical charac- 
terization of the GRC method. It is sufficient to state that at time tl the overvoltage 
t/contains, t/n being zero, contributions from charge transfer polarization and from 
concentration polarization so that : 

t/T = (t/a)t, + (t/o),, (4) 

In order to specify (t/a),,, it will first be necessary to find an expression for the 
faradaic current if at time tl. The net current flowing through the cell, denoted by 
it, is at any moment equal to the algebraic sum of the charging current ic and i r : 

i t = i e -J- if (5) 

For the present current function, represented by Fig. la, the conditions are: 

i, = ig to< t < tl (6a) 

i t = i~  ta < t <  t2 (6b)  

it = 0 t >~ t2 (6c) 

At any t the change in charge density on the electrode, qu, is related to the tangent in 
the t/, t curve 

(dqM/dt) = i~ = Cd (dt//dt) (7) 

Consequently, using (5), (6a) and (7), the faradaic current at time tl can be written as : 

(if)t, = ig- -Ca (dt//dt),, (8) 

Under conditions where the current-voltage characteristic may be linearized (these 
conditions will be discussed in detail below), the charge transfer polarization is 
assumed to be caused by a simple resistance 0, related to the apparent exchange 
current density i o according to: 

0 = R T / n F i o  (9) 

Combination of Ohm's law with eqns. (8) and (9) results in the general relationship : 

(t/a)t, = (R T/nFio)  Jig - Ca (at//d t),, ] (10) 

An expression for the concentration polarization overvoltage t/~ is easily 
found as it is caused simply by the differences in concentrations of the electroactive 
species at the electrode surface and in the bulk of the solution. Api)lying Nernst's 
law, (t/c)t, is the difference between the Nernstian equilibrium potentials of the redox 
system at t =  t o and t =  t~, the real equilibrium and the polarized state respectively: 

(t/c)t, = (R T / n F )  [In [ (COx)tJ (CR)t,] --In c~x/c~) ] (11) 
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The overvoltage at tl being characterized, it will, in a first approach, be 
assumed that the duration of the coulostatic charging impulse is so short that leakage 
by the faradaic reaction can be neglected between t l and tz. In other words, it is 
supposed that (Cox),1 = (Cox)t2 and (CR)t, -~- (CR)t2 and hence the concentration polari- 
zation at t 2 will be the same as at t = t  I : 

(qc),2 = (r/c),, (12) 

From the fundamental condition for the response signal (a horizontal tangent as is 
represented by (3)) together with (5), (6c) and (7), it can be concluded that not only 
i t is zero at t2 but also : 

(ic),~ = (if),~ = 0 (13) 

This means that neither a charging nor a faradaic process is taking place at time t2 
and the electrode is at a pseudo-equilibrium state. The potential of the electrode in 
this state is defined by the COx/CR ratio at the electrode surface as is given by (11) and 
does not, because of (13), contain a contribution from charge transfer polarization. 
This is in fact the crucial characteristic of the GRC method, as it leads to the con- 
clusion that the measured overvoltage at time t2, ~/eq, represents pure concentration 
polarization. Using (12) this can be formulated as: 

qeq = (q~),~ (14a) 

and, using (4): 

•T - -  qeq = (qa)tl ( 1 4 b )  

Equation (14b) states that the pseudo-overvoltage r / r -q¢ q (see Fig. lb) represents 
the charge transfer polarization built up during the galvanostatic pre-pulse. Com- 
bination of (14b) with (10) yields, after rearranging, a very simple expression for io 
as a function of the several experimentally accessible quantities: 

io = R T  is-Cd(d~l /dt) ,  1 (15) 
nF rlT -- rl~q 

The sudden change in charge density on the electrode between tl and t2 
not only forces (dr//dt)t ~ to be zero but at the same time alters the potential across 
Cd. The difference is equal to (r/T--Oeq) and, the current being completely capacitive, 
can be correlated with qc~ and C d by the relation: 

~]T - -  qeq = qcl/Cd (16) 

In spite of its simplicity, eqn. (16) is of great importance as it expresses the possibility 
of determining Ca in the presence of the electroactive species, at time t2. io also is 
obtained by means of (15) and thus pertains to the same surface concentrations of 
Ox and R. The study of more complicated electrode reactions, e.g. where Cd is 
affected by Ox and R, is possible. Combination of (16) with (15) results in : 

R T  I ig qcl(dll/dt)~] (17) 

where it is easily seen that the value of Cd does not need to be known in the evaluation 
of io but can be determined separately. Provided the electrode behaves classically, 

J. Electroanal. Chem., 39 (1972) 



30 H.P. VAN LEEUWEN, J. H. SLUYTERS 

eqn. (16) could, independently of (17), be used as an internal check on the correctness of 
the experiments. 

