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ABSTRACT 

Two topics have been carried out in the thesis; a development 

of an on-line computing method for the investigation of electrode 

reactions and an investigation of the kinetics of zinc deposition from 

aqueous chloride solutions at pH 3. The first topic was to assess the 

possibility of analysing a current time response to a small amplitude 

potential using a Laplace transform and Fourier transform method. The 

development work was successful, and the system was experimentally tested 

on the lead ion reduction. This is a stringent test for the method as 

the reaction is fast compared to diffusion of lead ions in the solution. 

The method was then applied to the zinc ion reduction on mercury. Further 

measurements were carried out on the zinc ion reduction on Hg and zinc 

amalgams by impedance and other electrochemical methods. Finally the 

reduction of zinc ions on solid zinc was investigated. A mechanism for 

the zinc ion reduction is proposed. 
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CHAPTER I 

ELECTRODE KINETICS AND ELECTROCHEMICAL METHODS 

I. 1. i-E curves and the calculation of Cos s 

I. 1.1. Rate'Equation 

The rate of an electrochemical reaction can be expressed, as in 

chemical kinetics by an expression of the form 

s 

where the rates kf, kb are potential dependent and can be defined by the 

relation 

h- kl e7ct o, E 
(i. 2) 

1\: h_º exp -�31E (1.3) 

Cathodic current is a positive quantity. c1, /S 
1 represent experimental 

quantities related to the cathodic, a,. and anodic, b, Tafel slopes by 

ß. 3b3 
(1.4) 

%3) 

b x. 30 3 
(1.5) 

lk 

Potential, E, is considered to be positive going for kf increasing. It 

is very convenient to use this nomenclature which can also be used for 

anodic reactions (i positive, E positive going). 

r' 
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At equilibrium 

Cv ký eýp oc, Eý Cý 1z_ß exp -/ýýýe 
(i. 6) 

k 
e%p L 

(°%+73') E, 1 
(1.7) 

CR ýý 

which can be compared with the Nernst equation 

cö e%p - cý ýFl ýxP - hr- 
"ý RT / RT (1.8) Ca 

therefore 

+ /3 ,nF 
(1.9) 

RT 

gives the equilibrium condition for any reaction, no matter how many 

electrons, n, are involved in the overall reaction. 

+I_ nF 
ctl 6 2.303 RT (1.10) 

As kl/k-1 can beV identified with 

! 
'! - EahF exP 

then an alternative to the definitions (1.2) and (1.3) is 

I= k e, cpvC, (E-Eo)]_ h. e» °t% 4 
L .1 (1.12) 

6R eVP 
hsµ eze C (1.13) 

/ 

with kSH a standard rate given by 
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ýz ý` `a 
"FT 

f3, RT 
h 

-1 (1.14) 

It is convenient in many experimental situations to use Ee as 

a reference point then if a new rate 1o is defined, at equilibrium 

F Cä Fti e--AP 0,, Ee -hFC ý_ºfý- -/31 Ee = 
(1.15) 

then 

F n FCQ (1.16) C 

cv 
6hFCR hFCR 

It now follows that as 

to _ nF CZ k a-ýý. -A Ee 

and 
t-ýý-- 

-CR' -C~ 
ý°ýý t1'ß) (1.19) (1.19) 

Cv 

ct I RT/n F A, RT/ nF (1.20) 

then the relation between kSH and 10 is 

d1 RT/nF /3, RT/v, F 
Lo npýCR 

(cr) 
(1.21) 

or alternatives derived by writing 

+ /3 nF 
RT (1.22) 
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Also used in the literature is the form 

_ o(, +/3, 
Cb h_, Lo 0(% 
C, ý {ý, h FCC 1ýý 

ii c", -1 
Lo 

(1.24) -4-, ý 
CR ý2 ý aý n FC0 ki 

1.1.2. Interpretation of a and b 

It is usual to interpret the measured o(1, /1 
or a and b in 

terms of combination of 1 electron reactions. For example if the overall 

reaction is 

O+ae iý 
(1.25) 

then for 

O +- ep 
(1.26) 

(1.27) 

FE / R'T, 
A (1.28) 

where /) is a one electron transfer coefficient. 

Also 

EF. F6 

CS R TL (1.29) C-) -t 
Cp 

and by equating the fluxes in equation (1.26) 
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S -ý (Co o)p (c50) 

It is assumed for simplicity that (Co)1' =0 

From (1.29) and (1.30) 

CCs _ -- 
K _ 

DR ý Do 

at low overpotentials 

(cä) - iý co 

therefore 

n (}ý 
z 

Gay- EF (E0)' F (FE/RT) 
7 RT R--C- 

(1.30) 

(1.31) 

(1.32) 

(1.33) 

and 
1 -+ °C) FE (1.34) 

= 
(cahstcnt' 

a RT 

The Tafel slope, a, is hence 40 mV according to the thermodynamic equation 

(1.10) this must be coupled with a 120 mV anodic Tafel slope, b. The 

complete i-E relation for the model of equations (1.26), (1.27) could of 

course be written down to predict the complete i-E curve for this reaction 

scheme. 

'-6 

I. 1.3. Correction of the i-E curve for diffusion 

A useful procedure is to predict part of the wave shape, so 

that diffusion can be eliminated. The procedure is based on 

ý_nFA C5 ýyý cal 
(1.35) 
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i FA Co 

d, (1.36) 

_ _h FA Dn Cö 
(1.37) 

1Lo eiy/z - oc ,E 

CP 

(1.38) 

and for a metal deposition reaction for a rerersible reaction 

FA D0Cä 
nF . ý1 (1.39) 

g/ Rº J 

LL- __ Zý - "I= (1.40) 

IL RT 
7 

These equations allow the two important cases to be distinguished from 

i-E curves and allow correction of the i-E curve for diffusion so that 

of l or rt can be obtained. 

1.1.4. Calculation of CoiCRs 

It is convenient to express the surface concentrations Cos,. CR s 

specifically for Use in the a. c. theory presented later. This procedure 

follows the Sluyters method., 

For the reaction 

Oý ne R 
(1.41) 

the faradaic current i, positive for a cathodic process, is given by 

nF ý54 1 Co «/e"-(c< , 
0) - CR ý'%ý ßt ý )3 

(1.42) 

where 0= (E - E0) and goes positive for increasing positive cathodic 
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current. 

According to the "diffusion layer theory" 

n17 D0 (c 
o- tiý hýDý(CR 

A Sd ýR 
(1.43) 

According to (1.43) the cathodic limiting current (id 
o 

is positive and 

the anodic limiting current (iL)R is negative. From (1.43) 

CS _L 

ö0 

ab 
nFä 

(1.44a) 

CS C4 ti 
IR 

(1.44b) 
R 

hpAD R 

Substitution of i from equation (1.42) into (1.44a) and equation (1.44b) 

gives -/ 

Db (1.45a) 

S IK 
sR 

5 5 CR CR 4- 
pti 

sºi Co // °ýi S° - 
CR ý/ ýr 

fý (1.45b) 

which can be expressed in the equivalent form 

S iE 
a0 Co 

G, ` (c: 
. 2, e -,, ý 

0- CR e 
, 
A1 0) 

(1.46a) 

G(1 CR 
_ CR LtR+ Co ýjýZ ýý ý_ C(Z ý/1. ; 31 ý (1.46b) 

where by definition 

° (1.47a) Hsu ý° 

DR 
C (R (1.47b) 
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Rearranging equation (1.46a) gives 

cs _ D 
C, 0 (moo -t- c fýt -a% (- /3,0 ) 

CL C; + °& t 

Substituting equation (1.48) into (1.46b) gives 

L7- -I- 
) 

d+ 

((1c)')C0 
R ýc R+ Gi. + oC 

which on rearranging yields 

(y+ 

wf 
Cl 2 

(1.48) 

(1.49) 

Ci4 
R 

(1.5O 
R 

This equation gives the surface concentration CRS In terms of accessible 

parameters. To obtain Cos a similar procedure is followed. Rearranging 

equation (1.45b) gives 

C5_CQR+ 
Co a'ýfz- °ti 

(1.51) 

Cd.. R ý 

Substituting equation (1.51) into (1.46a) and rearranging yields 

ddc. 

k 

(1.52) 

Equations (1.50) and (1.52) are equivalent to equations 37a and 37b in 

Sluyters et a11, where 10 and -//3 10 are equivalent to -13 and o( lp 

respectively. The only remaining difference of nomenclature, of any 

significance, is the reversal of the sign of the current (Sluyters et all 

I 

define the cathodic current as negative). Other differences of 
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nomenclature are trivial. 

I. 2. Impedance at various potentials on an i-E curve 

1.2.1. The general Faradaic response for a small amplitude a. c. 

potential signal superimposed on d. c. can be derived as follows. Given 

a redox reaction where 1 and 2 are electrochemically active species, i. e. 

1eý 

then in general 

AE 
C. 1 

, c2 ýCt E) c6 

for a perturbation dE and its response di. 

äc2s are Laplace transforms. 

(1.53) 

dcs 'L 
11 5 (1.54) 

(l7C2)E 

rs 

The quantities di, 7-E, dCIs and 

Solution of the Laplace transforms of Ficks second law 

ý-ý X (1.55) 

gives 
N 

Css = 
AL 

and- 
1c (1.56) 

nF Ljs tD týF 5 Dt 

Hence 

__1_ 
-E CS, Cz 

ct Ez (S, 
"1+ 

cL A+I 
(1.57) 

F1F02 DC 
e cs hF 1%s D, 0CsE, Gý 

which on substituting, s = jw gives the familiar Faradaic a. c. impedance 

Z(ýwýr º 
!+I; 

1ý5.. 

_h 
Wß2 t7L1 

C, s cýE Jýý GS 
S 

I) a 

ai; 
cS E 

c7 ý 

(1.58) 

\ _D E 1-5 CS 



TABLE 2.1. Fourier coefficients of the exponential transient described 

by equation C. 2, with R=0.01, N= 1024, k1 = k2 =1 

OBTAINED WITH THE OBTAINED 7. ERROR 
FFT SOFTWARE FROM EQ. 6.2 

r Ar Ar 

1 0.0871 0.0890 2.6 
2 -0.0956 -0.0965 0.9 
3 0.0819 0.0836 2.0 
5 0.0575 0.0586 1.9 
9 0.0342 0.0348 1.8 

17 0.0186 0.0186 0 
29 0.0109 0.0106 2.9 
35 0.00908 0.00883 2.8 
51 0.00623 0.00563 9.6 
55 0.00578 0.00512 11 

. 
71 0.00448 0.00358 20 

161 0.000128 0.00198 93.5 
301 -0.00128 0.00106 220 

OBTAINED WITH THE OBTAINED % ERROR 
FFT SOFTWARE FROM EQ. 6.3 

r Br Br 
1 -0.1477 -0.1419 3.9 
2 +0.0814 +0.0779 4.3 
3 -0.0485 -0.0445 8.2 
5 -0.0223 -0.0187 16.1 
7 -0.0133 -0.0100 24.9 
9 -0.0095 -0.0062 34.5 

19 -0.00473 -0.00143 69.8 
41 -0.00346 -0.000308 91 

301 -0.00051 -0.0000057 98.9 
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and for the diffusion of a single species 

(3w) 

ý ý/r7Cý 

E CS 

w tý 
(1.59) 

cs 
hF /D 

E1 C EýýS 
5s ý /C G 

_B+ 
(1.60) C 

This equation defines the Warburg coefficient o- and charge transfer 

resistance B. 
( c2 iý( Di) 

Specific expressions (Z)s) , (-ý E) ss must now be 
C2 EýCls Cl ' C2 

given, these are, if 

nF k5H °4 - CR e AT ) 

` (1.61) 

ý5 CS 
(1.63) 

I> 2 

The insertion of the equation (1.51), (1.52), (1.62), (1.63) into (1.59) 

then gives the final result. The actual equations are compared with the 

experimental results in Chapter V, see for example equation (5.3). 

1.3. a. c. Impedance for two consecutive le transfers 

Similar considerations can be applied to a 2e reaction, which 

is more appropriate for the case of Zn2+ reduction. If 

n. n; e 

lý 1.21 

then 

(1.64) 

S(1.65) 
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-ý-ý -S- ýý 

ciiý = cý. EýaLxE1 + ICý `ýOC 
S-' 

dC 3 
2/cc 

C3 
cs /ss1.66 

3 

and the solution of Fick's second law gives 

cis =- 
diI 

nF 5 D, 

cG tý. 
ýLyn, -Yn2v 'F' SDI 

acs 

Hence 

"'ä-L 
hiF 5ý3 

C__ 
_ 

aL 
1 ý1. 

ý Y 
aE a, 

sue' 
aCi 

E)C 

)(5 

, 

79 E- Dcl 
: li C3 ) 

G3 

where 

1+ ýý 
n1F ý1 5 c7 Cýs 

C 

aC3 
c CS I-- 

kJ2 

(1.67) 

(1.68) 

(1.69) 

(1.70) 

(1.71) 

(1.72) 

(1.73) 

ný Fýý r'3E Gsý Gi FoAZL s 
V z' Cs 

-3 
t (1.74) 

5 Tý 
n, Fc , Z)Cz-t) 

c 
DC; 

Z. s I EIC3 
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The impedance is then given by 

Z (S) 
-I-tI 

(S) ýý. VI 

Some authors have followed Smith3 and earlier workers in 

(1.75) 

incorrectly adding the individual admittances for the case where species 2 

is an intermediate. 

1.4. Electrochemical Methods 

1.4.1. Stationary methods 

The theory behind the stationary i-E curve and the impedance 

Z(3W) at E has been given in the last section. In order to put these 

into effect it is necessary to have at the electrode a fixed diffusion 

distance 9. In general this can be accomplished at Hg by natural 

convection or stirring of the solution, by polarography or by the use of 

a streaming electrode. For solids this is most satisfactorily accomplished 

by means of the-rotating disc. It can be shown from a consideration of 

the hydrodynamics 4,5 

Fk (1.76) 

where WR is the rotation speed in radians per sec. If this value is 

inserted in the equations of the last section then the behaviour of the 

rotating disc system is described. 

1.4.2. Non-stationary methods 

In order to convert the a. c. theory of the last section into 

the basis for an electrochemical method it is necessary to take account 

of the fact that a double layer capacity is always present at an interface. 
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The equivalent electrochemical circuit of an interface is then 

13 CJ-w 
"/ 

j orW 
%a. 

ccu 

where 0 and U- are given by the equations of the last section. At high 

frequencies the Warburg impedance, W, is negligible. 

The linear potential sweep measurement6 generates an i-E curve 

which first of all rises exponentially with E and then falls due to the 

onset of diffusion. The peak current ip depends on VV as the characteristic 

diffusion parameter. The equations which determine the behaviour of ip 

and Ep for irreversible and reversible electrode reactions coupled to 

diffusion are equations (5.28, (5.29), (5.30), (5.31). There are 

disadvantages in this method for quantitative analysis as is apparent in 

the experimental Chapter V. These are that the ohmic resistance Rs-c, L must 

(experimental) be small and also the Cdl charging current. This can be 

checked by carrying out sweeps in the base electrolyte alone. The 

advantage of this method is that reactions of different rates which occur 

simultaneously can be detected by variation of the sweep rate. 
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2 h 

Diagrammatic representation of (1), (2)9 VS (E-E ) and (3), (4) 
6w 

* Vs (E-Eas a function of KSH. (1)", (3) CR 0 (2). (4) 
Co = CR*" KSH increases from R to L. For details see ref. 1. 
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CHAPTER II 

METHOD OF IMPEDANCE DETERMINATION FROM PULSE ANALYSIS BY ON-LINE COMPUTER 

II. 1. Introduction 

The availability of mini-computers has introduced a new and 

powerful element into the measurement of electrode kinetics. A 

comprehensive review of the present situation has been given by Smithl. 

The computer can be used to evaluate data from analogue or digital devices 

or to process i(t) and E(t) data directly by means of analogue to digital 

conversion. In this respect the computer can be compared with other 

experimental dedicated methods for example the automatic pulse polarograph 

(e. g. the Tacussel and Princeton Applied Research models) and the automatic 

frequency bridge (e. g. the Solartron transfer function analysers). Another 

alternative is. the a. c. polarograph controlled by on-line computer. 

