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ABSTRACT

Perturbation of the equilibrium state of electrochemical systems included

the following techniques: relaxation methods, techniques with line.rly

varying potential, hydrodynamic methods (under well controlled forced

correction) and techniques employing carbon paste electrodes of insoluble

electroactive materials.

This final report includes a review of relaxation methods and describes the

principal achievements in the following areas: Instrumentation: Two new

circuits for the independent control of two working electrodes (ring-disc

assemble) in the same electrolyte are described; Characterization of mercurv

batteries by pulse techniques: :It was proved that pulse methods can give

promising results concerning the state of charge of mercury batteries;

Electroreduction of m-dinitrobenzene: The mechanism of m-DNB reduction in

Mg(CI0 4 )2 solution ccrrespond to an ECECE mechanism. An electrode mech,,nisn

cons'stent with the experimental data was postulated; Oxidation of 7inc enocd;

The evaluation of oxidation and reduction processes of zinc gave su•oorting

data for an "adsorption model" instead of the classical "dissolution-precip-

itation model" assigned to the passivation of zinc anode; Dissolution rte

measurement: Utilizing the rotating rina-disc electrode concept, m new theory

for the measurement of dissolution 5nd corrosion rates was developed.



-2-

INTRODUCTION

This final report includes the summary of our research work during the

period of October 1, 1968 to September 30, 1969. During this period,

we did explore and applied different fields in transient methods related

with electrode processes. We have analysed, developed and applied novel

electrochemical techniques, involving ourselves in methods controlled by

diffusion or forced convection and under closed or open circuit coneitions.

We were led to create new instrumental devices appropriate to the require-

ments of the techniques investigated, end we were able to prove their

capabilities by resolving representative electrode processes.

Our work included a great variety of electrochemical techniques under

different mass control conditions and under perturbation or recovery of

the equilibrium state. These methods may be grouped. in the followicng way:

. ethod In Ž :iner var`ation of the im-osed notential

One should include here the diffusion controlled techniques known es Linear

Sweep Voltmmetry and Cyclic Vo01tammetry. They generate tvp.ical current-

apotential or cutrent-tA7c c"-rves ar,/consequence of the perturbation of the

equilibrium of the electrochemical system under well defined potentiostatic

conditions. They have shown enormous possibilities in the d5.qnosls of

electrode process mechanism which are controlled by surface, diffui.on

and/or kinetic chemical factors. TyPical exAmples are their moplication

in the electrode mechan!sm studies of the m-dlnitrobenzene reduction and

in the electrochemical oxidation of zinc-metal. By mpplicaticn of these

methods, in different fashions and following specific trends, we warp able

to interpret the reduction steps of m-dinitrobenzene and postulate a mechanism.

In the oxidation of zinc, experiments with lInearly varying potential per-
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mitted a clear evaluation of the two passivation processes. But to be able

to use these methods to their maximum possibilities, we had to improve the

capabilities of the available potentiostats, by design and fabrication of

fast IR compensation systems.

I1. Relaxation Methods

These techniques were reviewed and reevaluated. We concluded that open-

circuit recovery techniques should be brought to the attention of fast

charge transfer electrode studies. The application of equivalent electrical

analogs is simplified in decay methods by the elimination of the cell re-

sistance and the consequent series model approach. Analysis by Laplace

transformation was Included with promising advantages. Examples of the

application of these techniques can be found in our research relative to

mercury batteries.

III. Convecti.ve Methods

They include the methods developed under mass transfer by forced convection.

Principally, we worked with rotating disc electrodes and with the combin-

ation of a rotating disc surrounded by a ring electrode. These methods

are of incalculable value; they permit combinations of almost any other

technique under perfectly controlled and reproducible conditions of a con-

vective-diffusion layer. The ring-disc electrode offers the great advantag-

of having two independent working electrodes in the same media and con-

sequently, permits the simultaneous transient study of an electrode reaction

(occuring on the disc) by another electrochemical system, (ring). Examples

of our work with convective methods are: the development of dissolution

rate measurements, the determination of the rate constant for the chemical

reaction coupled in the ECE mechanism of m-dinitrobenzene, and the ideas

the
developed in the passivatlon model of/zinc anode,
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Convective methods required also, a great effort in development of in-

strumentation. We have created and successfully employed two new

electrical circuits for the independent control of two or more worling

electrodes under potentiostatic or galvanostatic conditions.

IV. Carbon Paste Electrodes

The fundamental studies of insoluble electroactive materials 3uffer

serious experimental difficulties. The use of carbon paste elects:odes

mixed with the electroactive substance may open new possibilities in the

field of porous electrodes. Manganese dioxide and m-dinitrobenzene were

chosen -br the electrode evaluation by diffusion and convection control

transient methods. It is expected that if the electrochemical reaction

takes place within and at the surface of the crystals, they should be

influenced by the factors controlling the nature of the crystals and their

contact with the solution. Porous effects must play an important role in

the overall behavior. The initial experimental data was really promisinc,

but the lack of theoretical work in the electrochemical behavior of this

type of electrode makes the interpretation of results difficult. The

starting point should be the development of this theory.

in the following pages, we are going to describe specifically, each of the

major projects developed during the contract, which will prove the statp-

ments expressed above.
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A R!EVISA OF RMXMNT-C-IE

The tern "relaxation" appl:es to both- vlse rnd decay methods end describes

the process of gradual change of a physical system from a non-eqdlibriOun

to an equilibrium state. The process involves equalization, by Ciffuslon,

of u•nequal reactant concentrations at the el-ctrode surface. Pulse i-ethods

!onvolve the st-udy of electrode kinetics during a perturbation, whe-reas,

decay methods involve the study of electrcde kinetics after th•e prertz-rbetion

has been removed.

a) POTLTIOSTAT7C ?T.WO3

1. Potential Steo ?•.thod: This method was first proposed by Ceris-her

and Vielatich . In this method, the electrode potential Is suddenly chenged

from its euillibrin, value Ee, to some other value S, (Fig. 1). The resultfn-z

current i3 measured as a functicn of time (Fig. la). "Te exoression for tie

current density, neglecting the effect of dowble-layer charginm 2nd consider-

ing a simple electron -rrnsfer without kinetics compl•lcations, is civen kŽy

the following equation:

4 -c - .-/

IFT

(Q~) *~ 92. ~r2~(Qre2
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The combination of equations (1) and (2) depends on k* and may therefore,

in principle, be used for the calculation of this quantity from experimental

i-t curves. However, this expression is extremely complicated for practical

use. Therefore, several simplifications can be made for the calculation of

k* and o . Assuming small potential changes (7<(P i) and short time in-

tervals (.) F 1) , we obtain the following approximate expression for

current density:

Thus, a plot of i as a function of F should be a straight line. Extra-

polation to t.O results in the quantity - --6 from which :-t is easy

to obtain i I In order to determines, measurements are carried out for

different concentrations of C0 at C0 - constant and the exchange currerv



densities are found for each concentration. It follows from equation (2)

that

=h/.4 V 40

By plotting log i as function of log Co, we obtain a straight line, the
0 l

slope of the line is equal to (1 -of). Once e'is known, it is then easy

to calculate ko from equation (2).

2. Voltage Step Method: The potential step method required the use of

a potentiostat. Simpler instrumentation can be used if only a constant

poten'lal difference (voltage) in the cell is maintained. Vielstich and

Delahay2 proposed this modification which was called "voltage step method".

In this case, the potential of the working electrode varies because the

current and therefore, the ohmic drop -11I' varies; Rt W total re-

sistance of the circuit. Thus:

-E + I,?, = 1,
where V - circuit voltage.

The changes of the voltage and the current versus time, are similar to

those shown in Fig. 1. The equation for the current, following assump-

tions similar to those in the previous case is expressed by:

Where:

C-?' I

QF47&)
/~:•-
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The determination of i; ; c follows the same procedure discussed in

the potential step method-

3. The Cyclic Potentiostatic Method: This method was proposed by Smit
3

and Wijmen . The electrode potential changes as shown in Fig. 2a and the

current has the pattern of Figure 2b.