At times beyond t 2 the electrode potential will relax to its initial equilibrium 
value in a way resembling the normal coulostatic impulse relaxation, where also 
C a is discharged through the faradaic reaction. The pseudo-equilibrium state, 
in principle existing only at t2, is distorted by the transport of electroactive species 
to and from the electrode. This mass transport is dictated by the differences between 
(Cox)t 2 and C*x and between (cR)t2 and c*. A complete theoretical description will 
not be easy because the relaxation process corresponds to the breakdown of diffusion 
layers that have been built up during the galvanostatic pre-pulse. The thicknesses 
of these layers at tz are mainly governed by tg and the diffusion coefficients of Ox 
and R. Their rates of breakdown, after t2, are jointly determined by io, Ca, Dox and 
D R. Consequently, a study of the t/, t curve at times larger than t 2 could, in a complicat- 
ed way, reveal information about the diffusion coefficients. However, the determina- 
tion of these constants should preferably be left to simpler and better techniques 
such as d.c. polarography or the faradaic impedance method. In order to judge the 
potentialities of the present method as regards attainable ranges of values of ksh 
in comparison with other relaxation methods, the consequences of a finite coulostatic 
pulse time and other non-ideal behaviour of the system will be discussed later in this 
paper. 

CONDITIONS OF LINEARITY 

The electrode process so far has been considered as behaving as a linear 
element. Kooijman et al. 9 pointed out that the maximum overpotential at which 
linearization of the i, E relation is allowed, depends on the Cox/CR ratio for a mass 
transfer controlled reaction and on the transfer coefficient ~ for a charge transfer 
controlled reaction. In the GRC method the mass transfer polarization part of 
t/x is eliminated. Thus there is no need for linearization of (11) and, consequently, 
only the magnitude of (th)t,, the charge transfer part of t/T, should be considered. 
The kinetic parameters that are determined from (17) or (15) do not pertain to 
C~x and c* but to (Cox),, and (cR)t, which are defined by qeq according to eqns. (11) 
and (14a). For the latter reason it is, from a theoretical point of view, not entirely 
correct to make use of a two-indicator electrode cell in the GRC method, as two 
charge transfer overvoltages different, in principle, are added and later averaged. 
The use of such a "twin cell" becomes especially tricky if the mechanism of the 
electrode reaction under study is more complicated, e.g. when anodic and cathodic 
processes are different. It seems therefore the safest way to chose a one-indicator 
electrode system since there is, in the GRC method, also the possibility of a direct 
check on linearity by plotting (~/a),, against (if),,. The limitations caused by linearity 
conditions of the mass transfer process are not met in the GRC method which is 
especially favourable in the study of electrode reactions of the type Me "÷ + h e , M e ,  
where the equilibrium potential cannot be kept close to the half-wave potential. 

MORE COMPLICATED ELECTRODE REACTIONS 

"Extending the discussion to more complicated models for the electrode process, 
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e.g. to a less simple equivalent circuit of the electrode impedance, the reasoning will 
also become more intricate. So far, the simplicity of GRC and its algebra has been 
governed by the splitting of t/T into (~/a)tl and (~/c)t, as is, in terms of the equivalent 
circuit, shown schematically in Fig. 2. The direct measurement of potential across, 
and current through, the charge transfer resistance 0 makes the theoretical background 
very simple. However, in the case of an electrode reaction with a complication where 
the Randles' circuit does not hold, the interpretation of ~/cq is not at once obvious. 
As an example we will treat the case of an electrode process that is coupled by a 
heterogeneous chemical reaction as is often the case in the electrocrystallization of 
metals. So-called adatoms are formed which become incorporated in the lattice of 
the electrode, or adsorbed at particular growth sites of the electrode surface. In the 
most general treatment, both surface diffusion of the adatoms and a finite rate of 
metal lattice formation must be considered, leading to the relatively complicated 
equivalent cicuit 1° of Fig. 3. 