However these systems have significant limitations for the investigation 

of electrode kinetics. The pulse polarograph applies a single or double 

pulse and produces, from successive pulses i-E or 
E-E 

curves as a 

function of time. from the start of the pulse. Analysis of the family of 

i-E curves and their display is cumbersome. The ohmic drop must be 

compensated or the current limited to low values. However the method has 

the advantage of pulsing from a fixed potential, which can eliminate d. c. 

time effects. The automatic bridge, developed by Epelboin and co-workers2 

for use in electrochemistry, produces Z(w ) -uJcurves as a function of E. 

Analysis of the data in terms of electrode kinetics is easier than in the 

case of the pulse polarograph but the time to take a Z(wu ) -, o set at a 

fixed potential is long. The ohmic drop is a lesser problem in this 

method. Measurements of this type can easily be falsified, especially 

in solid metal electrode systems, by slow changes in the d. c. state. The 
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computer controlled a. c. polarograph3 is probably better than the automatic 

bridge, but scans the potentials one frequency at a time, so is rather slow. 

An ideal electrode kinetic investigation system would be a 

combination of these methods taking only the advantages. Fortunately such 

a method is possible, that is to calculate the Z(w) -w response of the 

system from a pulse measurement. 

11.2. Principle of the Method 

The purpose of this method 
11,16 is to use a very small amplitude 

potential step or sweep (second pulse), superimposed on a first potential 

step, from equilibrium to a particular level, to determine the impedance 

spectrum Z(w), pertaining to the potential of that level. By varying 

the level of the first pulse, a set of impedance spectra at various 

potentials (including the equilibrium potential) can be obtained. With 

the use of an on-line minicomputer, the time domain measurements are 

recorded in a very short time, reducing time effects inherent in the system. 

The time domain data is subsequently transformed into the frequency domain 

and reduced to an impedance spectrum Z(w) for each potential, as it is well 

known, the kinetic parameters characterising an electrochemical reaction 

are more easily determined in the frequency domain. 

The theory on which the small amplitude potential pulse method 

is based is as follows 17 

For the redox reaction 

O ý- neR 
where 

(2. i) 

ým fFýkfCo -' ýbCR) 
(2.2) 

then after a pulse from a particular potential and expanding the 

exponentials 

1. =h sli* (1 ca, Lýý(E'- n 

(2.3) 
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Assuming that at E-Eothe surface concentrations in the steady state are 

(C0)E-E and (CR)E-E 
, then approximately for small t 

00 

E-Ee+ z, E: 5s Do 

Cb w 
`CR E-Eý 

- 
1. 

R -ý- -' E-EO+ LSE 5FJý -s- 
R 

D 
n 

where the quantities CÖ and i(s) are Laplace Transforms (LT). 

(2.4) 

(2.5) 

If the complete differential of the LT of the current i(s) is 

written as 

d 1ý5) = 
-IL d 

ýC s Cb 
ýýýOýý 

G'1 
ý 

(Z Cý Cv 

(2.6) 

then - 

I+ 

ýE C , Cý 

nFV 
S C, 

a E; ýR h Cýýo 

which on substituting s= jw gives the familiar 

a; 
Z()w)- I 

ý- 
C 

L 
nF ýw DR NE 

/'7; 
_\ 

, w-ob 
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and for the diffusion of a single species 
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nF w Dp 
. ýý 

ýE ý CS J2 

(2.9) 

vz -A 
(2.10) 

The analysis of Z(jw) is simpler than a direct analysis of the 

i-t transient and has the advantage that it is not limited to a square 

wave exciting function. 

The principle of the method as used in electrochemistry 
lt4,5,13, 

14,15,16,18 is well known and only a sketch will be given here. For a 

linear system the frequency spectrum of the impedance is given by 

E (w) 
_- 

Z CR) t 
.J 

z(iº~ºý 
(2.11) 

where E'(w) is the complex conjugate of E(w) and Z(Re) and Z(Im) are 

defined as the real and imaginary parts of Z(w). The functions i(w) and 

E can be derived from i(t) and E(t) for example, by the imaginary axis 

LT of the current transient 

ob 

-a) it 
i6 

(2.12) 

In practice this integral must be numerically evaluated in the 

finite interval (0, T). An alternative is to use the Fourier transform, 

T 

O, e_3Wt Lf\ it ýw} 
T (2.13) 

V 

in the interval (0, T). This definition allows the integral to be replaced 

by a series identity and allows access to the fast Fourier transform (FFT) 
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method 
20. 

Another alternative which will not be considered here is the 

so-called Z transform. 

In principle the applied potential profile E(t) and its transform 

E(w), can have any form. However it has been found necessary to select 

only suitable functions. These include various kinds of noise7, a 

78 
rectangular pulse and a collection of sine waves. Creason et all and 

Smith report that the Fourier transform will not work satisfactorily for 

a potentiostatic pulse. Pilla4, using a Laplace transform approach 

reports a successful trial using test data and Doblhofer and Pilla18 

experimental data. However on this evidence it is not obvious that these 

methods can be successfully and simply automated. In addition a cumbersome 

method of experimental investigation has been used in which the responses 

from two cells are compared in order to eliminate double layer and ohmic 

contributions. The method used here is simpler. Only the current 

transient needed sampling, since the potential signal generated and input 

was close enough to the ideal, as shown in fig. 2.1, and therefore the 

height of the potential step was considered a constant in the impedance 

spectra determinations. 

II. 2.1. Laplace and Fourier transform theory 

Linear integral transformations are particularly useful to 

perform the transformation from the time domain to the frequency domain, 

of a function F(t) defined on a finite interval a<t <b. 

Let K(t, s) denote some prescribed function of the variable t 

and parameter s. A general linear integral transformation of functions 

F(t) with respect to the kernel K (t, s) is represented by the equation21 

(2.14) 



21 (2ý 
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It represents a function f(s), the image, or transform, of the 

function F(t). The class of functions to which F(t) may belong and the 

range of the parameter s, are to be prescribed in each case. In particular, 

they must be prescribed so that the integral (2.14) exists. 

II. 2.1. a. Laplace Transform 

When a=0 and b =cc and K(t, s) =e 
st the transformation (2.14) 

becomes the Laplace transformation (LT) 

_ 
co 

eStF(t)alt a 
(2.15) 

the transform f(s) can assume complex values, when s is the complex variable 

(2.16) 

the LT of the real-valued function F(t), 

00 
wt F (t) Jt 

(2.17) 

can be written in the form 

f( 5) fC (cr") t -f C) w) (2.18) 

where f (cr-) is the real axis LT 

F (t: ) At (2.19) 

0 

and f(jw) is the imaginary axis LT 

on 
(jw) ce. t 

F(-t)cat 
(2.20) 

b 
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If the integral in Equation (2.17) exists and converges, Equation (2.19) 

or (2.20) can be used to perform the transformation of time domain data 

into frequency domain. The imaginary axis LT is preferred as the real 

and imaginary parts of the impedance can be calculated directly from it. 

The function F(t) can be a suitable potential perturbation E(t), 

or its corresponding current response i(t). Both transients should be 

experimentally known, although the potential perturbation can sometimes 

be represented by a known function of time. 

For a digital computer F(t) is known only as a succession of 

appropriately spaced experimental points. In order to take the integration 

necessary to perform the Laplace transformation, some assumption is made 

about the way two or three successive points are joined to each other 

analytically. In Appendix A the derivations of integration algorithms 

to perform the LT are given for several assumptions for the case of a 

potential step perturbationý Essentially, with the assumption of how two 

points limiting a segment of the transient are analytically joined, we 

are able to calculate integrals 2.19 or 2.20 limited to that segment. The 

summation of the segment integralg for all segments of the transient will 

be the real f(v-) or imaginary axis f(jw) Laplace transform at a particular 

frequency. 

The segment by segment integration and summation need be only 

performed upon the time varying portion of the signal since the transform 

of the constant portion is known a priori and need only be added to the 

result. The digital computer program utilized to do the LT is JAii 

described in Section 5. 

In Appendix B an algorithm is calculated for the case of a 

potential sweep perturbation. 
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II. 2.1. b. Fourier Transform 

Another useful case of the linear integral transformation 

represented by Equation (2.14) is the Fourier transform. Since substitution 

of various kernels k(t, s) in Equation (2.14) give rise to a Fourier Transform, 

there is no universally accepted convention as to what is meant by this title. 

In order to agree with the commercial computer program DAQýUAD (see Section 

11.4) we define the Fourier Transform as 

5zý. 
ist F(t) at 

"1" (2.21) 

v 

However, if F(t) consists of a set of N equally spaced time samples 

X0, XI ...., Xn_I the equivalent discrete Fourier Transform is defined as 

º1' j 
Sr X Wkr (2.22) 

o 

where W= e-2 TT uIN 
and j= k/ 71. The collection S0, S1 " SN-i is 

called the frequency spectrum of the data set 1Xr3. It would seem that 

computation of the complete spectrum Sr would require N2 complex multi- 

plications. But if N is an integer power of 2, then the algorithm 

devloped. by Cooley and Tukey23 called the Fast Fourier Transform (FFT) 

enables computation of the spectrum with only N log2N complex multiples. 

In essence the algorithm makes use of the fact that 

K (t; ºrioa N) 
(2.23) 

to reduce the number of multiplications necessary for a transformation. 

This important development can reduce computation time by as much as 99%. 

From Equation (2.11) the frequency spectrum of the impedance in 

terms of the current and potential frequency spectra is 
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ZCRe, = 
Cr Ar Or Br 

Aa- 4- ýz (2.24) 
rr 

Ar tr 
-- 

Cr 
r 

Awr (2.25) 

where Ar and Br are respectively the real and imaginary Fourier coefficients 

of the potential. The subscript r refers to the frequency (w) in radians 

set by the DAQUAD program and given by w= 2-rt r/T. 

II. 3. Hardware 

11.3.1. Waveform generator and Potentiostat 

Fig. 2.2 shows schematically the arrangement of hardware used for 

on line measurements. The waveform generator was constructed in these 

laboratories by J.. Dawson from a design by O. R. Brown and'is-capable of 

pulsing or linearly sweeping the potential, at three consecutive epochs with 

simultaneous triggering at the start of each. A repetition period can be 

set for signal averaging. Controls are provided to set the potential, 

duration, sweep rate, polarity etc. for each epoch. 

A potentiostat type DT 2101, (HI-TEK INSTRUMENTS, ENGLAND) which 

, 
has a fast rise time (see Fig. 2.1) and an analogue current output signal 

centred about earth, as required by the minicomputer, was used. 

II. 3.2. LAB-8/E System 

The hardware associated with the minicomputer is called LAB-8/E 

SYSTEM and comprises: 
24 

a) A PDP-8/E Ceneral Purpose, 12 bit Digital Computer with 16K of 

memory and 1.2/4s cycle time. 



Fig. 2.2 Hardware arrangement for on-line measurements. 
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b) A Teletype Model ASR 33,10 bit input/output device with paper-tape 

reader and punch. 

c) A laboratory mounting panel with precision power supply for use 

with LAB-8/E peripherals. 

d) A 10 bit Analog to Digital Converter with sample and hold circuitry 

and 8 channel analog multiplexer (expandable to 16 channels). 

e) A 10 bit Point Plot Display Control for the graphic display of 

data on an oscilloscope. 

f) A Real-Time Clock with five programmable ranges from 1J1s per count 

to 10 ms per count, plus three Schmitt triggers. 

g) A 510 3N TEKTRONIX Oscilloscope with D13 Dual Beam storage and 

502ON Differential amplifiers was used both as measuring and display unit 

of the analog signals, as well as output peripheral to display data, 

instructions etc. The board controlling the display of visual data was 

specially modified to allow this oscilloscope'to interface with the computer. 

h) A BRYANS X-Y Recorder 26000 A4 with an adapted null detector. 

II. 3.3. Analogue-to-Digital Converter (ADC) System 

The ADC is a 10 bit successive-approximation converter with a 

50 Khz maximum conversion rate and 0.1% accuracy. Its operation is program 

controlled with the aid of the progran. mable Real Time Clock. The ADC system 

enables the user to sample analogue data at-specified rates-and to store the 

equivalent digital value in the memory of the PDP-8/E for subsequent 

processing or mass storage. 

The input range for the analogue, signal-from the experiment is 

t 1V differential, which is amplified to t 5V for input to an analogue buffer 

that feeds a sample and hold amplifier (SHA). The SHA permits the sampling 

of rapidly changing signals, by holding the voltage at the input constants 
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until the conversion process is complete. 

11.4. Fourier Transform Software 
I 

11.4.1. Introduction 

A flow diagram indicating the software used to calculate the 

impedance from transient analysis via Fourier Transformation is shown in 

Fig. 2.3. 

Any one of the three following commercial programs supplied by 

DECUS for the Lab 8/E Software System, could be used for sampling the 

experimental signal: 

a) DAQUAN MS for OS/8 with 

DAFFT OVERLAY (DAQUAD) 

b) ADVANCED AVERAGER (AAVG) 

c) BASIC AVERAGER (BASAV) 

The DAQUAD program is used to perform the Fast Fourier Transform- 

ation via command FFT:. It also has a section dedicated to sample and 

average data on line, but unfortunately some editing has to be done manually, 

as explained latert therefore although'the sampling and transformation may 

-be done by the same DAQUAD program, the processing is not straightforward 

and the use of the ADVANCED or BASIC AVERAGER is more advantageous, even 

though it might look more cumbersome in the flow diagram of Fig. 2.2 since 

it take. s more steps, (but in reality is faster than the manual editing 

involved when DAQUAD is used to acquire the data). 

The following programs were used to edit the data sampled by any 

of the ADVANCED or BASIC AVERAGERS, and to cope with the change of format 

and transference necessities. 

d) CONVERT (CONVRT. SV) 



Fig. 2.3 FT software flow diagram. 
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e) DLOAD BA (DLOAD. SV) 

f) PERIPHERAL INTERCHANGE 

PROGRAM (PIP) 

Program d) forms part of the LAB 8/E SYSTEM, it was used to 

convert data from AV format (output of programms b) and c) ) into F4, the 

format iised by BASIC, since the editing program DLOAD was written in that 

language. 

The output from DLOAD is a magnetic tape (MT) file-in DA (or 

ASCII) format. In order to transfer it to paper tape (PT), the OS/8 

Operating System program PIP was used. The punching and reading of paper 

tape is slow and cumbersome, but had to be done in this way since there is 

an error in the program a) supplied by DECUS. The command MA: of this 

program, used to input or output data from or to mass storage (MT), could 

only be used once within the DAQLIAD program. We preferred, then, to use 

paper tape'to inpuý the edited data via the PA: command in order to use the 

MA: command only once to output the calculated Fourier coefficients Y 
r 

onto magnetic tape files. 

The BASIC language program 

g) CALC8. BA (or FT8. SV) 

was written in order to calculate the real and imaginary components of the 

complex impedances according to Equations (2.24), (2.25) and (2.26) from 

the real and imaginary Fourier coefficients Ar0BrICr, Dr of current and 

potential, output by DAQUAD, and CONVERTED from DA into F4 format for 

adequate input into the CALC8 program. 

For the case of the potential square pulse, a BASIC language 

program 

h) CDFILE 

was written to calculate the Fourier coefficients Cr and Dr according to 

Equations (C. 18) and (C. 19). The resulting double precision values give 
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a more accurate impedance spectrum when processed by CALC8 than the single 

precision coefficients resulting from the FFT obtained by DAQUAD on the 

experimental or simulated potential step data. 

The CALC8 program gives a TELETYPE printout of the real and 

imaginary components'of the complex impedance at frequencies conveniently 

distributed to cover the complete transient sampled. It also creates a 

MT file used to plot the impedance spectra in the complex plane. The 

transference of this file onto an XY recorder adapted as peripheral device 

was made with the PIP program, using a "handler" adapted by Alan Cleary of 

the Psychology Departmentq University of Newcastle upon Tyne. 

11.4.2. ADVANCED AVERAGER MS 

The LAB 8/E Advanced Averager MS Program (AAVG), displays and 

averages analog signals at rates from 175/As to 4 s, 
/point. It is very 

versatile, with many features that are not very useful to our purposes, such 

as on line computation of 95% confidence limits and trend, some signal 

editing etc. ' It has a conversational compiler for selecting the parameters 

of an average and a pre-stimulus (triggering) averaging feature which could 

be of some use. However the main reason to consider AAVG as an alternative 

program for data sampling is its capacity to digitise and average signals 

in two different time intervals at two different sampling rates,, i. e. standard 

or high resolution. This permits the sampling of long time intervals at 

the standard rate, simulýaneously with high resolution sampling at the 

beginning of the signal of interestv i. e. just before the start of the second 

perturbation. The epochs corresponding to the high and standard resolutions 

are positioned with respect to the triggering pulse by chosing the adequate 

delays in the conversational compiler section I. 