The first hmlf-cycle is identical to the potential step method. In the

second half-cycle, the current is reversed and behaves similarly (but not

necessarily symmetrically) to the first half-cycle. The derivation for

the cyclic current is considerably more complicated than for previous

cases. The expression for the absolute value of the cyclic current may be

written as follows:

where Z(L, is some function ofz 5and 0 given by:

The method includes several instrumentation artifices which permit the

comparison of both half-cycle currents. By varying E2 , while El is kept

constant, the current-time curves can coincide and under these conditions

and if E, -E are sufficiently negative and positive respectively,r>Kc' ",'i
Se

the following equation holds:

r-A



Ee-

CY L I = 1*t M I

M Ir
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By plotting E2 as a function of E2 -E,,O:(can be determined. Now k* can

be obtained using equation (4). Under the same conditions imposed above,

the terms k (E2) and k2(EI) may ba neglected and the expression for the

current density after the substitution of k (E I) and k2 (E 2) becomes the

following:

As / (.;) may be taken from tables, the ko constant can be calculated.

The main advantagc of the cyclic potentiostatic method as compared to

the basic method lies in the rapid determination of kinetic parameters of

the electrochemical reactions since In this particular case, it is possible

to carry out the measurements with only one concentration of the reactants.

b) GALVANOSTATIC METHODS

1. Current Step Methods: To some extent, galvanostatic methods are the

reverse of potentiostatic methods; in galvanostatic methods the current

is changed suddenly from zero to some given value, and the resulting

variation of potential with time is recorded, Figure 3.

Since the absence of current corresponds to the equilibrium potential Ee,

it is clear that the potential difference (IR-free) measured is the over-

potential ? "E-Ee. The current step method as a relaxation technique was

4
proposed first by Berzins and Delahay The expression of Y) , as a function

of t for (LL7 is found to be

Where N has the same expression shown above. But this expression does not

agree with the experimental data. In fact, the charging of the double
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layer was not taken into account in the derivation. In reality, it is the

total current i Cur-,,-

which is forced to change stepwise. If the double layer capacity in the

potential interval of interest is equal to Cd, then eC= C"/ and the

faradaic current is given by i A rapid variation

in overpotential is to be expected initially; therefore, ýdt is large

and the charging current is large. Later, the overpotential increases

much more slowly and the faradaic current predominates. In order to obtain

the correct solution for the dependance of on t, Berzins and Delahay

derived the following equation.

The conditions include now that

Vw-_./O ;Cc

From equation (61t follows that the recorded potential variation consists

of three parts: concentration polarization, the potential variation

caused by the charging of the double layer and the electrochemical polar-

ization. The calculations of kinetic reaction parameters from the ax-

perimental curves by equation (6) may be conveniently carried ot as

follows: The plot ofy-t is a straight line with the slope

Then some time Xr is determined at which

'-77 5(7)(_ ,z' C7

that is, at which the concentration term is equal to the term related

to the charglng of the dcuble layer

Thus, it follows that

,,. -2 ,,> 4
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It is evident from this expression, that in order to find the double

layer capacity (which may be determined by some other method) must be known.

Knowing .J and using the graph t L we can find V;. and the exchange

current,equation (7). Finally, by knowing 4 for different C. at constantS,

the values of and 0 can be determined by the previously described method.

2. Cyclic Galvanostatic Method: Wijmen and Smit5 proposed a modification

of the galvanostatic method. In this case, square wave galvanostatic pulses

of a given frequency are applied to the cell and the shift of potential from

equilibrium value is measured. (Figure 4)

The solution of Fick's diffusion equation in this case is more complicated

than in the case of the basic galvanostatic method and can be obtained only

by neglecting the effects of charging current. Therefore, this method is

only applicable when the charging of the double layer is negligible. The

cyclic galvanostatic method does not show important advantages over the

basic current step method and consequently, it will not be described in

more detail.

3. Double Pulse Galvanostatic Method: The galvanostatic method is

limited because the charging current predominates for a very short time

after the current step. As roted above, the equation derived by Berzins

4 6
and Delahay is valid only for " -7 seconds. Gerischer and Krause 6

developed a double pulse method, which is described below. Two current

pulses are applied consecutively to the electrode; the first, larger pulse,

is expected to charge the electrical double layer to the over-voltage

corresponding to the current density of the second pulse. The deptndance
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of current on time and in the double pulse method is shown in Figyare 5.

The duration of the first pulse is approximately l1tsec and the duration of

of the second one approximately 10 isec. If the ratio of the pulse is chosen

correctly, that is, if the first pulse charges the double layer exactly to

the over-voltage corresponding to the current density of the second pulse,

a horizontal section should be observed at time t corresponding to the end

of the first pulse. Figu:e 6, illustrates the three possible cases: In

curve 1 the double layer is over-charged and 2 decreases initially after the

end of the first pulse (t 1 ); curve 2 corresponds to the correct ratio, and

curve 3 shows that the double layer is not yet completely charged and 7
continues to increase after t,.

Gerischer and Krause6 assumed that the effect of concentration polarization

can be neglected at the end of the first pulse. Then the quantity ý H cor-

responding to the initial section on the curve7- t is related to the exchange

current by a very simple relationship.

Thus, the calculation of io and the kinetics parameters o and 40is relatively

simple.

However, Matsuda, Oka and Delahay7 showed that the assumption of Gerischer

nd Krause that the concentration polarization may be neglected at t was

incorrect. From the mathematical analysis of the dependance of n on t, at

(ýTl,)F) and small values of t they obtained

that is, for sufficiently small values of tl, the plotting of -_ /•

is a straight line with an intercept at t1 0 equal to ''



FIGURE5
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This value !:an be quite different to the value of i at tI.

c) COULOSTATIC METHODS

The coulostatic method was developed by Delahay and Aramata8

In this method, the charge density on the electrode, which is previously

at the equilibrium potential E , is suddenly changed by some specific value.

The circuit must remain open during this operation. In this case, the electrode

potential changes sharply with respect to E as a result of the charge in-e

crement /• 9 ; then, as the electrochemical reaction proceeds, the potential

gradually approaches its equilibrium value . Thus, in the coulostatic method,

the variation of"19 with time is measured afteL some definite change has been

applied to the electrode; the parameters of the electrochemical reaction k°

and -si are calculated from theY) -t curves. The dependance of on t was

8
analyzed by Delahay and Aramata Assuming that

r-, - 2.

the relationship becomes

S:t--: . 1. 77,T

that is, 7 decreases exponentially with time.

Thus, the graph log Ifl - t should yield a straight line, the intercept

at t-O determines -. which is directly related with the double layer

capacitance by

z _

The slope of the line, equal to can be used to calculate g,

The determination of both ' and k follows the same procedure described

before; determination of ! for different values of at const.
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In comparing the coulostatic method with other relaxation methods, one

should point out that this technique required the simplest experimental

apparatus. The same concept of the coulostatic method was employed by

Anson9 in the development of the technique called Charge-step Chrono-

coulometry. In this case, the potential-time transient is converted in

the corresponding charge-time transient by means of appropriate charge-

potential data. The equation which relates charge-time behavior isc2-.¾!° 9?,.. -::, .,• : ( .•_ .

where Qo is the initial charge on the electrode and Q/t/ the charge

injected. A plot of Q-QO versus t½ is linear with an intercept at t-O

corresponding to the injected charge. This method is attractive in the

determination of reactant adsorption. The Q-t equation becomesQ-Q Q.: -:'•...':A . ;0i)•- - •,, t1

where iris the amount of adsorbed reactant in moles/cm 3. In this case,

the difference between the intercept and the amount of injected charge,

gives the amount of reactant absorbed.

d) ELECTRODE IMPEDANCE METHODS

The electrode impedance methods were initially developed by Randles10

11 12Gerischer , and Grahame . A sinusoidal voltage of sufficiently small

amplitude (few millivolts) was applied to the electrode, which was at the

equilibrium potential. A.C. impedance bridges permitted the evaluation

of the electrode reaction components by electrically equivalent analog circuits.