- ~ 'ti, 
R~ 1 ~ 

I 
"~ ('%)t, > f 

Fig. 2. Distribution of current and overvoltage at time tl in terms of Randles equivalent circuit. ('/¢)t, 
represents an impedance-less voltage source which stands for the concn, polarization at tl .  

q 

--d'U-LP 
R~t 

Rp Z s 

Fig. 3. Equivalent circuit for the case of an electrocrystallization process where both surface diffusion and 
slow lattice formation are considered. 
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The capacitance Cp, the so-called "adsorption pseudocapacitance", is directly 
related to the adatom concentration C,d (mol cm-2), according to: 

Cp = (nZ V Z / R T )  Caa (18) 

and the determination of this quantity in situ is of importance in the elucidation of 
the electrodeposition mechanism. Assuming a "parallel-step structure" for the 
metal surface, Fleischmann et al. ~° described the diffusion of adatoms along the 
electrode surface to the lattice-building sites. The resulting impedance Zs is in series 
with the resistance Rp,  accounting for the finite rate at which the adatoms that reach 
the edge are incorporated into the lattice. As compared with the original Randles' 
circuit, some extra components are added, in series with 0 and Zw, to the faradaic 
impedance. 

In the most general case where none of the components in the equivalent 
circuit of Fig. 3 can be neglected, the cell response to a GRC input signal should be 
interpreted with care. The pseudo-equilibrium overvoltage r/e q not only pertains to 
concentration polarization in the solution (Zw), but also to the overvoltage across 
Cp. Provided that the condition: 

Rp Cp >~ tel (19) 

holds, no appreciable current will flow through Cp between tl and t 2 and hence the 
potential across it will not change. As a consequence (r/T-r/oq) still represents the 
charge transfer overvoltage across 0 at time t~ and therefore i0 can be evaluated just 
as easily as in the case of the simpler equivalent circuit. Further inspection of r/eq 
as a function of the input parameters ig and tg should yield information about the 
other components of the faradaic impedance. However, an easier way to obtain this 

R~ 

Rp Z~ 

Fig. 4, Equivalent circuit for the case of an electrocrystallization process where both  bulk diffusion and 
the charge transfer step can be neglected. 

information is to raise the bulk concentration of the metal ion to values where 0 
and Zw become negligible. The adatom concentration is not, or only slightly 11, 
dependent on the metal ion concentration and the equivalent circuit of the electrode 
impedance is reduced to a Randles-like scheme as represented in Fig. 4. The rate of 
lattice formation and the adatom concentration can then be evaluated by means of 
the procedure described for the classical case. We intend to investigate this experi- 
mentally in the near future. 
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SCOPE 

In the case of very fast electrode reactions the total cell impedance is largely 
determined by the ohmic resistance R a and this seriously limits the potentialities of 
most relaxation methods. In the GRC method, none of the experimental quantities 
utilized (see eqn. (17)) is affected by Ra and limitations could, in principle, now arise 
from the following basic sources of error. 

(a) Even within the very short duration of the coulostatic charging impulse, 
some part of the total current will be faradaic. This leakage via the faradaic path which 
has been neglected up to this point, has a twofold consequence: 

1. The surface concentrations of the electroactive species are not the same 
before and after application of the coulostatic impulse. Thus the observed qeq is not 
equal to the concentration polarization overvoltage at time tl and eqn. (14a) is no 
longer valid : 

and the "loss of concentration polarization" is represented by the difference [(t/c)t~- 

qeq]" 
2. The coulostatic charge density qel is not completely consumed by C d. 

Therefore the application of (16) should, as for qd, be attended by some correction 
for the faradaic leakage. 

(b) In spite of good electronic design, transients due to finite time constants 
of cables and the cell in the circuit, will be observed at the initial part of the 7, t curve 
after time t2. The damping time of these transients At is about 0.3 Vs. The possible 
errors caused by this experimental complication are clarified by Fig. 5a and b, the 
former pertaining to a normal galvanostatic pulse relaxation and the latter to a 
characteristic GRC curve. 