A magnetic or paper control tape can be created to contain the 

average parameters compiled in section It so that consecutive transient 
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recordings can be made more rapidly at various potentials without the need 

to type in the parameters each time an average is to be taken. 

Another advantage derived from the double sampling rate facility 

of the AAVG program is the ability to digitise the start of the second 

pulse (see Fig. 2.9) at the fastest sample rate available (175.14is/point) 

allowing reasonable precision at the high frequency extreme of the 

calculated impedance spectra, while sampling the whole of the second pulse 

at a slower standard resolution (up to 4 s/point) thus extending the 

impedance spectra to very low frequencies as well as keeping the number of 

sampled points and the computation time down. It has to be noted here 

that only the LT program can deal with two or more sampling rates, since it 

integrates consecutive points which can be at different distances from each 

other, as long as they are defined. The FFT program requires data with 

equidistantly sampled points. therefore data sampled at two different rates 

has to be interpolated. 

II. 4.3. Basic Averager 

The LAB 8/E Basic Averager Program, BASAV, digitises, displays 

and averages analogue signals at rates from 25V4s per point for one channel 

or from 33 fs per point per channel when multiple channels are used. ; 116 

For our purposes BASAV has two advantages over the AAVG program; 

one is its fastest sampling rate, and the other its sampler parameter 

compilation section. As in AAVG, a control tape can be formed to speed 

up the time taken to record the averages of transients at co nsecutive 

potentials. 

This program, as we used it, sampled 1000 points in one channel 

only. Nevertheless modification tapes are supplied to sample 2 channels 

at 500 points each, 2 channels at 150 points each giving average, confidence 

limits, trend and other features irrelevant to our purposes. 
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When using the fastest rate available to obtain good accuracy 

at the high frequency end of the impedance spectra, the low frequency end 

may be insufficiently covered with only 1000 points sampled, for the case 

of certain irreversible systems. However it is possible to augment the 

number of points sampled to more than a thousand if the computer has more 

than 4K of memory. A 16K computer was used but it was not found necessary 

to investigate very low frequencies and a thousand points were sufficient. 

Even soý a piece of software was written to skip data points at the low 

frequency end, (see program JAH) in order to speed up the calculations. 

This procedure is equivalent to having two or more sampling rates, therefore 

only the LT program can be used, for the FFT program, the whole set of data, 

without skipping, has to be used. 

11.4.4. DLOAD 

In order to edit the experimental data and LOAD it to DAQUAN, the 

program DLOAD has been written in BASIC language. It lists selective parts 

of the data, to determine by inspection where the first point of the second 

perturbation is. When the position of this point is entered, the program 

substitutes the first pulse with a horizontal base line, and positions the 

second as required, usually at the centre of the total time interval. 

This program accepts any file with data in F4 format. The edited 

signal is output onto the magnetic tape files FLAS in ASC11 and F2. DA in 

F4 format. 

A listing of DLOAD is given on this section. The object of line 

330 is to scale the data up in the range 0 to 1000; the number 1/0.209715 E+ 

7 corrects a factor left by the CONVRT program and converts back to real 

numbers. The minus sign renders cathodic currents positive. 

OPERATIO14 - Call and run DLOAD. BA or DLOAD. SV., the program prints: 

F. NAME ? Enter the name of the file to be edited. 



D LOAD BA 3.0 

100 IIEM-DArl'JAD ? 7? LOADETI 
193 DIM AS(13) 
200 DIM C(1024) 
210 PRINT "Fe IJAMIE" 
220 INPUT AS - 
230 ? 11INT "PCINTS" 
240 INPUT ?I 
300 FILEN#l: AS 
310 FC-1 I=l TO PI 
320 Irl? UT# I *. C (I) 
330 C(I)=-10,30*C(I)/0-209715E+7 
340 NEXT I 
350 CL05t#l 
400 PAINT "SIF LIST" 
410 INPUT Z3 i Z4 
420 FOR I=Z3 TO Z4 
430 PllINT"C"; I*f"="; C(I) 
440 NE XT I 

, 553 PRINT "MORE" 
560 INPUT BS 
570 IF BS="Y" THEN 400 
600 PRINT "5* PE'lTUR3ATION" 
610 INPUT Z8 
650 PRINT"Fl POINT5PADD- PoBASE* 
660 INPUT PoNjA3 
700 F ILEV#2 : "DTAI : Fl *A5" 
720 FOi I=l TO N 
730 ? RINT#2: A3 
740 NEXT-I 
800 FOR I=ZB TO INTCZB+P-tj+3. j) 
810 PR INT#2 :C (I 
820 NEXT I 
830 Ci. 05E#2 
900 FILEVN#3: "DTAI: F2. DA" 
910 FOR 1=1 TO N 
920 PIINT#3: A3 
930 NEXT I 
940. FOi I=Z8 TO INT(ZB+P-N+0.3) 
950 PR INT#3 C(l) 
960 NEXT I 
970 CLOSE#3 
1000 END 

READY. 

a 



CDFILE BA 3.0 30-MAY-77 

. 10 REII- C AND D FCUqIER COEFF. FOR SQUARE PULSE 
20 D III C (513 ). -D (1025 
24 PR I NT " X= " 
25 IN? UT G 
30 FILEVV#1 : *DTAI : D. DD" 
40 FOR IC=O TO 1024 STEP 2 
50 D(Y, )=O 
60 NEXT K 
70 FOR E, =l TO 1023 STEP 2 
80 D(K)=l . 2732395/15*G/H 
90 NEXT Y 
100 FOR' Y,. =0 TO 10211 
I 10 PR INT# I :D M) 
120 NEXT E 
130 CLOSE#l 
140 F ILEVrj#2 : "C DD" 
150 FOR X=0 TO 511 
160 PR IIJT#2 :0 
170 NEXT K 
1 80 CLOSE#22 
1 90 PRINT "HI SAILOR" 
200E ND 

READY % 

TE5TS BA 3.0 30-VIAY-77 

10 REM 
15 P71 IDIT DATS (X) 
20 DIM, C(1100) 
25 PR IVT "TIATý" 
26 II)PUT 0 
30 FOI 1=1 TO 30 
110 C(I)=-0.1*0.22J9715E+7 
so NEXT I 
60 FOrl 1=31 TO 1006 
70 C(I)=-0.1-0.001*((I-30-5)*O)**-0.5 
75 C(I)=C(I)*0*239715E+7 
80 NEXT I 
90 FILEVIJ#l : "DTAI : AL. ). DA" 
100 FC'l I=l TO 10,06 
1 10 Pl I NIT# I: C(I 

120 VEXT I 
130 CLOSE #1 
140 END 

READY 
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POINTS ? Enter the number of data points of the file to be edited. Less 

points than the total could be entered for convenience. 

SIF LIST ? Enter the starting and finishing points of the seVuent of 

data that the user wants to inspect, they will be listed on the teletype. 

The main purpose of the inspection is to determine the position of the 

first point of the second perturbation. 

MORE 7 Enter Y if more inspection is desired. 

S. PERTURBATION 7 Enter the position (number) of the first point of the 

second perturbation. 

Fl POINTS Enter the total number of points to be contained in the output 

file, including base line. This number has to be a power of two, in order 

to calculate the FFT. 

ADD. POINTS Enter the base line points to be added to the second perturb- 

ation, replacing the first pulse. With a suitable manipulation of the 

last two parameters the second perturbation signal can be positioned anywhere 

along the total time interval. In order to position it in the centre 

ADD. POINTS has to be a half of the number entered in Fl POINTS. 

BASE 7 Enter the value to set the level of the base line, usually 

determined by the steady state level of the first perturbation. 

The program will now execute. 

II. 4.5. DAQUAD 

DAQUAD is the name given to the DAQUAN MS program with DAFFT 

25 
overlayo provided by the LAB-8/E Software System It can be used to 

acquire data by boxcar, multi-sweep time averaging from one instrument at 

a time, at a sampling rate from 123,, #, Is/point to 30 s/point, and to display 

the results. A wide variety of subsequent processing techniques, such as 

smoothingý integration, scaling, deconvolution of fused peaks, Fast Fourier 
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transform (FFT), Inversed Fast F6urier Transform (IT), etc. can be used to 

reduce the data. 

As a program to acquire on-line data, DAQUAD is inferior to both 

the AAVG and BASAV programs because of the longer time required to record 

consecutive signals at various potentials due to the longer initialising 

procedure. The maximum sampling rate of 123/4s/point may not be fast 

enough for many applications and its only possible advantage of sampling 

and processing (FFT) the data immediately is curtailed by the fact that 

the raw data needs editing (to set a base line and position the signal). 

Unfortunately DAQUAD does not provide the facilities to do this automatically, 

instead a laborious process of manipulation of output paper tapes has to be 

used, employing the skip facility of the PA: command to ditt out the first 

pulse and then enter the base line points manually via the teletype. This 

procedure may be followed when only one impedance spectrum is to be calcul- 

ated. The experimental signal is digitised from -IV to +IV by the ADC. 

This range is automatically compressed by the averaging section of DAQUAD 

into a range from 0 to 1000. Zero in this case is equivalent to IV of 

cathodic signal, and 1000 is equivalent to IV of anodic signal. 

The main use of DAQUAD is the calculation of the FFT of the real 

time domain data F(t) via the command ZT: . The calculations are made by 

employing single precision numbers. In order to utilize the maximum number 

of bits in the transformation, it is sometimes necessary to divide by 2 in 

a computation. As a result of this a pseudo-floating point format has 

been adopted in which a variable scale FACTOR (or exponent) is imposed on 

all the frequency spectra. The value of FACTOW is printed out by DAQUAD 

together with the pseudo-Fourier coefficients Yr' The true'Fourier 

coefficients Sr are given by 

Sr Yt- )K ), -04? xG AMPL, 
(2.26) 

z 1000 
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where AYIPL is an external scaling factor that can be applied to the time 

domain data when it is very small, as is the case of the potential perturbing 

signal which departs only a few milivolts from the level of the first pulse. 

This level is considered as zero. G is a factor related to the way the 

analogue data is digitised. For a range of -lV to +1V of signal digitised 

into 0 to 1000, G=2, but if 0 to 
t 1V is digitised into 0 to 1000 then 

k 

C=1. All these scaling factors are intended to avoid rounding off errors 

associated with small figures when calculations are made with single 

precision numbers. The actual calculation of S according to Equation (2.26) 
r 

is made in the program CALC8. BA. 

OPERATION 

In order to output the real coefficients Ar of the current 

signal, the user has to proceed as follows 

1) Call and run DAQUAD. SV 

2) Use the 1PA: connand to input the paper tape edited data into 

Buffer 1. It is within this command that the AMPL factor can be applied 

to the time domain data by assigning suitable range parameters. The 

minimum will be set to zero and the maximum to 1000. 

3) Use the ZT: command to perform the FFT on the data (zeroing the 

imaginary values since the data is real valued). 

4) Use the 14A:. command to output the real Ar contained in Buffer 1 
0 

into a file called A. DD. 

5) CONTROL C it is necessary to restart the program again to be able 

to use the MA: command. 

In order to output the imaginary Fourier coefficient of the 

current Br, repeat steps 1) to 3) as before and thcn 

4) Use the SH: command to shift the Br from Buffer 2 to Buffer 1. 

5) Use the 1 MA: command to output the Br coefficients in Buffer 1 

into the file B. DD. 
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6) CONTROL C. 

The Fourier coefficients of the potential step signal can be 

accurately calculated by the CDFILE program and therefore there is no 

need to use DAQUAD for that. However if it is desired to transform the 

experimental potential signal the procedure outlined for the current can 

be used, the real and imaginary Fourier coefficient Cr and Dr, should 

be stored in files C. DD and D. DD respectively. 

II. 4.6. CALC8 

This program written in BASIC language fetches the files A. DAp 

B. DAq D. DA which contain the real and imaginary Fourier coefficients Yr 

of the current and potential signals. These files are the F4 CONVERTed 

versions of files A. DD, B. DDs C. DD and D. DD. 

CALC8 calculates the impedance spectrum according to Equations 

(2.24), (2.25) and (2.26). 

OPERATION 

Call and run CALC8. BA or CALC8. SV, the program will print. 

FACTORS CIV ? Enter the FACTORs associated with the Yr of the current 

and potential as given by DAQUAD. 

V AMPL ? Enter the AMP factor used to scale up the potential time domain 

data. 

RATE (SEC) ? Enter the sampling rate in sec. 

P, Enter the number of yr to be processed. This number is half of the 

time domain data points. 

STEPý Enter number 2 for central signal positioningt this will skip 

alternate Yr which are equal to zero. 

R? Enter the value of the current measuring resistor in ohms. 



CALCS BA 3.0 33 -MAY-77 

0 'IEM 
10 DIM ACS13). -B(513)., C(513) 
11 Y2=0.8975 
12 Z9=1 . 045 
13 Q4=IVT(20.0*Z9+0.5) 
14 Q5=INT(400*Y2+0-5) 
20 DIV, D(513). *'1(513). -I(513) 
35 P"UNT "FACTORS C., V" 
36 HPUT C. -V 
37 PRINT "V AV,? L-. #rlATE(5EC)" 
38 1 NP TIT L., 0 
39 PlINT "P. -STEP" 
40 INPUT VJB 
45 PRINT "Tl=" 
46 1 NPUT M 
47 C= (2 **CI -C 10 0 0- 
48 V= (2 ** (I -V ( 10 30 *L 
50 FILEN#l : "DTAI : A. DD" 
52 C=C*2 
54 V =V *2 
60 FOR K=O TO N-1 
70 INPUT#1 :A (H) 
75 A (Y, ) =C *A (H 
100 NEXT K 
105 CLOSEfl 
110 FI LEN# 2 :" DTA 1 :3. DD" 
120 FOR X=0 TO N-1 
130 1 U31UT #2 :3C K) 
135 3 (K)=B (K)*C 
140 NE XT K 
150 CLOSE#2 
200 F ILEN#3 : "DTAI :C DD" 
210 FOR X=3 TO N-1 
220 INPUT#3 :C (10 
225 C (K) =V *C (H) 
230 NEXT K 
240 CLOSE#3 
250 F ILEDJ#4 : "DTAI : D. DD" 
260 FOR K=O TO N-1 
270 INPUT#4 :D (K) 
275 D (K)=V*D (K) 
280 NEXT K 
2921 CLOSE#4 
294 PRINT "F: IEQ=R/L" 
295 PRINT " R", *" Z CRE)". P" Uim)". P" 11z"'o" I /HZ**z *500 
2 95 PR I NT 
2 99 R=M 
300 FOR K=l TO (N-1 ) STEP B 
310 S=A(K)**2+B(K)**2 
320 R(K)=(A(K)*C(K)+B(K)*D(K))/S 
325 R(Y, )=TICK)*M 
330 I(K)=(A(K)*D(K)-3(Y, )*C(K))/S 
335 ICK)=I(K)*M 
336 



E 

3 36 NEXr X 
337 FOR X=l TO 31 STEP B 
336 F=K/(2*IJ*C) 
339 ?1 IVT Y,., "I (Y. ), I (Y, ),, F., I /SQI (F ) 
340 PRINT "Z(T)="; R/(6-28319*SGR(F)) 
3111 NE XT K 
342 IF 11<32 THEN' 361 
343 FOi K=33 TO 63 STEP 4 
344 F=Yl C2 *N*O) 
345 PRINT 
346 P11IN'T "Z(T)="; R/(6.2832*SCR(F)) 
347 NE XT K 
348 IF N<64 THEN 361 
349 FOR Y=65 TO 255 STEP 8 
350 F=K/(2*tJ*O) 
351 PlIVT KjR(Y-)jI(R), F, 1/SQ'I(F). *"Z(T)="; R/(6-2832*SQRCF)) 
352 IF K>N TREV 361 
353 NEXT K 
354 IF N<256 THEN 361 
355 FOll X=257 TO (N-I ) STEP 12 
356 F=K/(2*N*O) 
357 ?A INT Y,... R M., I (K), *F 
358 PRINT " Z(T)="; R/(6-2G32*SQ'A(F)) 
359 NEXT K 
361 PRINT "AMPL. PLCT' 
362 INPUT -B1 363 FILEV#I: **DTAI: D. DA" 
364 FM X=l TO N STEP 3 
365 "A M= INT (R (Y, ) *Y, --2*B 1 +0 .5 
366 1 M= INT (I M *Z9*31 *-1 +0 -5 
367 P11 IMT# 1 : 11 (K); PNT (44 ); IM 
368 NEXT K 
370 FOI X=O TO 400 STEP 5 
380 ? riINT#l : Y; PNT(44); 0 
3 90 NEXT X 
400 FOR Y=O TO 9 
4 10 PR IVT# I : Q5 ; PNT (44 ); Y 
420 NEXT Y 
430 FOR Y=O TO 200 STE? 2 
4 40 PR INT# 1 :3 ; PNT (44 ) ;Y 
450 NEXT Y 
460 F OR X=O TO 9 
470 PR INT# I : X; PNT (44 ); Q4 
480 NEX7 X 
493 CLOSE#l 
495 CHAIN, oSYS: PIP*SV" 
500 END 

READY 
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The impedance spectrum will be printed out via the teletype. 