These techniques will not be described in detail here; instead, an intro-
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ductory explanation of a recent advance in impendance measurements which

may have very wide application, is included. The study of the electrode

process may be carried out by interpretation of relaxation data in the

13
complex frequency domain corresponding to the Laplace variable, s,

The differential equations which describe the pulse effects on an electro-

ch'!mical system can be solved by the application of the Laplace Trans-

14
formation . This method results in an algibraic equation, which is

therefore simpler in form. As one example, let us consider an electrode

process consisting of only linear diffusion and electron transfer, in which

a constant current pulse is applied. Then, the total current IT is the sum

of the faradaic current IF and the double layer charging current Ic The

Laplace Transformation of this statement is I i6, = J ý-S.) + 1C(

By definition of capacitance charging current, Ic (s) can be expressed by

Z,@) Io = (Z ) where V(s) is the overpotential developed across
15

the double layer Cd during the pulse. Ln a same fashion IF is given by

'7'C
Where Co (o,s) and CR (o,s) are the transforms of the variations in time of

the surface concentrations of 0 and R. The concentration ratios expressed

in (8) are obtained by solving Fick's second law, considering semi-infinite

planar diffusion. The solution yields an explicit expression for the far-

adaic current which may be written as

""7'

where

If we consider the total current constant, then &SIj 2."- and the

total expression becomes:

S/ __] (00
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Inverse transformation of this equation for V(s) results in the well known

expression for dependance of overpotentia'i with time, equation (6) in the

galvanostatic method. However, Inspection of (10) shows that this equation

contains all the kinetics parameters required for an electrochemical study,

if direct use of the equation could be made. Analysis of Laplace Trans-

formation shows that this is possible. Thus,

where (6) is the time domain function and s is the Laplace transform

variable, which is a complex nuber, having a real, Cr , and an imaginary,

j () , part. This intergral exists only when 6 =Oý and 0" > 0 for any time

function which converges when multiplied by exp (-C" t). This is true for

practically all time functions of interest in electrode kinetics. When

equation (11) is solved for s - C, the result is termed the real axis

Laplace transformition. It may also be performed, under certain conditions

for s-j6 in which case the Intisginary axis Laplace Transformation (Fourier

Transformation) is effected. For this case (11) becomes

Imaginary axis transformation results in a complex function and consequently

it has real, Re, and imaginary, Im, parts. It allows description of three

basic functions: $'e (/-&•) -A7 /L)and &(W), the latter being the phase

angles normally defined for a complex number. The principal advantage of

the transformation technique just described, is that, provided the system

behaves in a linear manner, the impedance may be determined. Thus, functions

Z ý) and (W ( ) may be studied. Fortunately, these functions are

simpler in form and therefore easier to interpret. In addition, as the

transformation is done from t - o, results may be obtained along the rise

of the pulse employed and since impedance is a characteristic only of the
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system under study, the instrumentation effects may be eliminated. To

give an example of the application of (11) and (12) let us consider an

4 electrochemical system represented by the following circuit:

Where Re - electrolyte resistance; ZF - faradaic impedance and Cd -

double layer capacity. The expression for the transform of the total elec-

trode impedance Z(s), may be written as:

S/

Inspection of (13) indicates that values of either G' or JG~may be used

s3. that YZ 45 < , which, under practical conditions, mesns

measurements at very short times. Thus, for 5---o0, (13) becomes

/

Now Re and Cd may be obtained in terms of C0 and JO using the appropriate

integration. When these components are known, they may be subtracted from

the total electrode impedance leaving the faradaic impedance for analysis.

For the system under study and using (9) we have

which now may be analysed in terms of C"and 5u.

Summarizing, the use of both real and imaginary axis transformations permit

the interpretation of pulse data in a manner analogous to the way classical

A.C. data is analysed16, 17 Because it is possible to obtain transformations

along the rise of both the input perturbation and the response function, the

electrode impedance can be obtained for ftequencies~at.least three orders of

magnitude higher than those readily obtainable using A.C. bridge methods,

since measurements may be made at times down to 1 nanosecond. The data

transformation technique may be applied to the puolse response of an electro-
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chemical system without a prior assumption about the mechanism present.

Once the transformation has been obtained, diagnostic criteria related

mainly to the determination of number of time constants and their place-

ment in the appropriate equivalent circuit for the impedance may be

employed.

e) DECAY METHODS

The study of decay techniques have had less attention than the typical

pulse methods. It is possible to study electrode decays from any of the

three possible perturbations of the electrode: current, potential or

charge step. For the charge step, we have exactly the case discussed

before, known as the coulostatic method. Generally, decay studies follow

the open circuit relaxation behavior of overpotential versus time so that

conclusions obtained in the coulostatic method are directly included in any

decay method.

The voltage decay at open circuit may be explained, to a first approximation,

as the discharge of the double layer through the faradaic impedance. But

taere may be other effects which are apparently not connected with the

capacitance. When electron transfer has occurred, there are concentration

differences in the vicinity of each electrode. One may expect that, for a

short time, a pulsed redox system could act as a concentration cell due to

these differences. The decay voltage would be due to an electron transfer

process. Obvious changes in the decay time response can be evoked by con-

trolling the pulse width and amplitude of the perturbation. The time domain

yielding the most pertinent data can thus be clearly specified. However, the
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effects are also interrelated-and very often they are nzot clearly separated.

The classical straight line of the plot of logy vs. time is not always

obtained. Piggin18 has shown graphs with different slopes, altered 7)y

charge, pulse current and pulse length.

Decay studies should be oriented toward the control of the pulse used for

the perturbation of the system to affect different parts of the equivalent

circuit. If we consider again the case discussed in impedance techniques,

it is clear to see that one must find time domains at which ZF (< Cd and be

able to separate different components of the overall equivalent circuit. It

might be possible to improve the interpretation of -t decay results using

transformation techniques.
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a) Ring-Disc Electrode Circuits

Two circuits were developed for the simultani.ous control of two independent

working electrodes and the consequent application to rotating ring-disc

electrode techniques. The first one is shown in Figure 7, Since it is

not possible to operate two independent electrodes connected to the same

g.:ound (i.e. the ring and the disc) at different potentials with respect

to a reference electrode, the potentiostats were operated in the reverse

mode, In this, a large platinum gauze electrode was used as a common counter

electrode for both the ring and the disc and this was connected to 'ground'.

This electrode was polarized cathodically from a second platinum gauze

elactrode (not shown) to the point of hydrogen evolution and under these

conditions maintained a relatively stable potential (15m V) as current was

passed through it to the ring and the disc. The ring and the disc were

connected to the control terminals of separate potentiostats operated in

the follower mode and could be held at different fixed potentials or

scanned independently with respect to the platinum gauze electrode held at

'ground, potential.

The second circuit is shown in Figure 8. Here the ring and the disc are

connected to separate ground points. This is achieved by controlling one

of the electrodes in the conventional way with a Tacussel potentiostat and

the other one by using one operational amplifier in the configuration shown

in the figure but powered with batteries.

b) IR Compensation

fr ii
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DISC CONTROL CIRCUIT
FUNCTION
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Fiqure q shows the configuraticrn of our potentiostetic system plus the

inclusion of the MR c.oaensation obtained by positive feed-back. The

use of operational ampl1fiers of the type of CCI 9186 permitted very

fast ZR comper-sation, elimLiating up to 95% of the IR drop.
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C OCLACT OMIZAT1 OF MERCURY BAT'IERIES BY PULSE TECHNIQUES

Basic research has been done on the electrochemical characterization of

Mercury batteries by pulse techniques. From a fundamental research point

of view, the studies should include an independent analysis of the electrode

processes of both battery electrodes; the anode, amalgamated zinc and the

cathode, mercuric oxide WHgO). To accomplish these separate analyses, both

electrodes must be referred to -n isolated reference electrode. Due to the

saall volume of the cells, a special miniature reference electrode has been

constructed, consisting of a metal wire covered with a film of the corres-

ponding oxidized specie. Because the electrolyte is concentrated potassium

hydroxide saturated with zinc oxide, we decided to test the couples Zn/Zn(OH) 2

aMd CdICd(OH)2 as reference electLodes. Tie stability of these chemical

systems was tested using the classical mebhod of small averpotentials

(Tafel plot in the linear region) - Refer to Figure 10. The 0.1 millivolt

resolution required for overpotential and current measurement was provided

by a Systron Donner Model 1033 Digital Voltmeter with a high impedance

Kelthley Model 6&2 Electrometer-follower to eliminate electrode polarization.