The total overvoltage t/T will be found too low by an amount At/T, caused by 
relaxation between t 1 and (tl + At). Apart from the inequality of t/eq and (t/¢)t~ (see 
(a) 1), qeq will be observed too low by At/eq because the observer makes (dtl/dt)t2+,~t 
zero instead of (dtl/dt)t2. Figure 5b shows that the t/, t curve starts with a horizontal 
tangent at t2 + At whereas the fundamental GRC condition (3) is not fulfilled. 

(c) The powers of the pulse generators available are limited, which means that 
tel cannot be chosen infinitely small and that the charge transfer polarization (qa)~l 
cannot be raised to any required value. Furthermore, oscilloscope readings are 
rather inaccurate which affects the accuracy of qeq, in a twofold sense: (i) the reading 
of t/eq itself contains a random error (of at least 2 ~ )  and (ii) misreading of the tangent 
(dtl/dt)t2+At involves another random error in qeq" 

The limitations following from the arguments under (c) are simple and well- 
defined but those under (a) and (b) are all concerned with constant-current faradaic 
relaxation (it= i~, or it=0). These relaxations are difficult to describe because of 
competing charging current and complicated initial (time tl) conditions. However, 
if some reasonable assumptions are made, estimations of the different errors will 
be possible and predictions about the potentialities of the GRC method can be made 
on the basis of an example worked out in detail. 

The case considered is where the galvanostatic pre-pulse causes a charge 
transfer overvoltage at time t a of 2.0 mV, irrespective of the magnitude of concentra- 
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Fig. 5. Cell response to : (a) galvanostatic single pulse, showing the error in qx ; (b) G R C  pulse, showing 
the error in r/e q ; ( . . . . . . .  ) curve with a horizontal tangent at t 2. The dashed parts of the curves indicate that 
in these regions the response is obscured by transients. 

Fig. 6. The course of the faradaic current for a: (a) G R C  expt., (b) galvanostatic single pulse expt. 

tion polarization, so that (t/a),, =t/T-(t/c)tl = 2.0 mV (it will be checked later if the 
values chosen in this example are experimentally attainable or may even be exceeded). 
If it is assumed that the change in concentration polarization overvoltage arising 
between tt and tz also amounts to 2.0 mV, the exchange current density, evaluated 
according to (15) and neglecting possible errors in Cd, will be too small by a factor of 
two. 

During the short time interval between tl and t2 the electrode process behaves 
almost as a transfer resistance 0 shunted by the double layer capacitance Cd (leaving 
Rn out of consideration). Starting from the overvoltage t/T, the voltage-time response 
of such a network, if a constant current pulse with amplitude i~l and duration t~ 
is applied, is: 

t/, = t / t -  ic, 0 {1 - e x p -  [ ( t -  tl) / OCd] } (20a) 

with t l <  t <  t2(=tl+td). 
The current ir flowing through the resistance 0 in the same time interval 

follows from (20a) : 

(if)t = ic~ { 1 - e x p -  [(t- t~)/OCd]) (20b) 

and its complete course is shown schematically in Fig. 6a. The "change" in t/eq, 
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[(t/~)~- t/~q] can be correlated with the faradaic current between tl and t 2 if the time 
dependent (if). as defined by (20b), is replaced by a mean constant faradaic current 
if during t¢~ according to : 

if = - -  • (if)tdt = icl - e x p ( -  t/OCd)dt (21) 
tcl dr1 

Taking Dox = DR = D, the corresponding concentration variation Ac for both Ox and 
R follows from the well-known Sand equation t2 : 

Ac = (2 if/nF) (t¢,/nD) } (22) 