Enter PLT: D. DA to plot the impedance spectrum on the complex plane 

via the X-Y plotter. 

11.5. Laplace Transform Software 

11.5.1. Introduction 

A flow diagram indicating the software used to calculate the 

impedance spectrum from pulse or sweep analysis via Laplace Transform (LT) 

is shown in Fig. 2.4. A choice of two signal samplers and averagers can 

be used: BASAV and AAVG, the characteristics of which have been already 

described. When sampling at consecutive potentials the files should be 

named RUN1. DA, RUN2. DA, RUN3. DA ... and then CONVERTed to RUNIX09 RUN2. 

COý RUN3. CO ... up to RUN20. CO since those are the files names accepted 

by the JAH program for automatic consecutive processing. 

. The object of the CONVERT program is to change the format of the 

data coming from BASAV or AAVG into F4, the format accepted by BASIC, since 

both JAH and Z8 are written in that language. When intending to use Z8 

the CONVERTed file should be called AL2. DA. 

The Z8 program calculates the impedance spectrum via Laplace 

Transformation for single potential step data. The JAH program is the 

automated version of Z8 to process transient data for successive pulses to 

various potentials under given experimental conditions. 

The Z10 program calculates the impedance spectrum from potential 

sweeps using Laplace Transformation Analysis. 

The LT1 program generates artificial data to test the performance 

I of the Laplace Transformation program. 
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11.5.2. JAH 

This program processes data from consecutive time domain pulses 

and calculates the associated impedances spectra via LT. It has an 

inspection section and a parameter input section at the beginning. The 

idea is to fix the experimental parameters such as second pulse height, 

length, sampling rate, measuring resistor and triggering. Then only the 

level of the first pulse varies. By inspection of one or two pulses the 

position of the relevant second pulse can be determined for all runs. 

Therefore the parameters for all runs can be entered at the beginning, 

the computer processing consecutively a series of runs, with no need for 

human intervention. 

A description and operation of the program follows. 

OPERATION 

1) Call and run JAH. BA or JAH. SV the program will print on the teletype 

the DATE, and then 

2) INSPECTION 7 Enter Y if inspection of a file is desired. If any 

other or no character is entered the program will continue to 6). 

3) FILE ? Enter the name of the F4 format file that the user wants to 

inspect. It iqill be fetched from the specified magnetic tape. 

4) SIF LIST ? Enter the starting and finishing point delimiting the 

segment of data that the user wants to list. 

5) MORE ? Enter Y and the program will return to 4), other or no 

character will cause the program to continue. 

6) SIF RUN ? Enter two numbers specifying the initial and final RUN that 

the user wants to process. For example 2,10 will cause files RUN2. CO to 

RUNIO. CO to be processed batch wise. 

7) Starting with the initial run, the following parameters have to be entered 

for each RUN. 

E/V second pulse height with respeGt to the first pulset in Volts. 
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SAMPL. R/S sampling rate in seconds. 

IIEAS. R/OIIMS value of measuring resistor. 

S. POINT ? position number of the first point of the second pulse. 

LENGTH (UP TO XXX) 7 the number of working points that will determine 

the real length of the second pulse processed, according to the following 

equivalence table 

WORKING 
POINTS 

0 to 200 

201 to 400 

401 to 500 

REAL 
LENGTH 

0 to 200 

202 to 600 

604 to 1000 

The number XXX in parenthesis specifies-the maximum number of 

working points. 

PLOT (1=YES) Entering number 1 will cause the program to create a file 

DP.;, Ir. AS (, v7here-P- is the RUN number) containing the time domain current 

data ready to be plotted via XY recorder and PIP as explained later. 

8) AGAIN ? Entering Y will return the program to 7) so that all para- 

meters can be re-entered. Any other input will cause the program to 

continue. 

The program is executed: a) the time domain data file is created, if 

so specified. b) The teletype prints RUN to indicate to what RUN the 

following listing refers. c) Three columns are printed which refer to: 

F/HZ The frequency in hertz at which the impedance is calculated. The 

frequency spectrum is computed so that it corresponds exactly to 

the time domain data considered. 

Z(RE) This is the real impedance component of the imaginary axis LT. 

Z(lM) This is the imaginary impedance component in ohms of the imaginary 

axis LT. 

d) The program will create a file Z# AS, (where tP is the run number) 
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containing ordered pairs of Z(RE) and Z(IM) ready to be plotted via PIP 

and XY recorder. The program then prints as a remainder: 

Z 1ýý. AS Y= XX ohms 

The number XX gives the value of the scaling mark on the ordinate 

of the plot frame approximately 10 cm away from the origin. The scaling 

-of the data for plotting purposes is done automatically according to the 

following criteria 

Z (IM)/OHIIS Y AXIS SCALING MARK/OliYlS 

0 to 1 1 
2.5 to 14 10 

14 to 28 20 
28 to 70 50 
70 to 140 100 

140 to 280 200 
280 to 700 500 
700 to 2800 2000 

2800 to 20000 10000 

10) The processing of the particular run is finished, the program now 

fetches the next RUN,, Y-'. CO file to process and returns to 9) until all 

runs are processed. End of program. 

11) Call and run PIP. SV. To facilitate the interfacing between the 

25 
computer and the pen recorder, a "handler" PLT has been written To 

plot the impedance spectrum enter 

* PLT: <Ze. AS 

When a pair of imaginary (Y axis) and real (X axis) impedance data 
N 

is output, the pen of the X-Y recorder moves to the co-ordinate specified, 

puts the pen downt raises it and a potential pulse is sent back to the 

computer to tell it to output the next pair of coordinates. 

To plot the time domain data enter 

PLT: -, P fit. DA 

if desired a frame with the Y axis mark referred to in 9) d) can be plotted 
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on the Z/, t:. AS or P; iP. DA plots by entering 

PLT: FRAME. AS 

the X axis mark of this frame corresponds to twice the Y axis mark value. 

Description of the JAH proaram 

The program is listed at the end of this section, and in Fig. 2.5 

some of the variables used in the program are shown. The control section 

is enclosed between lines 0 to 490. Lines 0 to 50 define arrays dimensions 

and print out the data. From lines 100 to 320 the program permits access 

and inspection of QONVERTed data files. From lines 340 to 490 the para- 

meters defining the consecutive runs are compiled interactively and stored 

in arrays. Please refer to OPERATION for a definition of these parameters. 

A big loop containing all the processing done to a run is enclosed 

between lines 700 and 13710. Subsequent runs are subject to the same 

processing. In the first part of the loop, from line 720 to 980, the 

current transient data corresponding to the given run is retrieved and 

stored in the array C(I). The factor -1/0.209715E+7 in lines 207 and 940 

is included to compensate for the factor 0.209715E+7 which has been carried 

by the data after being sampled by the AAVG or BASAV programs. The CONVRT 

program does not rescale the data passing through it. The minus sign 

ensures that the cathodic currents are positive in sign. 

From line 1000 to 1120 a Plot Section has been written to allow 

for the plotting of the current transient via the PIP program (if so 0 

specified in the Control Section). The factors K2 and Z9 correct the 

sensitivity of the X and Y axis pen recorder preamplifiers, presumably 

affected by transmission and connections potential drops. When the 

sensitivity of both amplifiers is set at 0.2V/cm, 10 cm of the Y axis is 

equivalent to the full 1V signal accepted by the ADC, and 10 cm of the X 

axis is equivalent to 500 sampled points. By knowing the current measuring 
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resistor and the sampling rate, the plot coordinates can be determined in 

terms of current vs time. 

Lines 2000 to 3305 form the Array Section. Here, the parameters 

entered at the Control Section, which are relevant to the run being 

processed, are retrieved and assigned to the variables used in the LT 

calculation. Also the current and time arrays are formed as described 

below. Q1 in line 2010 is a delay to skip a number of points at the 

beginning of the second pulse to allow for potentiostat rise time. it is 

set to zero here, but is kept in the time array forminý algorithm of line 

3010, and in the various algorithms that form current arrays, in order to 

make its use possible for the case of very fast sampling rates. The 

meaning of parameters Pl, v9, Z2 and Q2 in lines 2015,20209 2030 and 2040 

is best illustrated by Fig. 2.5. 

P2 in line 2050, the same as P3 in line 2684 and P4 in line 2710 

give the position of the last point considered in the current array. 

Correspondinglyt Cl, in line 2060, or in lines 2687 and 2688p or in line 

2715, represents the level of the current at the end of the segment of 

second pulse considered, with respect to the current level Z2 at the end 

of the first pulse. The Z2 level is considered as zero by subtracting 

Z2 from the current array (see lines 2060,26889 2715p 2720ý 3210l 3265 

and 3303). 

The variable 0 in line 2070 is the sampling rate, and the quantity 

Tl in line 2080 is just an internal scaling factor use&to improve calcul- 

ations accuracy. " The plotting factor Z9 in line 2170 has a negative sign 

in order to plotthe negative imaginary impedances in the first quadrant 

of the complex plane later. The quantity T in lines 2650 and 3235, 

determines the highest frequency at which the impedance will be calculated. 

I Similarly, B in lines 2660,2680 and 2700 gives the lowest possible 

frequency that corresponds to the time domain data considered. 
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The number of time domain points in the second pulse, when bigger 

than 200, was condensed in order to diminish the array size. This 

optimizes the use of available core and also reduces computation time. 

Between time domain points 200 and 600 only each altcrnative point was 

considered and the skipped point averaged with it (lines 3260 and 3265). 

Between time domain points 600 and 1000, only each fourth point was consideredt 

altho, ugh the adjacent skipped points were blended into an average (lines 3295, 

3300 and 3303) to smooth out any noise. The result is a condensed current 

array where the first 200 points sustain a point to point equivalence; 

condensed points 201 to 400 correspond to time domain points 202 to 600, and 

finally, points 401 to 500 of the condensed array correspond to points 604 

to 1000 of the current time domain array. 

The current array in all cases was formed by subtracting the level 

C1 in order to cause the signal to converge, (lines 2720,32109 3223,32659 

3303), as seen in Fig. 2.5, where the vertically hatched area represents the 

final current array as fed to the LT Calculation Section. The LT of the 

area with the oblique hatching is taken into consideration later, as 

explained in Section 11.2. 

The time array is formed in lines 3010,3255 and 3290 to match 

the current array. For a delay Q1 =0 it is assumed that the first sampled 

point of the second pulse is C(2) sampled at a time T(2)=0/2, where 0 is 

the sampling rate, see line 3010. The first point-C(l) of the second pulse 

is extrapolated 
(line 32231 and is assumed to be sampled exactly at the time 

T(I)=O, i. e. the time at which the second potential pulse is triggered. 

The extrapolation, performed in line 3223 was found by trial and errort to 

give better results for artificial data described by Equations C. 31 and 

c. 49. 

The Frequency Distribution Section is comprised between lines 

3310 and 6310. Its object is to form a frequency spectrum corresponding 
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N 

to the time interval of the current transient. In lines 4210 to 4410 

the maximum frequency W(l) and the minimum frequency W2 are retrieved. 

In lines 4510 and 4610 the number of decades of frequency A is determined. 

In line 4710, the total number of frequencies Nl is determined, and in 

lines 4810 to 6310 a distribution of 20 frequencies per decade is assigned 

to the frequency array W(K). 

The IT Calculation Section is comprised between lines 6510 and 

13710. In this section the impedance spectrum for the run is calculated 

and output into a teletype print out and a file for plotting purposes. 

For each calculated frequency W(K), the program calculates SIN(WT) 

(line 7010) and COS(WT) (line 7110) for each time point used in the transform. 

The SIN(WT) and the COS(WT) values corresponding to-all time points T(M) 

and one frequency W(K) are stored in arrays S(M) and O(M) respectively. With 

these two arrays used in the following calculation, the program enters the 

LT subroutine in line 10410. Both the real part of the imaginary axis 

transform (calculated in line 11810) and the imaginary part (calculated in 

line 11710) are generated over all defined points in the current arrays 

according to Equations A. 54 (without the steady state transform) and A. 55 

and then the program returns to form new S(M) and O(M) arrays at another 

time point T(M) until the imaginary and real parts of the imaginary axis LT 

are generated over all defined points in the current and time arrays. After 

this numerical integration is complete, the values of the real (C5) and 

imaginary (C3) coefficients (at the defined frequency) are returned to the 

main program where the transform (U), of the last current data point Cl 

(assumed to be the steady state current value) is added onto the imaginary 

coefficient (lines 7410,7510). 

The imaginary part of the constant potential profile is calculated 

in lines 7610 and 7710; the real part, V4 is*zero (line 7810). The 

constancy of this theoretical profile can be shown to be valid in practicý, 



JA li BA 3.0 

0 REM CONTROL SECTION 
10 DIM, C(1025) 
20 DIM SC500). pT(500). -O(500) 
25 DIM DC25) 
30 DIM W(55). oR(55)jI(55) 
35 PRINT DATS(X) 
40 DIM 
50 DIM IS(19) 
100 Pll INT " INSPECT ION" 
120 INPUT IS 
140 IF IS><`Y- THEN 340 
160 PRINT "FILE" 
1 83 INIPUT IS 
200 FILENII: IS 
203 FOR 1=1 TO 1006 
205 1 N'? UT# I :C (I ) 
207 C(l)=C(I)/-0-2v39715E+7 
206 NEXT I 
209 C0 LOSE# I 
210 PRINT "S/F LIST" 
220 INPUT AlAA2 
230 FOI I=Al TO A2 
240 PRINT, "C*0; 1; "="; C(I) 
250 NEXT I 
280 PRINT "MORE" 
300 INPUT IS 
390 IF IS="Y" TEEN 210 
323 GO TO 100 
340 PRINT "S/F RUN" 
300 INPUT BIAB2 
380 PRINT "E/V".. "SAMPL*R*/S". o"MEAS* R/OJiMS". &" S*POINT" 
400 FOR N=31 TO B2 
410 PRINT "RUN". *, N 
420 INPUT E(N)., B(N), *A(N), oJCN) 430 PRINT"LENGHT (UP TO"; INT(501-J(N)/4); ")" 
435 Ir,, PUT P(N) 
4136 PRINT "PLOT? Cl=YES)" 
437 INPUT D(N) 
440 NE XT N- 
460 PRINT "AGAIN" 
485 1 NPUT AS 
490 IF A$="Y* THEN 100 
700 FOR N=B1 TO B2 
720 IS="DTAI : RUN"&STRS (NXV* -CO" 
740 F ILEN# I : IS 
900 FOP. I=I TO 1006 
920 1 VIOUT# I : CC I) 
940 C(I)=C(I)/-0*209715E+7 
960 NEXT I 
980 CLOSE01 
1000 REM PLOT SECTION 
1005 K2=0.8975 
1007 Z9=1 . 045 
1010 IF D(N)<>l THEN 2010 
10115 I'S="DTAl : DP"&STRS (N)I" -AS" 
1050 FI LEV#' 2: 1$ 
1060 FOR 1=7 TO 1006 
1070 P=INTC(I-6)*K2/2-5+0-5) 