A Tacussel pocentiost3t (PIT 20-2A) and function generator (GSTP2) were

used to supply the overootential. Zinc and cjidmium wire electrodes covered

by their hydroxides were tested in solutions similar to the battery electro-

lyte. Overpotentials, not larger than +!OV were applied to both sides of

the equilibrium potentials. The steady state current was measured and plotted

versus overpotential. Bipolar everpotentials were applied in an attempt to

determine the existence of hysteresis.

In general, Cd/Cd('OH)2 showed slightly better performance than Zn/Zn(CM)2 .

Figure 11 shows the results of a test performed with Cd/Cd(Oh)2 at 25.)*C.
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Prom the figure, the electrode potential is 1.121 +0.0002 volts versus

S.C.E. The Cd/Cd(OH)2 reference electrode was employed in batteries of

the type Burgess Hg iR as is shown in Figure 12. A thin wall of Teflon

tubing was used to protect against short circuits with the battery elec-

trodes. The wire reference electrode was positioned just to the lower

end of the Teflon tubing. This arrangement behaves very satisfactorily

and has proven very useful for the simultaneous study of each electrode

in relaxation studies. The circuit employed for the current pulse ex-

periments is described in Figure 13. The square wave current pulse is

obtained from a Data Royal Model F230A wave generator with the appropriate

resistor. This resistor was also used for the current measurement. The

overpotential time behavior of each electrode referred to Cd/Cd(OH)2 was

displayed on a dual beam oscilloscope (Tektronix, Type 556). The over-

potentials were measured using the type W differential plug-ins on the "R"

position to eliminate any possibility of loading the reference electrode.

The current pulse was recorded simultaneously on a separate scope, using

a Type lA5 plug-in. The trigger from the first scope was used to initiate

the second scope sweep ,nd the pulse from the generator.

A large variety of tests were performed to identify the most efficacious

experiments. Different current levels and pulse durations were the

principal variables and their effect on overpotential-time curves, during

the pulse and also during the decay period was observed. Both parts of

the relaxation experiments were searched to identify the time domains

yielding the most meaningful data. Some conclusions were reached, which

may be useful for p]anning future experiments. If studies are concentrated

in the pulse period, current level, and not duration of the pulse may be the
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principal variable. Apparently, pulses in the order of milliseconds

are long enough to permit the study of the principal features of the

electrode mecharism. As expected, larger currents increase polar-

ization effects. It is quite possible that the most valuable experiments

may be those run at maximum current permitted without permanent deterior-

ation of the battery. However, comparison of results at different current

levels must be run to determine compatibility and optimum experimental

conditions. Past rise times are of great importance to provide useful

data as close as possible to the initiation .f the perturbation. The

instrumentation described in Figure 13 yielded rise times on the order of

0.5 microseconds.

The following is a description of some of our experiments demonstrating

the promise of pulse methods in battery characterization. Figure 14a and

14b show the overpotential-time response of each battery electrode during

and after the galvanostatic pulse. Figure 14a corresponds to a ne- battery

and Figure 14b to the same battery after 50% discharge. It is apparent from

these figures that the behavior of each electrode is quite different. Pol-

arization effects are more pronounced in mercuric oxide than in zinc. The

overpotentidl of the positive electrode does not reach steady state, during

the pulse (3 milliseconds), even in the case of the new battery. The

overpotential-time plot for the zinc amalgamated anode is quite different.

The overpotential has reached a constant value at approximately 1.5 milli-

seconds. The electrode resistance, as expressed in the initial IR drop,

is different for each electrode. After the discharge, the resistance of

the anode has decre3sed, while the mercuric oxide resistance shows minimal

change. The effect on the anode might be explained by increase in mercury
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concentration in the amalgam, because some zinc has been disolved in the

electrolyte. We anticipated a drop in mercuric oxide resistance due to

the formation of mercury metal in the reduction cf the cathode. Apparently,

other effects, requiring more research, combine to keep this electrode at

almost the same resistance value. Figures 14a and 14b are only two experi-

ments of a long series studying different time ranges in order to cover

in detail all the changes of the overpotential versus time. Laplace trans-

formation analysis was performed on the overpotential data and the driving

current function to allow application of the aforementioned impedance techniques.

Figure 15 is a plot of 1/Z (Q) vs. 0e for the zinc anode before and after the

discharge. Analysis of the plot indicates a simple parallel RC circuit. To

achieve this, we assumed an equivalent circuit of the following type:

and that Re is very small, as is the case in our battery (< 0.2 ohms). The

total impedance may be expressed by

/ - -L
If the plot yields a straight line, as occurs in the figure, the intercept

should express the faradaic resistance and the slope gives the double layer

capacity. From the plot, we observe that the double layer capacity did

not change significantly during the discharge and it appears that the

faradaic impedance has decreased after the discharge. These assumptions

are very tentative and they are included here only to demonstrate the

possibilities of the method. For example, it is quite unlikely that Rf

for the case of the zinc oxidation, could be represented by only a simple
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resistance. Ultimately, the representative circuit for Rf would have to

be a complex R-C combination. Figures 14a and 14b al.o show the potential

decay after the pulse. They show quite clearly that the zinc anode re-

covers much faster than the mercuric oxide. Figure 16 shows the results

of a similar experiment on a battery whizh had been severely discharged.

Here, the igO recovery is very slow and shows how important this period

(after the pulse) might be to the battery characterization. The zinc

electrode shows an intei-esting overshoot which has been observed in

several series. This special behavior may b•e related to the tell known

oxide formation on the electrole surface. We feel that these experimental

results verify our oriiinal contention concerning the efficacy of simul-

taneous and independent study of both electrodes in the mercury cell.

Indeed, Figure 16 shows very vividly how the different electrode mechanisms

affect the electrode response to identical perturbations.
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a-Me is vithcut anv doubt, the organ,-, cathode %ikh, has had major

attention In the deve1coPt of primary Let'e.-es. 3everal research

studies1 9 "20 7- have lnrterrJed the postulation of a mechanism for its

reduction but, never'theless. o-e must recognze t•at there Is yet a

quite wide research field open to more investigation. An electrode

mechanism •%Ach may Include as such as twelve (12) electrons transfers

plus unavoldahle coupled chemical reactians must have enormus mechan-

istic cooplications. In the present research work, we cutcentrated

our study on the electrolyte f.arme of actorus oilutions of magnesiu

perchlorate, coering the pH range cf 2 tc 5. This upper liit was set

up by the precipitation cf sagnesia h!ydroxide. in addition, we did our

work only on the first two (2) reduction 3teps observed in this media.

A third reduction process which appears r.oly in a more restricted p.

range and occurs at very negatie potentials, very close to the decom-

position of the electrolyte. was not studied.

Our principal objective was to postulate an overall mechanism for those

two reductions steps and to do that we employed a series of modern elec-

trochemical techniques end tried to interpret the results cbtainod by

combination and comparison of their experimental data. The techniques

applied were: Linear sweep voltammetry, in the single or the cyclic

fashion, rotating disc electrode; potential step pulse and rotating

ring-disc electrode.
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£xperiin~ta1

As the reduction of mnM. cosnmea protons, the .zperiintal results

are not reliable If they are not performed under controlled conditions

of pH. Thus, in all our experiments, the electrolyte was a solution

of 0.5 N Mg (Cl04)2 plus the addition of a buffer which set the pli value.

Different proportions of acetic-acetate were employed for the pH range

2 to 5 and the mixtures of borax-boric acid were used between 6 to 8.

The concentration of these buffers was in the order of 0.1i or lower

and the reliability of the bufffer effect, in the complete electrolyte,

was tested by appropriate titrations. The solutions with m-DNB had a

concentration of 3 mM, a value very close to saturation in these medlas.