The following values are assumed: Dox--DR = D = 10-s cm 2 s-1, c .  x = c~ = 
c*, n----2, T=25°C,  Ca=25 x 10 -6 F cm -2 and for t~ a minimum value of 50 ns. 
The value of 2.0 mV for [(t/c), 1 - t/eq] corresponds, simply according to Nernst' law, 
to a 16~ alteration in the ratio CoJCR at the electrode surface and, for not too high 
values of (G)t: approximately to ACox=AcR=0.08 c*. Inserting this in (22) and 
taking c* = 10- 6 tool cm- 3 if is found t o be 0.2 A c m -  2. The charging current necessary 
to change the potential across Ca by 4.0 mV within the time interval t~, is 2A cm-2 
which is thus about 90~o of the total current. Applying (21) and using (5), a minimum 
value of 0 is obtained, corresponding to a rate constant k~h of 7 em s- 1. The deter- 
mination of Cd by means of (16) involves a systematic error of only 10~o as 90~o 
of qcl is utilized to discharge Cd. This also justifies the assumption that the influence 
of the error in Cd on the ksh evaluated is negligible in relation to the error caused by 
decrease of concentration polarization. 

In the present example a value for At/T, the main error under (b), can be found 
by assuming that the relaxation process between tl and tl +At  behaves as a capa- 
citance Cd which is discharged through the resistance 0. 

Shortly after tl the apparent overvoltage across C a (with regard to the pseudo- 
equilibrium potential, defined by Cox/CR at that moment) is equal to the charge 
transfer overvoltage (t/~),~, being 2.0 mV. The corresponding At/T, equal to 1.4 mV, 
is a minimum value because of the fact that the RC-model does not account for 
additional rises in the pseudo-overvoltage caused by concentration changes during 
t~ and t~ + At. This value already represen~ts a large proportion of the initial 2.0 mV 
and At/T is therefore likely to be considerably higher. However, it will not exceed the 
maximum value of 2.4 mV which is prescribed by the initial slope in the t/, t relaxation 
curve. 

The same reasoning also applies to the influence of At on the observed t/~q 
which will always be smaller than At/r because (dt//dt) is made close to zero so that 
there is no pseudo-overvoltage. Furthermore, there will always be a tendency to 
extrapolate the observed t/, t curve back to t2 and to adjust i¢~ such that (dt//dt)t~-- 
rather than (dt//dt)t~+~t--is zero. An exact calculation of At/~q would be possible by 
means of the complete voltage-time relation for a GRC response but considering the 
minor influence of At/eq we will confine ourselves to an estimation. Making allowance 
for the maximum extra variation in At/T, 1.0 mV, a value of 0.5 mV for At/~q seems 
quite reasonable. 

Adding all the errors caused by faradaic leakage between t~ and the time of 
measurement, it is obvious that in the case of the c* chosen, the two main and opposite 
sources of error, [(t/¢)t, - t/eq] and At/T, a re  about equal. This is represented schematical- 
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ly in Fig. 6a and b where the faradaic current beyond tl is outlined for a GRC and 
for a classical galvanostatic pulse experiment. In GRC the polarity of (di f /dt)  again 
changes sign at t z (see Fig. 6a) and this gives the appearance that the deviation 
[01¢)~l-r/eq] is somewhat compensated between t2 and t2+At. However, the re- 
versed faradaic current only arises because icl is chosen (apart from faradaic "loss" 
between tj and t2) too high in order to make (dr//dt),2+At zero instead of (d~//dt)t2. 
A horizontal tangent at t2 would require a lower coulostatic charge and for this 
reason Ar/eq does not partially compensate [(r/c), 1 -~/~q] but represents another error 
acting in the same direction. In the case of the present example, ~/~q is thus lowered 
by, in total, about 2.5 mV, and r/x by roughly 1.5-2.5 mV leading to an observed 
value between 2.0 and 3.0 mV for (~/T- ~/eq)- The computed value of the rate constant 
will on average be 2 5 ~  too small and for still higher rate constants the uncertainty 
will evidently increase. 