1075 LI=ItJT(C(I)*Z9*200+0.5) 
loso PR INT#2 : P; PNT (44 Ml 
1 100 NEXT I 
1 120 CLOSE#2 
2000 REV, I/E ARRAY SECTION 
2010 QI=o 
2015 PI=P(N) 
2020 V9=E(N) 
2030 Z2=(C(J(N)-l )+C(J(N)-2)+C(J(tl)-3))/3 
2040 Q2=J(N)+QI 
2050 P2=P(N)+02 
2060 Cl=(C(ir-"2)+CCP2-1 )+C(P2+1 ))/3-Z2 
ý070 O=B(N) 
2080 T1=1/0 
2090 Q2=, J(N)+Ql 
2170 Z9=-z9 
2650 T=6*2832/0 
2660 B=6.2832/(PI*B(N)) 
2670 IF Pl=<200 THEN 2720 
2680 B=6.2832/((2*PI-200)*O) 
2684 P3=2*PI+Q2-200 
2687 CI=0.5*CCP3)+0*25*(C(P3-1 ))'+0-25*CCP3+1 
2688 cl=cl-z2 
2690 IF Pl=<400 THEN 2720 
2700 B=6-2832/(C4*Pl-I000)*O) 
2710 P4=4*PI+Q2-1200 
2715 Cl=(C(P4)+C(P4-1 )+C(P4-2))/3-Z2 
2720 C (I )=C M )-Z2-CI 
2730 T(l)=-0 
2800 A3=200 
2810 IF Pl>A3 THEN 2910 
2840 A3=Pl 
2910 FOR K=2 TO A3 
3010 T(X)=QI*O+O/2+(X-2)*0 
3110 T(K)=T(K)*Tl 
3210 C(K)=C((12+K-2)-Z2-Cl 
3220 NE XT K 
3223 -C C1 )=3.333 (C (I ) **2 /C (2 
3230 IF PI <=200 THEN 3310 
3235 T =3 . 1416 /0 
3240 A3=400 
3245 IF PI>A3 THEN 3250 
3247 A3=Pl 
3250 FOR K=201 TO A3 
3255 T(K)=T(200)+(K-200)*2 
3260 A4 =Q2 +2 *K-200 
3265 C(K)=0.5*C(A4)+0.25*C(A4-1)+C(A4+1)*0*25-Z2-CI 
3270 NEXT K 
3280 IF Pl<=400 THEN 3310 
3283 1.25664/0 
3285 FOR K=4pl TO PI 
3290 T(X)=T(400)+(K. -200)*4 
3295 A4=Q2+4*K-1000 
3300 C (H) = (C'(A4. ) 4C CA4 -1 ) +C (A4 +1 /3 
3303 C (K) =C (K) -C I- Z2 
3305 N'E XT K 
3310 REM FREQ* D15TR- SECTION 
4ý10 VI =T *. ' .0 /T I 
4310 W2=3*1 . 0/TI 
4410 W (I ) =W I 
4510 A=(LOG MAM )))/2.303 



4610 
4710 
4810 
4910 
5010 
5110 
5210 
5310 
5340 
5350 
5370 
5390 
5710 
5730 
5740 
5750 
5760 
5780 
6310 
6510 
6515 
6520 
6610 
6710 
6810 
6910 
7010 
7110 
7210 
7310 
7410 
7510 
7610 
7710 
7810 
7910 
6010 
8110 
8310 
8510 
8710 
6720 
9010 
9020 
9025 
9030 
9040 
9060 
9070 
9075 
9080 
9085 
9090 
9095 
9097 
9100 
9102 
9105 
9107 
9110 
9112 

I=ABS (A) 
PJ, l =1 *20 
F5=1 
143=0 .1 *11 (1 
FOR X=2 TO NI 
VCK)=W(K-1 )-W3 
FS=FS+l 
IF INT (F5 +0 *3 )=5, THEN 
IF INT(F5+0.3)=Il 
IF INT (F5+0*3)=15 
IF INT (F5+0.3)=20 
GO TO 6310 
W3=0.5W3 
GO TO 6310 
W3=0 . 8*W3 
GO TO 6310 
V3 .5 *W3 
F5=1 
NE XT K 
P-11 INT 

5710, 
THEN 5710 

THEN 5740 
THEN 5760 

PRINT "RUN"; N 
PRINT " F/HZ". -" ZCRE)"., " Z(IM)* 
PRINT 
FOR K=l TO INT(Nl) 
FOR M=l TO INT(P1+0e3) 
W4= (V (K)*T (M)) 
S (M) =S IN 014 
0 Ull ) =C OS W4 
NE XT M 
GOSUB 10410 
C2=-Cl/V(K) 
C3=G3 +C 2 
V2=-V9/V(K) 
V3 =0 .0 +V2 
V4=0 00 
C4=C5*C5+C3*C3 
R (K )= (V 4 *C 5 +V 3 *C 3) /C 4 
IC X) = (C 5 *V 3- V4 *C 3) /C 4 
Ll =W (K) *TI 
L3=R(K)*ACN) 
L4 =ICX) *A (N ) 
LS=Ll A .2 632 
PRINT L5. PL3. PL4 
NEXT K 
L4=ABSCL4) 
IF L4<2*5 THEN-9100 
IF L4=<14 THEN 9105 
IF L4 <2 8T HEN 9110 
IF L4=<70 THEN 9115 
IF L4=<140 THEN 9120 
IF L4=<280 THEN 9125 
IF Lli=<700 THEN 9127 
IF L4=<2800 THEN 9129 
Z6=0.02 
GO TO 9130 
Z6=100 
GO TO 9130 
Z6=20 
GO TO 9130 
Z6=1 0 
GO TO 9130 

.d 



9115 Z6 =11 
9117 GO TO 9130 
9120 Z6 =2 
9122 GO TO 9130 
9125 Z6=1 
9126 GO TO 9130 
9127 Z6 =3 .4 
9128 GO TO 9130 
9129 Z6=0.1 
9130 ?. R IN'T " Z". *-N; " -AS".. "Y=" ; 200/Z6 *"OHMS" 
9140 Z6 --- Z6 *A (N ) 
9200 B=" DTAI : V&STRS CNW -AS" 
9210 FILEV#2: Is 
9310 F OR K= IT01 NT (N 1 
9410 PH INTI 2: INT CRC K) Z6 *Y2 +0 .5 ;P NT (4 4 INT I (K) Z6 Z9 +5 
9510 NEXT K 
10210 GLOSE#2 
10310 GO TO 13710 
10410 H5=0*0 
10510 P. 6=0.0 
10610 H7=0.0 
10710 FOR J=2 TO PI 
10810 BB=C(J) 
10910 B9=C(J-1) 
I 10 10 XI =ley (K) 
11110 X2=XI*Xl 
11210 D6=5(J) 
1 1310 D7 =S (J-1 
11410 D8=OCJ) 
11510 D9=0(J-1 
11610 El=(38-39)/(X2*(T(J)-T(J-1 ))) - 
11710 E2=EI*D6-B8*D8/XI-EI*D7+B9*D9/XI 
11810 E3=EI*DB+B8*D6/XI-EI*D9-39*D7/XI 
11910 E2 = -E2 
12010 HS=HS+r3' 
12110 H6 = H6 +E2 
12210 NEXT J 
13310 C5=HS 
13410 C3=116 
13610 RETURN 
13710 NE XT N 
13800 END 
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z 9Q SA 3.0 30 -MAY-77 

0 TIEM-IMAG. AXIS LAPLACE TRANSFO-IM 
10 DIM C(1006) 
20 DIM S(550)., T(550), O(550) 
30 DIM V(62), '1(62). -I(62) 
210 FILEN#l : "DTAI : AL2. DA" 
310 FOR I=l TO 1006 
410 INPUT# I :C (I) 
510 C(I)=-I*C(I)/0.209715E+7 
610 ME XT I 
713 CLOSE#l 
720 Y2 =. 8975 
733 Z9=1.045 
7 40 04 = INT (200 *Z9+3 .5) 
750 Q5=INT(400*Y23+0.5) 
810 PRINT"ENTEl START AND FINAL POINT FO-71 LISTING" 
910 1 tPUT V., Z4 
1010 FOq I=Z3 TO Z4 
1110 PlINT "C"; I; "="; CCI) 
1210 
1310 
1320 
1330 
1340 
1345 
1350 
1512 
1513 
i 514 
1530 
1535 
1545 
1550 
1552 
1555 
1560 
1565 
1567 
1570 
1575 
1580 
1585 
1593 
1595 
1600 
1605 
1610 
1615 
1620 
1625 
1530 
1635 
1636 
1637 
1638 
1640 
1645 
1650 

NEXT I 
PIINT "MORE INS? ECTION? (Y FOR YES)' 
I N? IJT ZS 
IF ZS="Y" THEN 810 
PRINT "PLOT PULSE? (Y Oil 
It:? UT KS 

'IF XS="N" THEN 1760 
Z5=200 
Z6 =2 
REM" C FXCOTOR AND POINT 
n =7 
K6=806 
F ILEV#3 : "DTAI : D? 'o 
FOR Y, =X5 TO X6- 
Ll =C (H) 
C M=INT (C (K)*Z9*ZS +0.5) 
P=INT ( (X-X5 ) *1,2/Z6 +3 -5) 
PR INT#3 : P; PNT (44 ); C (K) 
C (K)=Ll 
tJEXT X 
F011 X=0 TO 200 STEP 2 
PRItJT#3: 0; PrJT(44); Y, 
NEXT X 
F Ol X=O T05 
PR INT# 3: X; PVT (44 ); Q4 
NEXT X 
FOR T=O TO 400 STEP 5 
PRlt'T#3: T; PNT(44); 0 
NE; 

ý 
T 

FOR Y=O TO 5 
PR INT#3 : Q5 ; PNT (44 ); Y 
NEXT Y 
CLOSE#3 
PRINT "PLOT P? " 
INPUT BS 

N )" 

DIV. " 

IF 3$="N" THEN 1783 
G5 =813 
G6=1006 
G 8=3 .5 



1655 F ILEV#4 : 'ODTAI : P" 
1660 FOR I=G5 TO G6 
1662 LI=C(l) 
1670 CC I )-INT (CC I) *Z5*Z9+0-5 
1675 P=INT((I-G5+1 )*(X2/G8)+0-5) 
1680 PIR INT#4 : P; PNT (44. ). *, C CI 
1682 C(1)=Ll 
1685 NEwr I 
1690 FOR Y=O TO 200 STEP 2 
1695 PRIIJT#4: 0. *PDJT(44); Y 
1700 NEXT Y 
1705 FOR X=O TO 5 
1710 PRItJT#4: X; PrJT(44); Q4 
1715 NEXT 
1720 FOR X=O TO 400 STEP 5 
1725 PRINT#4: X; PNT(414); 0 
1730 NEXT X 
1735 FOR Y=O TO 5 
17110 PRINT#4: Q5; PNT(44); Y 
1745 NEXT Y 
1750 CLOSE#4 
1780 PRINT" S OF SECOND PULSE" 
1790 INPUT Z8 
1810 PRINT "POINTS OF DELAY" 
1910 INPUT QI 
2 010 Z2 = (C (Z8- I) +C M-2 )) /2 
2110 PRINT "ENTE71 AMPL-FACTOR" 
2115 INPUT V 
2170 Z9=-z9 
2310 PRINT "RATE IN SEC" 
2410 INPUT 0 
2510 PRINT "POINTS" 
2610 INPUT PI 
2650 PR INT"W Iol-IF., JUMP (V)" 
2655 INPUT ToBoV9 
2700 P2=PI+Ql+ZS 
2710 CI=C. (p2) 
2720 CI=CI-Z2 
2610 T1=1/0 
2 850 T0) =0 
2 870 C0 )=C (ZB+Ql ) 
2 671 C (I )= C0 )-Z2 -Cl 
2910 FOR K=2 TO INT(PI+0.3) 
3010 T00= Ql*0+0/2+(K-2)*O 
3110 T(K)=T(K)*Tl 
3210 CCH)=C(Z8+Q1+lC-2)-Z2-Cl 
3310 14-4:. XT H 
3320 C0 )=C (I )**2/C (2 
3810 C=l 
3910 V=l 
4210 Wl =T*l O/Tl 
4310 W2 =3 *1 .0 /T 1 
4410 v0 )=Wl 
4510 A= (LOG (W2 1W (1 /2 303 
4610 I=ABS(A) 
4710 1,11 =1 *20 
4810 N=1 
4910 W3=0 -1 W (I 



5010 
5110 
5210 
5310 
5340 
5350 
5370 
5393 
5710 
5730 
5740 
5750 
5760 
5780 
6310 
6410 
6510 
6610 
6710 
6810 
6910 
7010 
7110 
7210 
7310 
7410 
7510 
7610 
7710 
7810 
7910 
8010 
8110 
8210 
8310 
8510 
8710 
9010 
9110 
9120 
9130 
9210 
9310 
9410 
9510 
§610 
9710 
9810 
9820 
9830 
9840 
9910 
10010 
10110 
10120 

FOR K=2 TO V1 
TAT (Y. )=7CK-I )-W3 
N=tl+l 
IF INT(N+0.3)=S 
IF INTCN. +0.3)=Il 
IF I Ur Qj'+0 .3)= 15 
IF INTCN+0.3)=20 
GO TO 6310 
1-13=0 .5 *W3 
GO TO 6310 
W3 =0 . 8*143 
GO TO 6310 
W3 = .5 *W3 
tl=l 
VE *Cr K 

THEN 5710 
THEO 5710 
THEN 5740 
THEN 5760 

Pl-INT DATSM 
P71INT "RADIAtIS"., "RE(Z)". -"IM(Z)", "IIE; IZ* 
P. R INT 
F OR X= 1T01 VT (N I 
FOR M=l TO INT(P1+093) 
Idli = (W M *T (M 
S (M) =S IN W4 ) 
0 (M)=C 05 CJ4 ) 
NE XT M 
GOSUS 10410 
C2=-CI/W(K) 
C3=C3 +C2 
V2=-V9/W(K) 
'43 =0 -0 +V2 
V4=0.3 
C4=CS*C5+C3*C3 

.1 M= (V4 *CS+V3 *C3 )/C4 
I M=CC5 *V3-IJ4 *C3 )/C4 
F7 =C B-C2 
Ll =V M *T I 
L3 =. R M *Z7 
L4 =IM *Z7 
PRINT INT(LI+0.2)., L3., L4. #ItIT(LI/6.2832+0-5) 
NE XT K 
PlINT"AMPL. FACTOR (PLOT)" 
INPUT Z6 
FILEV#2: "DTAI: D. DA" 
FOR H=l TO INT(NI) 
P71INT#2: IIIT(R(K)*Z6*K2+0*5); PNT(44); ItITCICK)*Z6*Z9+. 5) 
NEXT K 
FOR X=O TO 400 STEP 5 
PRMT#2 : X; PNT (44 ); 0 
NEXT X 
FOR Y=O TO 6 
PI INT#2 : Q5 ; PNT (44 ); Y 
NEXT Y 
FOR Y=O TO 200 STEP 2 

PR INT#2 : 0; PNT (44 ); Y 
NEXT Y 
FOR X=O TO 6 



10130 PRINT#2: X; PWT(44); Q4 
10140 NEXT X 
10210 CLOSE#2 
10310 GO TO 13710 
10410 115=0.0 
10510 HG=0-0 
10610 H7=0.0 
106 93 PI = IVT (PI +0 .2) 
10700 GI=S(Pl) 
10820 N2=IrJT(PI-1+0.2) 
1082 1 G2=S CN2 ) 
10822 G3=O(Pl) 
10823 G4=O(N2 ) 
10824 G5= (C (PI )-C QV12 ) )/W (Y, )*J (Y, )*(T (PI )-T (N2 
10825 G6=(G5*U-1 )-(C(Pl )*U-3/! J(Y, ))-(G5*U-2)+(C(tl2)*G4/11(K)) 
10826 G7=CG5*G3)-(C(PI )*Gl/W(K))-(G5*G4)-(V(N2)*U-2/",, I(K)) 
10827 G6=-G6 
10828 H6 = H6 +G 6 
10629 115 =G 7 +H6 
1 1830 FOR J=3 TO PI STEP 2 
1 1840 X1 =T (J) 
1 1642 X3 =T (J- I 
1 1844 X5 =T (J-2 
11846 X7=C (J) 
1 1847 X8=C (J-1 
1 18,18 X9=C (J-2 
11850 DI =M ->Z (Xl -73 )* (X5-XI 
11860 D2=((XS-X9)*(XI-X3)-(X7-XB)*CX3-X5))/DI 
11870 D3= (X8-X9)/ (X3-X5)-D2 *(X3 +X5) 
11893 D5=5(J) 
1 1900 D6=S(J-2) 
11910 DB=O(J) 
1 1920 D 9=0 (J-2 
11 93 0EI ='J M *W (K) 
1 1940 E2 =7 M *E I 
1 1950 YI =X7 1W (K) 
1 1955 Y2 =x9/V C K) 
1 1960 Y3 =M +2 *D2 *XI ) /E I 
1 1955 Y4 = (D3 +2 *D2 *X5 ) /E I 
1 1970 Y5 =2 *D2 /E2 
1 1983 E3=Yl *D5+Y3*D8-YS*D5-Y2*D6-Y4*D9+Y5*D6 
1 1993 H5 = H5 +E3 
12000 E7=-YI *DS+Y3*D5+Y5*DB+Y2*D9-Y4*D6-Y5*D9 
12010 E7=-E7 
12020 F16 = H6 +E7 
12021 EB=-2*D2/E2 
12022 E 9=EXP C -1-1 M *XI ) 
12023' FI =EXP (-'-I (K)*XS ) 
12024 F2 =-X7 11.4 M 
12025 F3=-X9/W(K) 
12026 F4 =-M +121 *D2 *XI ) /E 1 
12027 F5 =- (D3 +2 *D2 *X5 ) /E I 
12028 F8=E9*(F2+F4+E8)-FI*CF3+FS+EB) 
12029 H7=H7+F8 
12210 NEXT J 
13310 C5=H5 
13410 C3=H5 
13510 C 8=H7 
13610 RETURN 
13710 PRINT "AGAIN? (Y FOR YES)" 
13720 INPUT AS 
13730 IF AS="Y" THEN 210 
13800 END 

READY 
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see Fig. 2.1, and thus alleviates the necessity of sampling the applied 

potential profile. The real, R(K), and imaginary, I(K), components of the 

impedance are then calculated (lines 8010,8110 respectively) and printed 

on the teletype (lines 6515,6520, and 8310 to 9010). 