Two electrode-electrolyte systems were employed. At the beginning of our

work, we used carbon-paste disc electrodes with a mixture of m-DIB and

carbon, prepared in the c=.ventional way. de eloped by Adams and co-

workers 22. The mixtures were in fact true =-DNS mixtures for battery

plates. Later, during the principal part of the work, we employed

pyrolytic graphite disc electrodes (P(Q) in combi•ation with buffered

solutions of m.-D&. Carbon paste electrodes mixed with the electroactive

material, in this case m-D44B, may provide an attractive approach to the

electrochemical study of insoluble substances, and in ad' tioton they may

simulate more closely the real electrode configuration of a battery, But
of

the lack of theoretical study in the behavior/interpretation of results is

very difficult and only qualitative information arises from the experi-

ments.
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Experimental Results

In Figure 17, we hove two typical linear sweep voltmmagram of m-DNB,

at pH 6.1. The second curve shows the cyclic voltaweoram of a carbon

paste disc electrode of cimposition: m-DNB: 77%, carbon: 23% w/w; and

the first curve is a cyclic voltamogram of a solution of m-DNB (3O M)

using PGE as working electrode. In both cases one may observe two

reduction steps, which are obtained at almost the same potentials (all

potentials in this work are vs. S.C.E.). It is difficult to make com-

parisons because while in both cases the electrode active material is

the same, the mass transport mpy be quite different. With the carbon

paste electrode one may expect that the electrochemical reaction ti.. .s

place within and at the surface of the m-DMB crystals, and the nature

of the crystals and contact with the solution should have an effect in

the process. Moreover one should consider that porous effects may par-

ticipate and since we know that m-D&B is partially soluble, diffusion in

the solution may occur. On the other hand, the system composed by PGE-m-DNB

solution is a conventional case of an electroactive substance dissolved in

an electrolyte and the mass transport must be diffusion controlled. We may

-dd to the analysis of these curves, that there are no oxidation processes

in the vicinity of the reduction steps, which would indicate that they con-

sist of an Irreversible mechanisat. Another observation is the formation

of a fiL' on the electrode surfaces: After only one cycle run,both elec-

trodes show effects of inactivation. Good reproducibility is obtained if

the carbon paste electrode is refilled or if the PGE is rubbed on a smooth

surface, such as a sheet of typing paper. The loss of activity required

this type of pre-treatment before each run.
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Concentrating our study on the system formed by PGE and solutions of m-DKB,

(Figure 18) shows other cyclic voltanmogram, but in this case at a different

pH. (3.9) and iL.cludes a very large range of potential. The voltaumogram

shows the three reduction processes, to which we referred before, and one

anodic peak which appears at quite positive potentials relative to any of

the reduction processes. This anodic peak is very broad and its current

value very low. The third reduction peak was not studied and the anodic

peak has some relation with the two first reduction steps, but this relation-

ship is not very clear. For example, it is always obtained on reversing the

potential after the first or second peak and the only difference observed

is an increase in current. We are going to discuss this anodic process, in

more detail, with the experimental results from rotating ring-disc ei.ctrode

technique. The next,Figure 19,shows the effect of pH charge on the character-

istics of the two reduction steps. This figJre has four representative volt-

amograas of m-DNB at p11 2.7, 4.7, 6.1 and 7.7. The effects observed are

not very drastic and sometImes difficult to be analyzed. The general trend

shown with pH increase may be sumaarized as follows: peak potentials shift

to more negative values, (at least up to pH 6); the peak currents increase;

there is a better separation between the reduction steps and finally it appears

that the ratio Ip (II)/Ip(I) also increases. These pH effects are better

defined between pH 2 to 6 but over 6, tc 7.7, the maximum pH tested, they

are not very important and in some cases, such as peak potentials, the effect

appears inverted.

The principal study uses cyclic voltammetry, and in order to determine the

mechanism of an electrode processmust include the scan rate effect on the

peak current. This type of study was done at different pH's and demonstrated
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that the effects observed are practically the same in the whole pH range

considered. Figure 20 shows several voltammograms which represent the

behavior of the system under different sweep rates. They were run at

pH 6.1. Observe how peak I increases, while peak II decreases, until it

disappears with faster and faster scan rates. This figure shows quite

clearly how peak potentials are shifted following the well known trend of

irreversible electrode processes. These effects can be analyzed better by

the conventional plot of Ip/v vs v which is shown in Figure 21. The fact

that both peaks give curves instead of straight lines, is an indication

that both reduction steps have kinetic complications. These two plots

demonstrate that we do not have the case of two consecutive electron transfers.

This latter mechanism must give straight lines even for irreversible charge

transfers. The curve which corresponds to peak II shows a very well de-

fined trend and may be interpreted easily. The peak current of step II

decreases sharply, vanishing to zero.

This behavior can be directly interpreted as a charge transfer with a pre-

ceding chemical reaction. Other cases which would also show a decrease of

peak current, such as catalytic reactions or following chemical reactions

will not vanish completely, as peak II does. If peak I would show a

straight line, we would be able to diagnose an ECE mechanism (electron

transfer-chemical reaction-electron transfer) with the second charge trans-

fer occurring at more negative potentials than the first one, but from the

figure we can see that our case is more complicated than that and step I

is also affected by kinetics problems. A type of plotting as the one

shown for peak I, with two distinctive plateaus at different scan rate ranges,

and with the first one higher than the second one, is generally indicative
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of an ECE mechanism with both electron-transfers at the same potential

(or very close) or with the second charge trensfer occurring at more

positive poter~tials(second E easily reduced than the first E). These

conclusions would indicate that we may be irn the presence of a combin-

ation of two ECE mechanism, one including only the first step and the

second one which would include both reduction steps. We may call it

an ECECE mec'ianism (electron transfer-chemical reaction-electron transfer-

chemical reaction-electron transfer) with three charge transfers ar• two

coupled chem.ical reactions.

At this point of the investigation, we considered the application of other

electrochemical techniques in order to confirm or rebut our previous find-

ings. The work mainly concentrated in the first reduction step, which

appeared more complicated for interpretation than the second one.

An ECE mechanism with both electron transfers at the same potential, or

with the second one easier to reduce, should give typical diagrams usinq

rotating disc electrode (RDE) and also with the potentiostatic method

which apply a potential step pulse generally recognized as. chronoampero-

metry.

In the experiments with RDE, we used exactly the same system of electrodes

(PGE) and m-DNB solutions employed with cyclic voltammetry but now under

hydrodynamic conditions. The disc electrodes could be rotated from 50 to

5000 rpm. Figure 22 gives some idea of the I-E curves at different rotations.

Note that the definition of the two reduction waves is very well developed at

low rotation rates but it becomes ill-defined as the rotation increases.
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This effec- is fundamentally bad with the second step and restricts the

measurement of limiting current at high rotations. The reasons for this

lack of normal behavior are difficult to explain but it may be attribu'ed

to the formation of tCe film reported before which would passivate the

electrode, or for the consecutive occurrence of more than one electrode

process at very close potentials.

As with cyclic voltammetry, the principal variable for electrode studies

is the scan rate, using rotating electrode methods one should anilyze the

effect of rotation on limiting currents following the relationship of the

Levich equation. Thus, the principal plot in this case, isT,, '

Figure 23 shows this type of plot for both waves. Wave I shows a curve cf

vs 6)'with the characteristics expected for an ECE process. The

limiting current increases with the square root of rotation but does net folle.,-

a strelcht line, as should be the case for a simple diffusion-conv.ct-ve -

its curve has a def•n•tive different slope et low rotations than at hieh '".

indicating that the effect of the chemical reaction in between both cha-re

transfers is blocked as rotation increases.

Referring to the plot obtacned with the second reduction step. we show onlv

the range of rotation that permits "h measurement of limiting curre..nts.

The change of the curve to a lower slope after approximately 1S rps wc'u7d

indicate the effect of <inetic complications, in agreement with prevloun

findings.

The experimental data obtained from tchni•q-.. e may be used to c..... te

the value of the rate constant k of the chemical reaction coupled between
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the charge transfers: Malachevsky, Marcoux and Adams23 developed the

theory for the present case. The total current is expressed by the

following equation: " g4. '- .~ C• 4•/'/ -- •/ a•¢"b., C /.