It should be emphasized that evaluation of Ca using (16) now leads to serious 
errors. The applied charge injection qc~ : (i) corresponds to a total potential difference 
of 4.0-4.5 mV instead of the observed 2.0-3.0 mV and (ii) is not fully (about 90~)  
utilized to discharge Ca. It is easily seen that the value of Cd will be found too high 
by about a factor of two. If Ca is known beforehand, (15) should be used to calculate 
io, inserting the correct Co. If the value of Cd is not available, or known to be seriously 
affected by the presence of an extremely reversible redox couple, its value could 
still be estimated by extrapolating the r/, t curve for the galvanostatic relaxation back 
to tl,  thus approximating ~/ar. In this way the uncertainty will be reduced to about 
25~o. The constancy of qcj/(rlT--~,q) now being doubtful, an experimental check on 
the reliability of the evaluated k~h could very well be performed by variation of tc~ 
which strongly influences [(r/~)t ' --~eq]" 

With regard to the limitations mentioned under (c) it can be stated that modern 
pulse generators are sufficiently powerful to meet the requirements of the example 
chosen : 

(i) a galvanostatic pulse with an amplitude such that, after the chosen time 
interval tg, an overvoltage of 2.0 mV has been built up across the minimum 0 of 
about 0.3 f~ (for a HMDE). 

(ii) a coulostatic impulse with a width not exceeding 50 ns, representing a 
charge of 3.5 × 10- 9 C. 

The inaccuracy of oscilloscope readings and, combined with this, the experi- 
mental difficulty of observing a horizontal tangent at t2, determine the accuracy of 
the GRC method for moderately fast electrode reactions.As limiting factors controlling 
the potentialities of the method, they can be neglected with respect to the other 
sources of error. 

Summarizing, we may conclude that there are two main errors both of which 
represent an unwanted faradaic relaxation process for roughly the same time interval. 
Because of their opposite signs and equal orders of magnitude, the maximum rate 
constant that could be evaluated within 50~o accuracy is about 10 cm s- i. Extensive 
treatment of experimental details and a verification of the method will be given in a 
separate paper 13. 

CLASSIFICATION 

Very recently, Rangarajan ~4 classified the existing linear relaxation methods 
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according to the number of input parameters. In this "parametric approach" the 
galvanostatic pulse (GP) and the coulostatic impulse (CI) method are examples of 
one-parameter methods because in the former the current and in the latter the charge 
only can be varied. The galvanostatic double pulse (GDP) method involves three 
input parameters viz. the magnitudes of the two pulses and the duration of the first 
pulse. In analogy with this, the proposed GRC method is easily fitted into this scheme 
as a 3-parameter method with ig, t I and qc~ as input parameters. Table 1 gives a 
survey of the most important characteristics of the galvanostatic single and double 
pulse methods as constant current relaxation methods, the coulostatic charging 
impulse method and the new mixed-pulse GRC method which combines a constant 
current pulse with a charging impulse. In GRC evaluation of the kinetic parameters 

TABLE 1 

Technique GP GDP CI GRC 
(galvanostatic (galvanostatic (coulostatic (galvanostatic 
single pulse) double pulse) impulse) reversed coulo- 

static) 

number of input 
parameters 

input parameters 

input signal : 
i as f(t) 

response signal : 
t/as f(t) 

constraints 

features 

elimination of: 
ohmic drop (iR) 

mass transfer 
polarization (m.t.) 

double layer 
charging current (ic) 

1 3 1 3 

ig ig,, ta, ig2 qcl 

/ , , j  

adjust i,, and i~2 
such that (dq/dt)t, = 0 

- - 7  

transient analysis of ~hl as a transient 
analysis function of tl analysis 

- -  i R  

i¢ - -  

ig, tl, qcl 

J t 
/,: 
i i 

i 

I 

adjust ig and qc~ 
such that (dr//dt)t2 = 
0 

charge transfer 
overvoltage is 
obtained directly 

iR 

m.t. 
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is indirectly affected by the double layer capacitance because of its presence in the 
expressions for (if),1 (eqns. (8) and (15)). To remove this complication completely, 
the GDP method, as a means of measuring (if)< directly, could be combined with the 
GRC method in order to determine the corresponding charge transfer overvoltage. 

In conclusion, the most interesting features of the proposed GRC method will 
be compared with the other pulse methods mentioned: 

(a) The experimental work is more complicated than with GP or CI and also 
more extensive than with GDP. Two pulse generators are needed but compensation 
of the ohmic drop, which requires the accurate adjustmentof a variable resistor x5 
is not necessary as the measured overvoltages do not contain contributions from 
the ohmic resistance. 