From lines 9025 to 10210 the imaginary and real parts of the 

calculated impedance are scaled and stored in a file Z#'. AS to be plotted 

via PIPý the PLT: handler and the XY recorder, into a complex-impedance 

plane plot. The value XXX of the ordinate marker (which has been scaled 

to be 10 cm when the 0.2 V/cm sensitivity in the Y preamplifier is used) 

is printed out by the teletype as Y=XXX OHMS. The abscissa marker is set 

to 20 cm when the X preamplifier has 0.2 V/cm sensitivity and has a value 

of 2Y. 

After this, the program returns to line 700 to process the next 

RUN* CO file, until all are processed. The plotting procedure under the 

PIP program is similar to the outlined for the FT program, so it will not 

be repeated here. 

u . 5.3 

Z8 Program 

A version of this program using the quadratic approximation was 

named Z9Qj a listing is given in this section. The LT subroutine 

calculates the transforms according to Equations A -SG and A-S-4- The 

interactive section gathers information for one -run only, including a delay 

facility for the case that potentiostat rise time is significant., 

11.6. Software'Accuracy Test 

11.6.1. Introduction 

Synthetic and experimental data was used to test the FFT. or LT 

software against theoretical results derived in Appendix C. The synthetic 
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data was chosen to simulate the range of responses expected to occur in 

typical electrochemical systems, namely an exponential and an inverse 

square root transient falls. The experiment chosen was the reduction of 

lead on the HMDE, a reaction known to be reversible. 

JI. 6.2. Exponential Transient 

We will here examine the results obtained when applying the 

FFT or LT programs to the transient fall 

\ rl 
(2.17) 

as the response to a square pulse i. e. E(t) is a constant E. Where R is 

the sampling rate and n=0,1,2, N-1. 

II. 6.2. a. FFT Impedance 

Fig. 2.6 shows a schematic diagram of the current and potential 

transients as used in the-irrpedance spectrum calculation with the FFT 

software. 

For the current exponential transient outlined in C3 the real 

and imaginary Fourier coefficients are'given by 

P, 

a. -VT (2.18) 

4 TT r cý Tr r 

P" TT r (2.19) 

when T--2C=NR and T--C is large, (see Appendix C, Equations C12 and C13, ' 

for derivation). 

In Table 2.1 the accuracy of the FFT performed by the DAQUAD 
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TABLE 2.15. Value of deduced from LT impedance determinations from 

experimental graphs 2.20 and 2.21, according to 

Z(Im)/(2 f)ý 

f /Hz 

642.8 

500 

285.7 

196.4 

178.5 

100 

71.42 

50 

35.7 

32.14 

21.42 

16.0 

10.7 

Z(IM)/ 
-8.43 

-12.7 

-14.9 

-18.67 

-14.67 

-18.84 

-21.56 

-28.48 

-32.63 

-35.9 

-43.65 

-51.27 

-55.94 

/ 

-535 

-711 

-631 

-656 

-491 

-472 

-456 

-504 

-488 

-510 

-507 

-513 

-459 

518 AVERAGE 



-44- 

program is evaluated by comparison with the theoretical values. The 

real and imaginary coefficients Yr outputted by DAQUAD are converted into 

the real and imaginary Fourier coefficients Ar and Br , respectively, 

according to Equation (2.16), and then compared with the theoretical 

results given by Equations(2.18) and (2.19). It can be seen that a good 

accuracy is obtained at low frequencies because the values of Yr are high 

for both real and imaginary parts. The accuracy decreases as the values 

of Yr become smaller, since the rounding off errors of the single precision 

calculations of the DAQUAD program become significant. However the 

imaginary Fourier coefficients Br show an accuracy within 20% up to a value 

of r=71. A steeper transient fall (R ý, 0.01) will improve'the accuracy in 

the high frequency region while in the low frequency region the accuracy 

will decrease. A flatter exponential transient fall (R < 0.01) will give 

the opposite effect. 

The general theoretical impedance spectrum for an exponential 

current transient is derived in Appendix C from Equation (2.10). It is 

given by 
ET(Vk: L +-j wr 

z (; ur, /T) = 
C- - 

'3 ZrT r Z: /7- 
c- 

b". (T- Z: 

(2.20) 

Artificial exponential transients with different values of .C /T 

gave results which behaved as expected from (2.20). However in most of 

this work a value of -C/T=1/2 was usedt since along with the condition 

e -k 2 
(T 

PO, lead to a simplification of Equation (2.20), which gives 

the real and imaginary components of the impedance spectrum as 

Z(R') ZE 
(2.21) 

r 

r 

(2.22) 
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for r=1,3,5t ... (N-1)/2 (see Appendix C for derivation). 

In order to avoid dependance of the rate of sampling R and 

magnitude parameters of the transients, complex plane plots were made 

with the equivalent of Equations (2.21) and (2.22) in the non-dimensional 

forms 

z(n, e-ýb= Z-(Rr-)\:, -, E- 1 =. D- 

(2.23) 

Z(t4 E' R'= 
r (2.24) 

where each point of the plot corresponds to a frequency given by the non- 

dimensional group fR in which f is the frequency in hertz given by 

(2.25) 

One of these plots is shown in Fig. 2.7 for the data generated 

according to Equations C. 1 and C. 2 with R=O. ol and N=1024. This data was 

converted into the frequency domain with the FFT software and the results 

compared with those obtained from Equations (2.23) and (2.24). A reason- 

able agreement is observed for frequencies bigger than that given by ' 

fR=0.0127. For smaller values of R, i. e. as the current transient gets 

flatter, the accuracy of the FFT software diminishes in the high frequency 

region and augments in the low frequency region. 

In Fig. 2.8 a-value of R=O. l was used to generate the exponential 

current transient. There is an acceptable agreement with the theoretical 

values obtained, for frequency values satisfying fR ), 0.036, down to the 

minimum frequency value corresponding to fR=0.000976. For R>0.1 values, 

the accuracy of the FFT software diminishes in the low frequency region, 

although it improves in the high frequency region of the impedance spectra. 

These limitations are due to the truncation errors associatedýwith the 
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Fig. 2.7 Complex impedance plane plot in non dimensional form for the 

test data-generated according to Eqs. C. 1 and C. 2 with R=0.01 and 
N= 1024. (0) Results obtained with the FFT software. M Theoretical 

results given by Eqs. 2.23 and 2.24. Figures indicate corresponding 

fR value. 
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Fig. 2.8 Complex impedance plane plot in non dimensional form for the 

test data generated according to Eqs. C. 1 and C. 2 with R 0.1 and 

N= 1024. (0) Results obtained from the FFT software. ' Theoretical 

values according to Eqs. 2.23 and 2.24. Figures on graph indicate the 

corresponding fR values. 
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single precision calculationst as already explained for the Fourier 

coefficients calculated by DAQU. AJ). 

Since the potential perturbation is a well known function of 

timeo (which modern wave generators can approach very closely), we can use 

the theoretical coefficients C and D instead of the less accurate ones rr 

obtained with the FFT software, in order to obtain improved accuracy in 

the impedance spectra, for both the experimental and synthetic current 

transients. For the case of the step pulse, the Fourier coefficients 

derived in Appendix C (Equations C. 18 and C. 19) are 

C, 
c 

0 

(2.26) 

ir 
E (IT r) 

TT r (2.27) 

II. 6.2. b. Imaginary Axis LT Impedance 

The theoretical impedance spectrum for the exponential current 

transient described by Equation C. 33 resulting from the potential step 

perturbation at t=0, as described by Equation C. 32, is obtained from 

the imaginary axis LT in Appendix C, as 

lkx E 
(2.28) 

The real and imaginary parts of this impedance spectrum are 

expressed in a non-dimensional form as 

(2.29) 

0 
-Z (1, ) k-, ki 1 

Z oý�ý Z ; LIT 
(2.30) 

where the frequency itself is expressed by the non-dimensional group fR. 
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(see Appendix C). 

In Tables 2.2 to 2.7 the theoretical result given by (2.30) is 

compared with the result obtained with the LT software wlicn using the 

linear approximation. The real component is compared against unity as 

prescribed in Equation (2.29). The synthetic exponential transients used 

were prepared according to Equation C. 33 giving different values to R. 

This means that for a given number of sampled points N, the transient is 

flatter for small values of R. 

The transient examined in Table 2.2 is quite steep, the rapidly 

falling part is covered by too few points and a slight error in the approx- 

imation leads to considerable inaccuracy at high frequencies, since as can 

be observed from Equations A. 54 and A. 55, for both the real and imaginary 

parts, high frequencies tend to emphasize the contribution of short time 

F(t) data to the transform, while at low frequency the short time F(t) 

data contribute relatively less to the transform. That is why an improve- 

ment in the accuracy is observed at low fR values in Tables 2.2 to 2.7. 

The transient examined in Table 2.4 is a flatter one and improved 

accuracy in the high frequency side is observed by comparison with the 

results of Table 2.2. However the low frequency accniacy is poor due to 

the fact that 200 points is an insufficient length to consider the current 

level there as "steady state" since the variation from one point to the 

next is still significant. In Table 2.6 the same transient is examined in 

a more appropriate length of N=978, the results show a definite improvement 

in accuracy. The most accurate results were obtained, however, with the 

transient with R=0.1, shown in Table 2.3 for N=200 and Table 2.5 for N=968 

points. The transient is not too steep nor too flat and both lengths are 

appropriate, although the longer length (N=968) gives slightly more accuracy 

and naturally renders lower frequency results. In Tables 2.3 and 2.5 the 

imaginary part has an accuracy of 0.1% and the real part 0.08% at fR=0.2 



TABLE 2.2 . LT impedance results in non-dimensional form for 
the test data defined by Eqs. C. 32 and C. 33 (exponential response). 
Compared with the theoretical Z(Re)o =1 and Z(Im) given by Eq. 2.30. 
R=1, N= 200. 

FR R= 1 Z (RE ), 3 Z(IM)0 Z(IM)0 THEU-'t, 

1 1 . 272876E-007 -0.159155 
0.9 0. 926257 -0.0455043 -0.176838 
0.8 0. 9098/48 -0.109952 -0.1989413 
0.699999 0. 911624 -0.161894 -0.227364 
0.599999 0. 916183 -0.212026 -0.265258 
0.5149999 0. 916368 -0.23964 -0.289372 
0.499999 0- 929j345 -0-270758 -0.318309 
0.449999 0. 922088 -0.307114 --0.353677 
0.399999 0. 923601 -0-351116 -0.397887 
0.349999 0. 924893 -0.406394 -0.454728 
0.299999 0. 925979 -0.476879 -0.530517 
0.274999 0. 926449 -0-524583 -0.578746 
09249999 0. 926873 -0.579151 -0.63662 
0., 2211999 0. 927251 -0.645564 -0,707357 
0.199999 0. 927587 -0.726283 -0.7ý5776 
0.179999 0. 927825 -0-810779 -098841 97 
0.159999 0. 928036 -0-913687 -0 . 99472,2 
0.139999 0. 92 822 23 -1 . 04577 -1 . 13683 
0.119999 0. 928382 -1 622161 -1 . 3263 
0.099999 0. 928515 -1-4675 -1 . 59156 
0.089999 04, 928574 -1 s6313 -1 s7684 
0.079999 0. 928624 -1.83596 -1 . 96945 
0.069999 0. 92867 -2.09899 -2.27367 
0-059999 0. 928707 -2,144958 -2.65262 
0.054999 0. 928727 -2.67264 -2.69377 
0.049999 0. 928744 -2o94027 -3.16315 
0o044999 0, 928757 -3-26734 -3 . 536 8ý 
0.039999 0. 928773 -3.67616 -3.97896 
0-034999 0. 928769 -4.20172 -4.5474 
0.029999 0. 928805 -4-90243 -5.30533 
0.027499 0. 926818 -5o34833 -5.78765 
0.024999 0. 928824, -5-88339 -6.36643 
0o022499 06 928838 -6.53736 -7.07385 
0.019999 0o 928667 -7 -3549' -7.95812 
Os017999 0. 928897 -8.1725 -8.8424 
00015999 0. 928934 -9-19435 -9.94777 
0.013999 0. 928974 -10.5084 -11 -369 
0.011999 0. 929056 -12-2604 -1.3.264 
0.00999931 0. 929181 -111o7145 -15.917 
0.008999 0. 929317 -16.3506 -17.6858 
0o00799901 0. 929554 - 18 -3 596 8 -19.8968 
0.006999 0o 929736 -21.0271 -22.7396 
0.005999 0. 92-9778 -24.5346 -26.5301 
0.00549901 0. 929899 -26.7686 -28o9424 
0.004999 0. 930114 -29.4503 -31.8372 
0.004499 0- 930696 -32.7259 -35.3755 



TABLE 2-3 
. Impedance results in non-dimensio. nal form obtained with 

the LT software. Test data according to Eqs. C. 32 and C. 33 with R=0.1, 
N= 200. A comparison is made with the theoretical results 

FR .R'0.1 Z(Re)O Z( IMP z( IM) 0-1-U 
- ^ý- 

0.99999 
0.899999 
0.8 
0.7 
0*6 
0.55 
0-5 
0*45 
0.4 
0.35 
0.3 
0*27S 
Om, 25 
0*225 
042 
0.18 
0.16 
0014 
0012 
0.1 
0.0900001 
0.0800,001 
0.07 
0*06 
0.055 
0-05 
000450001 
OoO400301 
0*035 
0*0303001 
0*0275001 
0.0250001 
0.0225001 
0.0200001 
0.0180001 
0.0160001 
000140001 
0*0120301 
000100001 
0.00900006 
0.00800006 
0.00700007 
0.00600007 
0.00550007 
0,00500007 
0.00450006 

0-999987 
0.997045 
0-996241 
0-998655 
0.998852 
0.998921 
0*998978 
0.999019 
0*999055 
0.999083 
0.9990 9B 
0.9991011) 
0.999121 
0-999127 
0.999135 
0099914 
0-999145 
0.999141 
0.999148 
0.999155 
0.999156 
0-999157 
0.999153 
0-999157 
0-999159 
0-999161 
0.999162 
0-999166 
0.999166 
0.999168 
0 -99917 
0-999172 
0-999174 
0-999177 
09 9991 B4 
0.9991 B9 
0-999192 
0- 9991 B9 
0-999195 
0.999201 
0-9999-04 
0-999212 
0.999211 
0-999203 
0*999227 
0.999215 