From this equation, one may see that if k is very large (,&) or >>6)

the second term in the brackets, becomes zero and the total current is

proportional to n +nŽ.* In the other limit if k - 0 , a very slow re-

action, or • one should obtain only the effect of the first charce

transfer, n1 . In practice the way to calculate k is to obtain the ratio

of (i,,) obs. /(iL)k - 0 at different rotations; (h) obs. comes from the

curve and (U)k 0 0 can be obtained by extrapolation from fast rotation rates.

This ratio gives the following equation:CCL ~/" -. /-4; /'-

"and permits the calculation of k/w at different rotations. Fin.vly, by

plotting k/W vs. Q) the value of k is obtained, Figure 24. For our case
-l

the value of k from the slope is equal to 13.5 sec .

There is a third method which may provide more informaticn about the post-

ulated EC process of the first reduction step. This technIque is gen-

erally known as the potentiostat or chronoamperometric method. it consists

in the application of a potential step to thp system in equilibrium hiCh

enough to locate the potential of the electrode on the plcteau of the re-

duction wave, and measure the transien'L of the current (i-t curve) on on

oscilloscope. For an ECE mecha.nism of the type that we cre connidering

the theory was developed by Alberts and Shain24 and the total current

should follow the following ecuation:

rM; 4. rt•f
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Note that in a plot of iT vs. i/' if k = 0, we should have the contrib-

ution -if both electron transfers and for k = 0 only n1 re~mains in the equation.

This means that the plot i - t• must show a similar appearance to our previfou7.
T

plot of iL Co Unfortunately our case does not permit us to apply the pot-

ential step sufficiently negative, because the second reduction step occurs

at potentials quite close to the first one, but at least these experimnents

may give other indications (qualitative) of the mechanism. Figure 25 is the

plot (i - )of the results from the notentiostatic method. The chonc!,

of slope is obtained again, following the trend expected,higher at lbnc t'Lra

when both charge transfers may occur and lower for short times when only the

first electron transfer is contributing to the total current.

At this point we can summarize the results saying that by three independent

electrochemical methods we have evidence that the first step of the reduction

of m-DNB includes an BEE process and that the second step shows efet of

preceding chemical reaction. But what we do not know yet is if in the ECE

mechanism both electron transfers occur at the sane potential, or if the

second is easier to reduce than the first one. To obtain the answer to th"

last question, the rote-tng ri n-disc electrode seems perfectly suto¾'e.

For example, if the ECE process has the second charge transfer at more n•--

ative potential than the first one, nnd if using ring-disc -lectrocf we

sweep the disc in the s",ae mcnner an in th- .... nc-rimn-ýe.....nts with RD ,' 1'7

ring is held at a potenti.! n•ativc to the first reductir.n

obtain a reduction current on the rinc7 whil the first reducto in 4n

But if the case corresponds to ?n ECE mechpniin with both electron tr~n
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at the same potential we should not detect any current at all. Figure 26

shows these experiments and appears to demonstrate that our case co?.responds

to the second one because no reduction current was obtained in the potential

range 0.0 to -0.35. This figure also shows the experiments with the ring

held at more positive potentials. The anodic current observed a- the ring

corresponds to the anodic wave which we described before when discussing the

experiments with cyclic voltammetry. Note how the current follows a similar

pattern to the disc, and how the collection on the ring increases when this

electrode is held at more and more anodic potentials. This effect is observed

up to 0.7 volts vs. SCE. However, the collection efficiency (I R/ID ) remains

very low; the maximum value obtained did not reach 50% of the theoretical value

and showed a decrease with increase of scan rate. 'What remained unclear was

what the relationship was between this anodic current and the two reduction

steps. Cyclic voltammetry did show that the anodic peak is obtained when

one or both reduction steps were included in the scan. Now ,we decided that

ring-disc electrode may give more information.

We ran a series of experiments that in some way are opposite to th-e previous

experiments Figure 27. In this case, the disc was held at different potentials

on convenient parts of the reduction curves and the ring was swept at 100 mv/sec

from -0.3v in the anodic direction. W:e had intended to search for more than

one anodic step related with the reduction waves. The ficure shcws that there

is not more than one anodic step, regardless of the potentials at which the rinc

was held. From 0.0 to -0.4v we obtained only the residual current and at

-0.5; -0.6 and -1.0v one anodic wave was developed which increased as the

potential of the disc was held more necative. It is almost im:)ossibin to

believe that the same product is obtained with both reduction steps. There



SdV~V O WJ' N~dQ3 ~I~i-63-

0 0 0 0 0

666 0:-

f I I. -I

Liii .

Ii Li U1).

0

0 0
00

C\J 0 31 N 8.-,nooi



SdAV 0841,I '-I ii\,z fln oNIA
o 0 0 0 u

LU I (1

> 0
+O>

o >~
<~ 0 _ -

>I >

LLI -

0

c;c
NI- H

0

C~CL

o o
_d~ Him ir-t-? %



-65-

are several reasons that may suggest that this oxidation step is the el-

ectrode reaction of a substance (or may be more than one, which are

oxidized at close potentials) which really is the product of chemical

reactions following the reduction steps. Those evidences that may support

this idea are, for example, the low collection efficiency obtained using

the ring-disc electrode and its decrease with increase of rotation, the

large separation potential between the reduction and the oxidation pro-

cesses,the very low ratio between the anodic current and the cathodic cur-

rents, and the broad development of this peak.

The determination of the number of electrons participant in the electrodes

processes seems very difficult as a consequence of the complexity of the

mechanism. Nevertheless, using linear sweep voltammetry at very slow scan

rates, the kinetics effects may be minimized. Thus, for the ECE mechanism

of the first step, k becomes infinite and both electrode transfers will con-

tribute. Referring to the second step, the preceding chemical reaction will

not interfere in the production of the electroactive compound. The same idea

can be applied to rotating disc electrode at slow rotations. By application

of the Sevick-Randles equation and the Levich equation, making eppropriate

assumptions for terms unknown, such as diffusion coef. and kinematic vis-

cosity, we obtained for the first reduction step values very close to four

electrons. The second step under the same conditions gave currents on the

order of 80% of~the first one, which may indicate that considering the dif-
it

ferences in parametermay have the same number of electrons es the first

one. A second question is how many electrons are included in each charge

transfer in the ECE mechanism of the first step. The ratio of plateaus in

cyclic voltammetry and of slopes in RDE and potential step methods would

indicate a relationship very close to 3 to 1.
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Slmarizing, we mey express the overall mechanism in the following

sche"me:

I) k 5

and finally we may say that the reduction of m-DN8 can Zollow the steps

described below:

N64.
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E THE ELECTROCH&.MICAL OXIDATION OF ZINC TAL

This project included studies of the anodic dissolution of zinc in the

active and passivated region, under well defined conditions of mass trans-

port. Steady wire electrodes and rotating disc electrodes were used for

experiments controlled by only diffusion or convective-diffusion conditions

respectively. The techniques employed were: cyclic voltammetry, rotating

disc electrode and rotating ring-disc electrode. In addition, we studied

some aspects of the reduction behavior of the species found during the

oxidation.

Experimental

The circuits described before were employed for the different techniques

applied. Zinc metal 99.99% was used for the preparation of the electrodes

and the solutions of KOH were prepared with analytical reagents and doubly

distilled water. Two general ring-disc arrangements were used. In the

first of these, 3 zinc ring surrounded the zinc disc and in the other the

ring was constructed of pyrolytic graphite. The reason for using a zinc

ring in some cases was that when amalgamated one could operate the ring at

more negative potentials than graphite, before being troubled by the onset

of H2 evolution. Regardless of the nature of the ring electrode, the results

to be reported here could be duplicated on either one.