(b) The electrolysis time t~, especially in the case of fast electrode reactions, is 
chosen so short that the exposed electrode has been relaxed within a comparatively 
short time. This means that in one second a number of pulses can be forced through 
the cell without affecting the initial (equilibrium) conditions. Thus a repetitive signal 
can be applied to the cell and the response can be read from the oscilloscope screen 
without photographic recording. 

(c) At the cost of a relatively small extension of experimental work, the ela- 
boration of the data obtained has been greatly simplified. The possibility of eliminating 
concentration polarization led to a confining of the calculus to the explicit eqns. (15) 
and (17) for i 0. Compared with GDP, this elimination implies the presence of C d 
in these equations. As stated above, the combination of GRC with GDP would 
completely remove the double layer influence. 

(d) The value obtained for the differential double layer capacity Ca pertains, 
as with the kinetic data, to the situation at the electrode as it exists at time tl. At 
this moment the electrode is not at equilibrium but in a polarized state where the 
surface concentrations of Ox and R are generally different from the bulk values but 
readily calculable from t/oq. Especially in the case of a solid electrode system, where 
the "adatom capacity" Cp has an important role, the possibility of determining 
Ca in situ after a well-defined electrolysis seems promising. 

(e) The elimination of mass transfer polarization has the additional result that 
the condition of linearity for the electrode process applies only to the charge transfer 
part of the total overvoltage. This means that, except when c~ or (1-c~) is close to 
unity, (q,), is allowed to be of the order of a few mV where the simple, linear eqn. (10) 
still holds. Also, it is no longer necessary to keep the equilibrium potential close to 
the half-wave potential as is required when overvoltages that contain a dominant 
contribution from mass transfer polarization are analyzed. This feature offers, for 
instance, the possibility of studying an electrode reaction of the type Me "+ + ne-~Me 
which is less feasible for other pulse methods. 

(f) In the case of very fast electrode reactions the two main sources of error 
partly cancel out thus permitting distinctly higher rate constants to be measured 
than is possible with GP, CI or GDP x6. 

(g) Finally it should be emphasized that the only purpose of the galvanostatic 
pre-pulse is to build up a certain overvoltage and that it should be chosen such that 
(if)t1 and (t/a), have optimum values. Clearly, any other input signal that could bring 
about the same situation would do just as well. For instance a coulostatic double 
impulse method could be envisaged where a coulostatic pre-pulse is, after some time 
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interval, followed by another coulostatic impulse with necessarily reversed sign 
and carrying less charge. The essence of the method would remain unchanged except 
that the determination of (if)t~ would be different because this parameter is associated 
with the cell response at time tl, that is at the end of the pre-pulse. 
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SUMMARY 

A new double pulse method is presented in which a galvanostatic pre-pulse 
is followed by a coulostatic impulse with reversed sign. The coulostatic charge density 
selected is such that the overvoltage-time curve starts with a horizontal tangent after 
the impulse has ceased. As both the net current through the cell and the charging 
current through the double layer capacity are zero, the faradaic current must also be 
zero. This allows the elimination of both concentration polarization and ohmic drop 
so that the charge transfer overvoltage is obtained directly. The method, denoted as 
GRC, is mainly distinguished by very simple analysis of experimental data and good 
potentialities. In addition it seems to be especially promising for the study of electrode 
processes where determination of double layer capacity in situ is vital. 

LIST OF SYMBOLS 

i c charge current density 
ic~ coulostatic current density 
if faradaic current density 
if mean faradaic current density 
ig galvanostatic current density 
it total current density 
qc~ coulostatic charge density 
t time 
At time region during which the overvoltage is obscured by transients 
tc~ coulostatic impulse width 
tg galvanostatic pulse width 
to time at which the galvanostatic pulse starts 
tl time at which the gah, anostatic pulse ends 
t 2 time at which the coulostatic impulse ends 
~/ overvoltage 
~a charge transfer overvoltage 
~/~ mass transfer overvoltage 
qeq overvoltage in the pseudo-equilibrium state 
Aqe q variation in ~/eq 
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Y/T total overvoltage at time t~ 
Ar/T variation in ~T 
t/n overvoltage invoked by ohmic resistance 

All the other symbols have their usual meaning; if necessary, see ref. 2. 
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