. 93564 SE-00 8 
-0.0171624 
-0.0197205 
-0.0226362 
-0o0264522 
-0.0286705 
-0.0317718 
-0-0353088 
-0-0397305 
-0 *o1154139 
-0-0529884 
-0 -057 810187 
-0o0635929 
-0-0706607 
-0.079497 
-0-0883327 
-0.0993767 
-0-11357,4 
-0-132506 
-00159011 
-0-17666 
-0--198767 
-0.227161 
-0--265022 
-0.289116 
-0o318031 
-0-353357 
-0-397541 
-0o454334 
-0-530051 
-0-578241 
-0.636067 
-0.706746 
-0.795089 
-0-883438 
-0-993873 
-1-13596 
-le32517 
-1-59021 
-1-76691 
-1-98778 
-2*27176 
-2-6504 - 
-2,89134 
-3-16051 
-3-5339 

U. LJ. V V. Lo 

0.0159155 
0.0176838 
0.0198943 
0.0227364 
0.. 0265258 
0.0289372 
0.0318309 
0.0353677 
0.0397686 
0.0454727 
0.0530515 
0.0578743 
0.0636618 
0.0707353 
0.0795772 
0.0684192 
090994715 
0-113682 
0-132629 
0-159154 
0*176838 
0.198943 
0.227363 
09265257 
0.289371 
0-318309 
0.353676 
0-397885 
0-454726 
0.530514 
0.578742 
0.636616 
0.707351 
0*79577 
0.884188 
0*994711 
1-13681 
1-32628 
1.59153 
1-76837 
1*98941 

-2 . 2.7361 
2.65254 
2-89368 
3.18305 
3.53671 

Z(Re)o '2 1 and Z(Im) 0 given by Eq. 2.30. 
theor theor 



TABLE 2.4 . Non-dimensional impedance spectrum 
LT software. Test data according to Eqs 
N= 200. Theoretical results Z(Re)o 
Eqs. 2.29 and 2.30 theor 

FR , R= 0.01 

0.99999 
0.899999 
0.799999 
0.699999 
0.599999 
0-549999 
0*499999 
0*449999 
0.399999 
0-349999 
0*299999 
0.274999 
0.249999 
0*224999 
0.199999 
0-179999 
0-159999 
0-139999 
01119999 
0.099999 
0.089999 
0*079999 
0*069999 
0-059999 
0-054999 
0.049999 
0,044999 
0-039999 
0.034999 
0.029999 
0-027499 
0-024999 
0*022499 
0 *0 1 9999 
0.017999 
0.015999 
0-013999 
00011999 
0.00999901 
0.008999 
0*007999 
0.006999 
0-005999 
0-005499 
0.004999 
09004499 

Z(Re)o 

1 900137 
1.00121 
1 . 00065 
0*999853 
0.999095 
0.998812 
0.998635 
0.998547 
0.998573 
0*998696 
0.998894 
0.99901 
0.999134 
09999267 
0.999395 
0.9991499 
00999598 
0.99969 
0.999775 
0.999854 
Oo999894 
0.999935 
0*999971 
1.00001 
1*00004 
1., 00007 
1*00011 
1.00015 
1.00021 
1,0003 
0.99948 
1.00046 
0.999224 
1.00072 
0.992025 
1.01343 
oo 986012 
1.00651 
1000294 
0*97889 
0*979751 
1.01193 
1.03839 
1.03207 
1.01179 
0*984136 

obtained with the 
0.01, 
by 

C. 32 and C. 33 with R= 
I and Z Im 0 given theor 

Z(im)o 
-0.00000339 
-0-00237339 
-0.00319592 
-0.00365152 
-0*00372753 
-0-00366855 
-0-00361045 
-0.00355208 
-0-00359955 
-0.0037946 
-0.0042172 
-0*00455055 
-0 . 004 99112 
-0-00556507 
-0.00631817 
-0*00708895 
-0*00806453 
-0-00932738 
-0-0110113 
-0*0133632 
-0.0149215 
-ý *016 87 
-0-0193659 
-0.0226764 
-0-0247831 
-0.0273046 
-0-030381 
-0-0342262 
-0-0391607 
-0*0457333 
-0-0658155 
-0-0549289 
-0.0803924 
-OoO687082 
-0*0973998 
-0-0961.16 
-0*107409 
-0 * 14 8885 
-0*13751 
-0-165835 
-0921691 
-0-25725 
-0*262698 
-0*262707 
-0.2,74733 
-0-306985 

Z(lm)o theor. 

0.00159155 
0.00176838 
0*00198943 
0.00227364 
0.00265258 
0*00289372 
0.00318309 
0.00353677 
0.00397887 
0-00454728 
0*00530517 
0.00578745 
0.0063662 
0,00707356 
0-00795776 
0.00884196 
0*00994722 
0.0113682 
0.013263, 
0-0159156 
0*017684 
0.0198945 
0.0227367 
0.0265262 
0.0289377 
0-0318315 
0,0353684 
0.0397896 
0-045474 
0-0530532 
0.0578764 
0.0636643 
0-0707384 
0.0795812 
0.08&24 
0*0994777 
0*11369 
0-13264 
0.15917 
0*176858 
0.198968 
0*227396 
0*265301 
0,269424 
0-318372 
0-353755 



TABLE 2.5 
. No. n- dimensional impedance spectrum 

LT software. Test data according to Eqs. C. 32 and 
response) with R=0.1, N=0 968. A comparison is 
given by Eq. 2.30 and Z(Re) 

theor = 1. 

FR R= 0.1 Z(RE)O Z(IM)O 

0.2 
0018 
0*16 
0.14 
0.12 
0.11 
0.099999 
0.0899999 
0.0799999 
0.0699999 
0.0599999 
0.0549999 
0-05 
0*0449999 
0*04 
0*0359999 
0*0319999 
0.0279999 
0,0239999 
0.0199999 
0*01.79999 
000159999 
0.0139999 
060119999 
0.0109999 
0.00999994 
0.00899994 
0*00799994 
OoOO699994 
0.00599994 
0.00549994 
0 *004 999911 
0*00449994 
0.00399994 
0.00359994 
0.00319994 
0*00279994 
0*00239994 
0 *00 199994 
0*00179994 
0-00159994 
0.0013 9994- 
0.00119994 
0.00109994 
0.00099994 

00999119 
0.999121 
0.999129 
0.999112 
0.999124 
0.999128 
00999135 
0.999139 
0.999144 
0.999125 
0.999137 
0.99914 
0-999146 
0-999153 
0.999158 
0.99916 
0.9991611 
0.999166 
0*999176 
0.999184 
0.999208 
0.999217 
0999 92.2 4 
0.999227 
0.99923 
0.999236 
00999248 
0.999255 
0.999278 
0.999275 
0.999275 
0.999291 
0.9992911 
0.99933 
0.999319 
0.9993 
0.999337 
0.999372 
0.999394 
0.999368 
0.999447 
0* 9994 
0.999502 
0*999498 
0.999553 

-0-0794917 
-0.0883267 
-0-0993718 
-0.113563 
-0-1321196 
-Ool44544 
-0*159002 
-0-176669 
-0-198757 
-0-227143 
-0-265003 
-0*289098 
-0-318014 
-0*353345 
-0-397521 
-0*441695 
-0-496912 
-0-56788 
-0-662542 
-0--795064 
-0,883412 
-0.993BS3 
-lel3584 
-1-32516 
-1*44565 
-1*59022 
-1.76692 
-1*9878 
-2*27184 
-2-6505 
-2*89147 
-3-18065 
-3-53409 
-3o97592 
-4*41771 
-. 4-96996 
-5-68008 
-6-62694, 
-7*95276 
-8-83643 
-9-94153 
-11-3622 
-13-2573 
-111.4632 
-15-9113 

obtained with the 
C-33 (exponential 

made with Z(Im 0 
theor 

Z(IM)O THEOR* 

0#0795773 
0.0884192 
0-0994716 
0*113682 
0-132629 
09144686 
0-159155 
0-176838 
0-1989113 
0.227364 
0-265258 
0*289372 
0-318309 
0.353677 
0-397887 
0*442096 
0-497358 
0*56841 
0-663145 
0.795775 

, 
0*884194 
Oo994719 
1-13682 
1*32629 
1*44687 
1.59155 
1*76839 
1*98944 
2-27365 
2-6526 
2-89375 
3-18313 
3-53681 
3-97892 
4-42103 
4-97367 
5-68421 
6-6316 
7-95796 
8.8422 
9-94752 
11-3686 

'13.2635 
14-4693 
15*9164 



TABLE 2.6 
. Non-dimensional 

LT software. Test data according 
response) with R=0.01, N= 978. 
Z(IM)o given by Eq. 2.30 and theor 

FR 0 R=0.01 2(Re)o 

0.2 
0.18 
0,16 
0-14 
0012 
0.11 
0.0999999 
0.0899999 
0.0799999 
0-0699999 
000599999 
0-0549999 
0-05 
0.0449999 
0004 
0*0359999 
0.0319999 
090279999 
0-0239999 
0.0199999 
0.0179999 
0-0159999 
0*0139999 
0.0119999 
0.0109999 
0.00999994 
0000899994 
0.00799994 
0.00699994 
0.00599994 
0.00549994 
0.00499994 
0*00449994 
0.03399994 
0., 00359994 
0*. 00319994 
0.00279994 
OoOO239994 
0.00199994 
0., 0017 9994 
0 *00 15 9994 
0.00139994 
0,00119994 
0,00109 994 
0.00099994 

1 *00087 
1 . 00096 
1.00133 
1 *00075 
1 -00152 
1.001 
1.00086 
1.00149 
1-00134 
100008 
1 000124 
1 *00153 
1-00156 
1-00131 
1000098 
1-00022 
0.999168 
0-998968 
100011 
1 . 00158 
0-998211 
1.00032 
1-00072 
0*999467 
1.00026 
1.00119 
1-00077 
0.99808 
1900012 
0-999471 
1-00196 
1.00083 
0-999391 
1.00198- 
100012 
0.999848 
0.996989 
0* 9982 83 
1-00187 
1.0038 
0*996845 
0-995143 
0* 999924 
0-998408 
0.992615 

impedance spectrum obtained with the 
to Eqs. C. 32 and C. 33 (exponential 

.A comparison is made against 
Z (Re )o 

theor 

Z(im)o 
-0*00756989 
-0-00918935 
-0.00962266 
-0-011462 
-0-0132839 
-0*0147847 
-0-0156457 
-0*0174167 
-0.0202234 
-0-0227699 
-0.0261238 
-0-0287328 
-0-0319723 
-0-0357411 
-0-0401059 
-0-0458526 
-0-0508445 
-0-0561581 
-0-0651787 
-0*0795149 
-0-0876451 
-0'. 100451 
-0-112861 
-0-13299 
-0-146015 
-0-159705 
-0-175761 

0*197283 
0.228075 

-0*266837 
-09291258 
-0-318751 
-0-35243 
-0-396834 
-0*441325 
-0-493735 
-0-568241 
-0-66ý329 
-0-799264 
-0-88134 
-0-989688 
-1@-13797 
-1.32624 
-1 *411298 
-1-5858 

Z(im)o theor. 
0*00795773 
0.00884192 
0.00 9911716 
0.0113682 
0.0132629 
0.01114686 
0.0159155 
0.0176838 
0*01 98943 
090227364 
0,0265258 
0.0289372 
0.0318309 

. 0.0353677 
0.0397686 
0.0442096 
0.0497358 
0.056841 
0.0663145 
0.0795775 
0.0684194 
0.0994719, 
0.113682 
0.132629 
0*144687 
0.159155 
0.176839 
0*198945 
0.227365 
0.26526 
0.289375 
0-318313 
0-353681 
0,6397892 
0.442103 
0.497367 
0 -56 842 l' 
0-66316 
0.795796 
0.88422 
0.994751 
1.13686 
1.32635 
1.44693 
1.59163 



TABLE 2.7. Non-dimensional impedance spectrum obtained with the LT 
software. Test data according to Eqs. C. 32 and C. 33 with R=0.001, 
N= 968. The results are compared against Z(Im)O given by Eq. 2.30 
and Z(Re)o theor 

theor 

fR Z(Re)o Z(im)o Z(Im), 
theor 

0.2 0. 959884 0*0752849 0. 00079577 
0918 0. 97798 -090792639 0. 00088419 
0.16 .1* 05228 0*071208 0. 00099472 
0-14 0. 926766 -0-0261453 0. 00113682 
0*12 1. 09001 -0-0136227 0. 00132629 
0.11 0. 953577 -0-0728929 0. 001-44686 
0.0999999 0. 934416 0.0430733 0. 00159155 
0.0899999 1- 06546 0.0591958 0. 00176836 
0-0799999 1. 02873 -0-08226 0. 00198943 
0.0699999 0- 922829 -0*0138232 0, 00227364 
0.0599999 0. 998569 0*081948 0* 00265258 
0.0549999 1- 07153 0-0505871 0* 00289372 
0.0499999 1. 08368 -0-0347855 0. 00318309 
OoO449999 1- 01937 -0.0860374 0. 00353677 
0-0399999 0. 950126 -090665485 0. 00397887 
0.0359999 0- 986986 -0-087024 0o 0041120 97 
0.0319999 1. 03554 -0,0874956 0. 00497359 
0*0279999 1. 06472 -0.0567821 0. 00568411 
0.0239999 1. 09839 -0-0135836 0- 00663146 
0.0199999 1- 0783 0-035032 0- 00795776 
0.017§999 0* 928945 -0*054641 0* 00864196 
0.0159999 1. 04 -- 0*0647493 0* 00994721 
0.0139999 0- 974868 -0.086921 0. 0113682 
0.0119999 1* 01373 0.0715136 0- 013263 
0.0109999 1* 08323 -0.0120112 0., 0144687 
0.0099999 1* 00418 -0.100271 0. 0159156 
0.0089999 0- 935957 -0.0374,134 0- 017684 
0.0079999 0- 943844 0.0517629' 0. 0198945 
0.0069999 1* 10417 0.0246019 0* 0227367 
010059999 1. 02943 -0-. 100499 0. 0265262 
0.0054999 1. 01307 -09118724 0. 0289377 
0.0049999 . 0- 935328 -090800734 0. 0318315 
0*0044999 0. 892415 -0*0303942 0- 0353684 
0.0039999 0. 964648 0-015667 0. 0397896 
0.0035999 1. 09454 -0-00530424 0* 0442108 
0.0031999 1* 00317 -00'083252 0. 0497373 
0.0027999 0. 903976 -0.0821789 0- 0568428. 
0-0023999 1- 01665 0.00944831 0. 066317 
0.0019999 1. 16781 -0.174685 0* 07 95 81 
0-0017999 1. 01781 0.100904 0* 0884239 
0-0015999 0* 869424 -0-0861798 09 0994775 
0*0013999 1. 03925 -0.195862 0. 11369 
0-0011999 0. 941502 -0*0175184 0- 132639 
0-0010999 0. 877023 -0: 0737803 0* 144698 
0-0009999 0- 833056 -0.186525 Oo I5917 
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and at the lower frequency end 0.08% for the imaginary part and 0.07% for 

the real part at fR=0.0045 The Table 2.7 shows results of a very flat 

transicnt, the 968 points are not enough to cover a suitable length, 

therefore the results are very inaccurate. 

lfiýt Transient 

The 1/4-t transient as the resporise to a potential step has been 

chosen to produce synthetic data more closely resembling experimental 

reversible reactions. Naturally the data is truncated at the infinite 

jump, affecting the accuracy specially at the high frequency. In practice 

this will not be a problem provided that the apparent high frequency 

resistance E/i(O) is less than the ohmic resistance between the Luggin probe 

and the working electrode. 

II. 6.3. a. Imaginary Axis Laplace Transformation 

The theoretical impedance spectrum for the 1IT-t transient 

described by Equation C. -ý9 resulting from the potential step perturbation 

described by C. 32, is obtained from the imaginary axis LT in Appendix C, 

(Equation C. 56) as 

KJrr w (2.41) 

The non-dimensional expressions of the real and imaginary parts 

of the impedance spectrum, given by 

Z-CP\e-) Y\E-' R- YZ. 
-- 

v _0 
(2.42) Z TT 

I 

ZOrn)K E -' R 
(2.43) 
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as a function of the non-dimensional frequency fR=l/n were compared with 

the results obtained with the LT software suitably modified to suit the 

truncated data and the various integration approximations. 