Experimental Results

Figure 28 shows the effect of the point of sweep reversal on the form of

the reduction curves. At the top, the dotted line shows an anodic sweep

of zinc wire electrode in unstirred IN KOH electrolyte, Here we see the
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current rise to a peak at which point a film of what is presumably

the hydroxide is formed on the surface which hinders further dis.-

solution. After the peak, the current rises slow'ly until passivation

occurs at approximately -1.02 V vs Hg/HgO. The full lines numbered

1-4 show reverse sweeps recorded at a slightly faster sweep rate for

different point of sweep reversal of the anodic sweep. In curve 1

where the scan is reversed prior to the anodic peak,one observes only

one large, broad reduction peak with a maximum at about -1.29V. When

the sweep is reversed at a point after the peak but prior to the onset

of passivation, an inflection is seen to develop on the rising part of

this reduction wave, which we were unable to develop any further by

variation of sweep rate, since the two reduction processes are occurring

at potentials very close to one another. In curve 3, the scan was re-

versed just at the point where the electrode was beginning to passivate,

and we can see that another inflection point has appeared at a less

cathodic potential on the main reduction step. In 4, where the elec-

trode was allowed to passivate before sweep reversal, this latter in-

flection is now well developed, the small inflection and the main peak

have merged into a second inflection and a very pronounced peak has

appeared at approximately -l.3V.

The general pattern is therefore that for a sweep terminated before

the onset of passivity, one broad reduction peak is observed which

incorporates that due to the reduction of the film formed in the
a

active region and the reduction of soluble zinc species. For/sweep

reversed in the passive region, two addittonal reduction processes

appear, one at less cathodic and the other at more cathodic potentials

than that of the initial broad peak.
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This cathodic behavior is further illustrated in Figure 29, where we

show the reduction behavior at various sweep rates for a sweep re-

versal in the passive region. Again, the dotted line shows the forward

anodic scan to passivation with the sweep reversal commenced at -0.95V.

For a return swe: • :- '.C mv.sec two well defined peaks arising from

the passive film are observed with that due :o the active region film

and the reduction of zincate appears only as an inflection on the less

cathodic peak. With increase of the scan rate, the middle peak and

the most cathodic peak increased in magnitude quite markedly while the

first reduction peak and the middle peak eventually merge with the most

cathodic peak in the faster scan rates. This increase in the magnitude

of the two most cathodic peaks must reflect the shorter time available

at the faster return sweep rates for chemical dissolution of the films

to occur and for dissolution products to diffuse away into the bulk

of the electrolyte.

It is quite evident that removal of the passive film is not a fast

process at the passivation potential since, as one can see in the

figure, the electrode reactivation shifts to a more cathodic potential

as the sweep rate is increased. It appears that reactivation of the elec-

trode is permitted only after a certain amount of the film has been chem-

ically dissol>. - by the electrolyte. This dependance of the reactivation

process on the concentration of the electrolyte is clearly illustrated as
-1

the electrolyte concentration is decreased. At a sweep rate of 10 mv.sec

in 0.5N KOM for example, no reactivation of the electrode is observed before

the reduction is reached, as a result of the extremely low rate
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of dissolution off the passive film in this concentration of electrolyte.

If,therefore, the passive film must be chemically dissolved for electrode

reaction to occur, the question arises as to how the passive film gives

rise to these twc additional reduction peaks. One possible explanation is

that not all of the passive film is dissolved off and reactivation has occurred

over or'- 4 proportion of the electrode area, though this proportion increases

as chemical dissolution of the film proceeds. Once the reduaction region is

attained, therefore, the remaining part of the passive film is reduced under

the peak lying at the most cathodic potential. To explain the appearance of

the peak at the least cathodic potential one may possibly suggest that this

arises from that part of the passive film which was removed by chemical processes,

to permit the observed electrode reactivation. This chemical process may involve,

as a first step, the formation of another form of zinc hydroxide from the oxide

layer, which presumably constitutes the passivating film. This hydroxide film,

which need not necessarily be the same form as that produced in the active

region of electrode dissolution since each is formed by a different process,

can possibly give rise to this initial reduction peak. This proposal that

different forms of zinc hydroxide are present on reactivated zinc electrodes
with

would be in agreement / other investigators." 5

Figure 30 shows the effect of sweep reversal on the same wire e2ectrode in

unst~rred solution, except that the electrode has been amalgamatet. One miay

notice in the first instance that the general level of the dissolution current

is very much higher in this case. However once again at approximately -1.2V,

there is a peak in the i-v curve, which on the amalgamated electrode is very

much more pronounced. If the sweep is now reversed, in the potential recion

between this peak and the onset of passivity oe sees a marked Jun in the
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current at the peak potential as presumably the active region film dis-

appears from the surface. Only one broad reduction peak is ol -erved. If,

however, the sweep is reversed in the passive region, a small reactivation

of the electrode is observed but at the peak potential no additional rise

in current is observed and the behavior of the electrode is in some way still

influenced by the formation of the passive layer. In th , latter case no

particular influence on the passive film is seen in the reduction region,

since only one broad peak is again observed, though its magnitude is lower,

presumably reflecting the much lower current flowing during the active part

of the return sweep in this as compared to the previous case. Thus it appears

that the product remaining on the surface after the partial reactivation of

the electrode is relatively insoluble and remains on the surface during the

whole of the return active portion of the sweep.

This observation of formation of a film on both amalgamated and non-amalgamated

electrodes at a potential of -1.2V (though a much larger current is being pass-d

at the point in the amalgamated case) brings up the question as to whether the

film is formed at this point by a dissolution-precipitation mechanism from a

zincate saturated electrolyte layer on the electrode surface, or whether an

absorption type mechanism is valid. This aDpearance and disappearance of the

film at a relatively fixed potential, des21te the magnitude of the current

flowing across amalgamated and non-amalgamated surfaces, would appear to be

in contradiction to that •octed from the dlssolution-precipitation mo&-1.

This peak is also evidenced in stirred solutions on both forward and reverse

sweeps on non-amalgamited P-lectrod-n. (Fiquroý 12) Note in this figure bow hpr-

again the peak in the forward and reverse directions is occurring at a poten-

tial of approximately -1.2 V. This type of behavior suggests that the film
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formed in the active region of dissolution is produced by the adsorption of

VH- species onto the electrode surface 3t & potentiel of ebout -1.2V to form

a layer of n(CO.) hnd that on .he reverse sween desor-ption of these 0.

species occu.-n to leave the fiLm detached from the surface. Before di•-c-ssnc

these Doints further, it is intere-ing to compare the form of this c!.rve in

stirred solutions when the electrode is amalgamated. Figure 32 corresponds

to this case. Here in the amalgamatd case we see no peak on the forward

sweer., in -ht active region o'" dIssolution, before the onset of passivatlon

and -,;re may nee led to believe that no film is forred in this case in the

active revion. However, as we shall show later, experiaents with rotating

ring-disc electrodes clearly show that film does form under these conditions

avid can be detected from the current sehavior of the ring electrode. On the

reverse sweep. in spite of .the greater rea- of dissolution of the passive filn

caused by the stirring, the electrode never fu:_y reactivated a-"1 _.arox-

Inately -1.1 v. Thus, the film wf ich is preventing the dissolution, and which

we propose may b- some form of Z-n,,C formed from Che oxide, must he extremey
2 -

tightly bound to the ele-trode =,trface. This peak at -1.1 V may arise frn

desorption of that hydrcxide film wh.ch we believe to be fornei± by the adsor:_tL,_-n

mechansim at -1.2 V on the forward sweeo. It has been our observation, in con-

trast with others, that the only conditions ur.der which a oeak is not apDarent

in the active recion of dissolution, is when one is dealing with an

electrode, such as this, with stirring of the electrolyte. The amomnt of

analgamation which is required however, to cause the peak to disap!eer, ap-

pears to be extremely small. Traces of mercurous lons added to the cell elec-

trolyte cause successive sweeps on an i•itially unamalganated electrode t.

progressively chance from the behavior we have indicated as characteristic of

the non-amalgamated electrode to that characteristic of an amalgamated elec-
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trode as mercury deposits on the electrode surface. One should therefore

be particularly careful in studies of this type, when using a mercuric oxide

reference electrode, that contamination from this electrode is not reacting

at the electrode surface.

Figure 33 shows a series of experiments using the rotating ring-disc elec-

trode technique. In this case, we used an unamalgamated zinc disc sur-

rounded by a zinc ring. In these experiments, the ring was held at a pot-

ential of -1.5V i.e at a potential which was sufficiently negative to com-

pletely reduce all oxidized species arriving at the ring to zinc metal.

The figure shows both the cisc oxidation current as a function of the disc
-l

potential, wnich is being varied at a rate of 10 my. sec , and the cor-

responding reduction current observed at the ring, also as a function of

the disc electrode potential. Again, we can see that at each rotation speed

there is a peak in the oxidation current at the disc and that this again

occurs in the same potential range as before. The form of the reduction

current observed on the ring closely follows that of the disc and the ob-

served collection efficiency N is close to the theoretical value of 0.3 for

all parts of the active region of dissolution both prior to and after the

peak. The fact that ring current between the peak and the onset of passivity

continues to rise would appear to argue against the validity of the dis-

solution-precipitation model for fornation of the film in the active region.

If,at the peak, supersaturation of the boundary layer had occurred, one

would not expect the current observed on the ring to rise any further but

rather perhaps to level off at a relatively constant value representative of

the rate of chemical dissolution of the film by the electrolyte under the

prevalent convective conditions.
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Our belief therefore is that the initial step in the formation of the film

will proceed by the adsorption of OH" ions onto the electrode surface at the

peak potential, to give in effect a monolayer film of Zn(OH) 2. This film

will then grow by solid state processes to an equilibrium thickness which is

determined by opposing rates of film growth and chemical dissolution of the

film. Thus, one might expect that at higher rotation rates, where the dis-

solution rates of the film is greatest, the thickness, and thus the effect-

ive resistance of the film to the passage of current, would be least. These

pcoposals would appear to be supported by the form of the i-v curves between

the peak and the onset of passivity, where their slope increases with rotation,

reflecting a decrease in the film resistance and therefore a decrease in the

film thickness. If the above ideas are correct,the formation of the film

which causes passivity Is unlikely to be formed by a dissolution-precipitation

process. Our view in regard to this is that the layer of OH species adsorbed

on the electrode surface undergoes a diprotonation reaction to leave the sur-

face covered with what is effectively a layer of oxygen ions and that the

remaining layers of zinc hydroxide are dissolved off in the early stages of

the passive region while a non-faradaic thickening of this underlying oxide

layer occurs.

If we now consider the variation of the peak current with rotation one

would expect that if dissolution-precipitation does occur, then this point

represents a critical concentration of dissolved zinc species at the inner

boundary of the diffusion layer adjacent to the electrode surface. Further-

more, one would expect that since the current at this point would reflect

the rate of diffusion of these zinc species into the hulk of the solution

that this current at the peak would vary linearly with the square root of
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rotation. As Figure 34 shows,this is not observed to be the case. At the

lowest rotation rates, below 600 rpm, one could possibly assume linearity

but above this and up to values of 5000 rpm it is quite obvious that there

is a leveling off in the peak current with rotation. Thus, one must con-

clude that the concentration of soluble zinc species at the electrode sur-

face, when the peak has been reached, does not have a constant value at

different rotation rates.

This evidence thus argues strongly against thi dissolution.-precipitation

model fcr formation of the film. A similaL plot is obtained if one plots

the maximum current prior to passivation as a function of which will

rule out dissolution-precipitation for this film also. In Figure 35 we show

the collection efficiencies as they can be obtained from a plot of disc cur-

rent vs ring current. There are experiments with both amalgamateC and non-

amalgamated zinc ring-disc electrodes at a series of rotation rates. If

one studies the non-amalgamated series first, one can see the constancy of

the collection efficiency over the whole of the active region of the dis-

solution. The slope is the same after the peak has been formed, which

would indicate that if any thickening of the film does occur it must be

extremely little (since this would cause a drop in the amount of dissolution

products arriving at the ring) and hence causes a drop in N. The amalgam-

ated case is slightly different. We showed before how an amalgamated zinc

wire showed no evidence of peak behavior in stirred electrolytes during the

active portion of the dissolution process. We found the same type of be-

havior for an amalgamated zinc disc. However, the ring current in this case

does betray the formation of a film on the disc by the sharp change in slope

of the collection efficiency N, as shown in the three cases at different



-82--

150.0

IpEAK2

(mA.cm

50.0 //

I I I I I II

2 4 6 8 10

W2 (REV. PER SEC.)}

._---

,-. ~ .. q I*



-83-

ZINC DISC ZINC RING
57.6 r.p..s.

5 mA AMALGAMATED
?23.0 r.p.s.

I inA
z
w

61.6 r.p.s.--
7.8 r.p.s.----.)

1.2 r.p.s

' NO•T AMALGAMATED

DISC CURRENT--

QF A NA 1 6; ttt/ " • /v'd. A I V A r,



-84-

rotation rates.

At present we believe that the observed change in the slope of N, in the

amalgamated case, in contrast with the observed constancy of the slope in

the non-amalgamated case, may be explained by the difference in the degree

of adherency of the hydroxide film to the surface. In the amalgamated case

it seems plausible to reason that the degree of adherency is much less and

hence the film can be flaked off from the surface by the rigorous elec-

trolyte flow and escapes detection by the ring. As the film flakes it

must be constantly replenished on the surface, and by this process a certain

amount of the species oxidized at the disc escapes detection by the ring, and

N falls.

We therefore believe that these results are quite firm evidence for the

formation of the film in the active region, on both amalgamated and non-

amalgamated electrodes, by a mechanism involving adsorption of OH species

on the surface once a certain critical potential is exceeded, rather than

by precipitation from soluble species in the immediate vicinity of the elec-

trode surface. Furthermore, we suggest that our data also indicate that

the passive film is formed from this initial layer of adsorbed hyd'oxide by

elimination of the proton at the potential of passivation and not by a process

of precipitation.

Finally, we would like to incluoe some experiments related to one aspect

of the film formation in the passive region up to the onset of oxygen evolution.

The following Figure,36,shows the anodic current on the disc end the corres-

ponding reduction current on the ring held at -1.7V. It is in this region
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only of I-v curves that one sees evidence: from this technique of what

might be a film thickening process. As one can see,the collection

efficiency dr-,s steadily from the onset of passivation until the onset

of 02 evolution, although the continued deposition of zinc on the ring has

the general tendency to cause the collection efficiency to rise. On the

other hand, on" the reverse sweepthe disc current shows a sudden jump.

Paralleling this jump, the ring current shows a sharpshort decrease.

This effect may be en indication that there may be a higher oxide than

ZnO formed during the forward sweep, and that the fall in N on the forward

sweep is related to the formation of these higher oxides.
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F DISSOLUTION RATE MEASUREMENT

The ring-disc technique shows promising advantages for the determination

of dissolution rates of substances and consequently to the extention of

corrosion rate measurements. If the disc of a conventional ring-disc

electrode is made with the substance of which one wishes to determine the

dissolution rate, and the ring is an inert electrode which can be controlled

at a potential capable of oxidizing or reducing the products of the dis-

solution, the rate of the dissolution process may be measured,

It was found that the dissolution rate constant k is directly proportional5

to the square root of rotation. - ( LVa

where

The proportionality constantNV/, which includes the diffusion coefficient D

and the kinematic viscosity e, can be determined experimentally. The ring

electrode of an electrode assembly is used for evaluation of q . The value

may be calculated from limiting currents (ýR ) at different rotations,

using a solution of known concentration of the substance under study without

the necessity of knowing previously D and d.

Other derived expressions relate the dissol, .ion rate dN, with current at
dt

the ring R, and surface concentration C (or saturation concentration)
5

dNa 0R
t- zFAN

Ca = •z FAN

Where
0 = disc area
z = number of elections
F - Faraday
A - ring area
N - collection efficiency
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supporting data for an "adsorption models' instead of the classical "dissolution-
precipitation model" assigned to the passivution of zinc anode; Dissolution rate
mcasurement: Utilizing the rotating ring-disc electrode concepti, a&-new theory for
the measurement of dissolution and corrosion rates was developed.
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