In order to simulate the way in which the averagetssample in 

practice, the first attempt to form the current and time arrays for the 

IT programt was to consider the first point of current sampled at a time 

equal to half the sampling rate after the onset of the potential step. No 

extrapolation of current to t=O was done, assuming the current to be zero 

until t=R/2. The result of this attempt is shown in Fig. 2.9. It can 

be seen that a serious distortion occurs at the high frequency end, this 

is due to the fact that the contribution of the missing first segment to 

the area under the transient is significant. This area is used in the 

calculation of the transform (see Equations A. 48, A. 52 and A. 53 in 

Appendix A). Fig. 2.10 shows the results of a second attempt where the 

first point of the current array is assigned and arbitrary value of C(O) 

2.048, when E(O)=E at a time T(O)=O. A dramatic improvement in the 

accuracy is observed. The real component of the impedance is displaced 

by a roughly constant amount determined by the value of the first data 

point. The imaginary values are more accurately reproduced. However 

it is no good for the experimental data to assign a fixed C(O) value. An 

extrapolation of the first two data points tentatively set as 

c (0) = c-(i) /c (2-) 
- 

(2.44) 

was used to obtain the results of Table 2.8 which are slightly less accurate 

than those of Fig. 2.10t indicating that a better extrapolation is needed. 

By trial and error the extrapolation 

3. 
(2.45) 
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was found to give the best accuracy, the results are shown in Table 2.9 

and Fig. 2.11. 

The former results were obtained with the linear approximation 

version of the LT program. At this stage it is convenient to compare 

the accuracy of the quadratic approximation version which uses the 

algorithms A. 56 and A. 51- derived in Appendix A. The results are 

shown in Tables 2.10 to 2.14. In Table 2.10 the extrapolation 2.44 was 

used, the results only differ slightly from those obtained with the linear 

approximation in Table 2.8. 

In Table 2.11 the extrapolation given by Equation 2.45 was used, 

there is an improvement in the accuracy comparable with that obtained with 

the linear approximation counterpart in Table 2.9. - 

The former results were obtained from a transient KH -Rn with 

R=l. Keeping the number of points sampled constant we will ocamine here 

the effect of varying R, i. e. the effect of varying degrees of apparent 

flatness or steepness of the current transient. In Table 2.12 a value 

of R=0.5 and in Table 2.13 a value of R=0.05 gives virtually the same 

accuracy in the high frequency region, and a slight improvement in the low 

frequency region as the transient gets flatter. The effect of a steep 

transient, with R=5, is shown in Table 2.14, as expected, the high frequency 

region of the impedance spectrum is less accurate due to significant errors 

of the approximation when tryýng to fit a very rapidly falling transient, 

the low frequency region is however accurate. 0 

Other results not shown here were carried on to examine the 

effect of current test data with only three significant figures of precision. 

No significant deviation was observed from the normal test data results. 

Other test data with random noise showed approximately the same degree of 

noise in the impedance results. 

Since the linear approximation takes less computation time than 



TABLE 2.8. Non-dimensional impedance results obtained w th the LT 
software. Test data according to Eqs. C. 32 and C. 49 (A transient) 
with R= ls C(O) = C(1)2/C(2). Theoretical impedance Z(T)O'given by 
Eq. 2.43. 

fR 

001 
0.0899999 
0*0799999 
0.07 
0.06 
0.055 
0.05 
0.045 
0904 
0.035 
0'03 
0: 0275 
0*025 
0.0225. 
0.02 
0.018 
0.016 
0.014 
0.012 
0.00999997 
0.00899997 
0*00799997 
0.00699997 
0.00599997 
0.00549997 
0 *00499997 
0900449997 
0.00399997 
0 . 0034 99.97 
0.00299997 
0.00274997 
0* 0024 9997 
0*00224997 
0.00199997 
0.00179997 
0*00159997 
0.00139997 
0-00119997 
0*00099997 

Z(Re)** z(IM), 11" -Z (T)* 1/SQR(fR) 

0.735301 -0043265 00503291 3.16228 
0.765747 -0.464298 00530515 3.33333 
0.789891 -ýOO50552 . 

09562696 3.53553 
0o828994 -09543146 0o601546 3.77965 
0.874755 -0.60511 0.649746 4908248 
0.896653 -0.634984 0.678637 4.26401 
0.928681 -0a664844 09711761 4o47214 
0.972266 -0o705111 0o750262 4.71405 
1.01933 -0o760612 0.795773 5 
1.06593 -0.824164 0.850718 5934523 
1.12454 -0,0889942 09918879 5.7735 
1.18018 -0.934331 0.959738 6.03023 
1.2144 -0.9708 1.00658 6o32456 
1.26872 '-1-*04544 1906103 6.66667 
1.34467 -lo09483 1012539 7.07107 
1.38524 -1�1701 1.18627 7.45357 
le47443 -1.22627 1.25823 7.9057 
1954335 -1.34195 le3451 8.45155 
1.66776 -1�42189 le45268 9.12872 
1.7858 -lo59782 1059155 10 
1.86138 -1*65764 1.67764 10e5409 
1-. 99256 1.7284 1.7794 11,. 1604 
2.13504 -1091098 1.90226 11.9523 
2.24011 -2.07215 2905468 12.91 
2.31199 -2.17512 2o14605 13,484 
2.41059 -2o22893 2.25079 14.1422 
2954882 -2.29609 2.37254 14o9072 
2o74092 -294758 2.51646 15.8114 
2.95624 -2.67302 2.69021 16.9031 
3.16698 -2.85422 2990577 18.2575 
3.12857 -2.97735 3.03497 19.0693 
3.42104 -3.2567 9 3.16311 20.0001 
3.48415 _ -3.25763 3-35529 21.082 
3.73169 -3.79145 . 

3.55883 22-3608 
A. 24437 -3.70878 3.75134 23.5704 
4910909 -3.73241 3.9789 25.0002 
4.3375 -4.36213 4.25363 26.7264 
5o00437 -4o46385 4*59445 28.8679 
4.90319 -4.66304 5.03298 31.6232 



- fR ZME) A z( im)* -Z (T )* I /SQR (HZ 11 

1 0-1 66447 -0-0814175 0.159155 1 
0.9 0.193911 -0-0972081 0#167764 1 *05409 
0.8 0,202781 -0.111952 0,17794 1.118,03 
0.699999 0.212904 -0-12703 0.190226 1 . 19523 
0.599999 0.224391 -0-143882 0-205468 1.29099 
0.5119999 0.230846 -0-153671 0.21460,4 1 -3484 0.1499999 0.238016 -0-164878 0.225079 1.111421 
0.11149999 0.24622 -0-178008 0.237254 1.119071 
0.399999 0.255949 -0,, 1937 Z9 0.251646 1 . 581 Ili 
0.349999 0.267971 -0.212892 0.269021 1 .0 9031 
0.299999 0.283501 -0-236929 0.290576 1 *82574 0.274999 0.293166 -0.2514(39 0.303496 1.90693 
0.249999 0.304567 -0.266039 0.31831 2 
0.224999 0.318217 -0-28737 0.335528 2.10819 
0.199999 0.334854 -0-31018 0.355881 2-23607 
0.179999 0.35103 -0-331683 0.375132 2-35703 
0.159999 0.370625 -0-356984 0.397888 2.50001 
0.139999 0 .3 94853 -0-387337 0,42536 2*67262 
0.119999 0-4256119 -0,424687 0#459442 2.68676 
0.099999 0.466172 -0-472259 0.503293 3.16229 
0.089999 0*491733 -0o501539 0-530518 3*33335 
0*079999 0*522264 -0*535922 095627 3-53556 
0.069999 0-559493 -0%577136 0.601552 3-77957 
0.059999 0.606117 -0-627876 0.649751 4908252 
09054999 0.634253 -0-658112 0.678643 4-26405 
0.049999 0*666651 -Oe652631 0*711768 4*47218 
0*044999 0.704475 -0-732586 0.75027 4-71111 
0.039999 0.7119367 -0-779613 0.795783 5.00006 
0.0311999 0.803803 -0-836138 0.850729 5'3453 
0.029999 0* 871622 -0 - 9"Is 942 0091 8894 5: 7736 
0.027499 0-90867 -0*948029 0-959755 6-03033 
0.024999 0-959273 -00995354 1.0066 6- 3246 8 
0.022499 1-00838 -1-05118 1.06105 6 *66681 
00019999 1-07E66 -1-11592 1-12542 7*07124 
0.017999 1*13215 -1.17569 1.1863 7.45377 
0.015999 1. *20971 -1-25563 1.25527 7-90594 
0.013999 1 929575 -1-33147 1.34515 B-45184 
0.011999 1.39475 -1-45332 1-45294 9.12909 
0.00999901 1*55416 -1-58481 1.59162 10.0005 
0*006999 1962949 -1-6565 1.67773 10-5415 
0.00799901 1.70954 -1*76534 1.77951 11.181 
0*006999 1.83152 -1.91801 1.9024 11 . 9531 
0.005999 2.02166 -2 -0 84 91 2-05485 12.911 
0.00549901 2.13626 -2-16181 2.14623 13.4852 
00004999 2*2528 -2o2362 2.25101 14*1435 

Z 1, -AS Y= 2 OHMS 
EXCELLENT! 

TABLE 2.9 Non-dimensional impedance results obtained with the LT 
software. Test data according to Eqs. C. 32 and C. 49 (t-ý transient). 
R= lp C(O) = 3.33 C(1)2/C(2), n= 200. Imaginary result compared 
with Z(T) given by Eq. 2.43. 



TABLE 2.10. Non-dimensional impedance results obtained with the LT 
software (quadratic approximationj. Test data given by Eqs. C. 32 and 
C. 49 (t-ý response). C(O) = C(l) /C(2)t R=1, n= 549. Theoretical 
Z(T) given by Eq. 2.43. 

FR Z-ME) *U IM)* -ZCT)* 1 IS QR (F) 

0*99999 0 *6 84 817 -0.0413088 0.159155 1 
0.9 0.7392 -0-0370902 0*167764 1.05409 
0.8 0.775878 0.0305376 0.17794 1.11833 
0.69999,9 0-72176 0-107243 0.190226 1.19523 
0.6 

' 
0.629802 0*103386 0.205468 1.29099 

0.55 0-595895 0.0784638 0.214604 1 j484 
0.5 0.572906 

' 
0.0477291 0.225079 1*41421 

0.45 0. 556726 0.0152585 0.237254 1.49071 
0.4 0.545417 -0.0215227 0.251646 1.58114 
0.35 0.540338 -0.063561 0.26902 1 . 69031 
0.3 0.542758 -0*111432 0.290575 1.82574 
09275 0-547292 -0.137939 0.303496 1.90693 
0.25 0-554456 -0.166542 0.318309 2 
0-225 0.564735 -0-197705 0.335527 2.10819 
0.2 0.578821 -0-232114 0.35588 2.23607 
0.18 0.593519 -0*262665 0.375131 2.35702 
0.16 0.612101 -0-29675 0.397886 2-5 
0*14 0.635751 -0-335563 0.425359 2.67261 
0.12 0.666313 -0-380989 0*45944 2-88675 
0.0999999 0.706882 -0,. 436186 0.503291 3-16228 
0.0899999 0.732527 -0*4692189 0.530516 3-33333 
0.0799999 0.763148 -0-506959 0-562697 3-53554 
0.0699999 0.800443 -0.551516 0.601548 3.77965 
0.0599999 0*847078 -0-605451 0.649746 4.08248 
0.0549999 0.875177 -0.637225 0*678638 4.26402 
0.0499999 0.907502 

. -0.673246 0.711761 4*47214 
0*0449999 0*945207 -0.714666 0.750263 4971405 
0.0,399999 0,989934 -0.763129 0.795773. 5 
0.0349999 1*04412 -0.821055 0.850718 5.34523 
0.0299999 1*11161 -0.892234 0.91888 5*77351 
0.0274999 1*14844 -0*935271 0.959739 6.03024 
0.0249999 1.19885 -0.983048 1.00658 6-32457 
090224999 1*24737 -1*04008 1.06103 6.66668 

0-. 02 -- 1.31467 -1*10548 1,912539 7.07 
, 
107 

0.018 1.37451 -1.16726 1.16627 7*45356 
0.016 1-44508 -1.24032 1.25823 7.9057 
0.014 1.53027 -1*32866 1.3451 8.45154 
0.012 1.63632 -1 . 43 918---- 1.45267 9*12871 
0.011 1.70602 -1.50605 1#51748 9*53463 
0.00999999 1.77353 -1.58207 1.59155 10 
0100899999 1.8559 -1.66695 1.67764 10*5409 
0,00799999 1.96106 -1.77671 1ý. 7794 11.1803 
0.00699999 2-08851 -1.89245 1.90226 11.9523 
0,00599999 2.23871 -2.06389 2.05468 12-9399 
0,0054 99-99 2.34118 -2*14609 2.14604 13*484 
0.00499999 2*43025 -2.24133 2.25079 14-1421 
0.00449999 2-54098 -2.38732 2*37254 14-9371 
0.00399999 2.71223 -2*54851 2.51646 15-8114 
0.00359999 2.86077 -2.67371 2*65258 16-6667 
0.00319999 2.990,25 -2.8099 2.81349 17.6777 
0.00279999 3-1501 -3*05752 3*00774 18.8982 
o. 00239999 3.42363 -3.38719 3.24874 20-4124 
0.00199999 3-B2332 -3.69519 3.55881 22-3607 



TABLE 2.11. Non-dimensional impedance results obtained with the. 
LT software (quadratic approximation). Test data given by Eqs. C. 32 
and C. 49 (Cý transient). n= 100, C(O) = 3.33 C( 1)2/C(2). Theoretical 
impedance Z(T) given by Eq. 2.43. 

R1 

FR Z(RE)* ZCIM)* -Z (T) * 1 /SQR (F) 

0.99999 0.23264 -0o0420327 0.159155 1 
0-9 0.206785 -0.0398655 0.167764 1.05409 
008 0.183049 -0.057078 0.17794 1.11803 
0.699999 0.165668 -0.085852 0.190226 1,19523 
0.6 0.153074 -0o12522 0o205468 1.29099 
0.55 0.148365 -0.150486 0.214604 1.3484 
0.5 09145266 -0,. 18141 0.225079 1.41421 
0.45 0,145426 -0.219945 0.237254 1.49071 
0.4 09151336 -0.268389 0.251646 1.58114 
0. -35 0.168262 -0.329729 0.26902 1.69031 
0.3 0.236427 -0.405091 0.290575 1.82574 
0.275 0.2382 -0.114638 0-303496 1.90693 
0.25 0.280984 -0.487287 0.318309 2 
09225 0.335524 -0-524305 0.335527 2.10819 
0.2 0.400447 -0.553624 0.35588 2 23607 : 
0.18 09457394 -0.569934 0.375131 2 35702 
0.16 0.51611 -0.580348 0.397866 295 - 
0.14 0.57466 -0.587335 0.425359 2.67261 
0.12 0.63277 -0., 59525 0.45944 2 88675 
0.0999999 0.69279 -0.610161 0-503291 3: 1622 8 
0.0899999 0o72525. 4.622734 0.530516 3.33333 
0.0799999 0.76094 -0.640519 0.562697 3.53554 
0.0699999 0.801715 -0.665476 0,601548 3.77965 
0.0599999 0.850461 -0.700432 0-649746 4.08248 
000549999 

- 
0.879186 -0.72304 0.676638 4o26402 

0.0499999 0.911882 -09750069 09711761 4.47214 
0o0449999 0.949711 -0., 78272 0o750263 4.71405 
090399999 0.99433 -0.822601 0.795773 5 
0.0349999 1,04822 -0.872136 0,8507113 5.34523 
0.0299999 1,11523 -0.935104 0.91888 5.77351 
090274999 1.15162 -0.973837 0.959739 6.03024 
0.0249999 192019 -1.01761 le00658 6.32457 
0.0224999 1.24977 -1.07026 le06103 6.66666 
0'. o199999 1-31988 -1.13067 1.1254 7.07108 
0'. 017 9999 1936996 -1.18771 1.18627 7.45358 
0.0159999 1945192 -le26403 le25823 7.90571 
0.0139999 1.53037 -1.33466 1.3451 8945157 
0.0119999 le63306 -1.45183 1945268 19o 12 874 
0.00999992 1.79008 -1.57009 1059155 10 



TABLE 2.12- Non-dimensional impedance obtained 
(qu dratic approximation). Test data given by 
(S response). n= 549, R=0.5, C(O) = 3.33 
impedance Z(T) given by Eq. 2.43. 

R= 0.5 

with the LT software 
Eqs. C. 32 and C. 49 
C(1)2/C(2). Theoretical 

FR Z(RE)* Z(IM)* -ZCT)* 1 /SQR (F) 

0.2 0.393405 -0-5577? 4 0.35588 1.58114 
0.18 0-451617 -0-574935 0.375131. 1.66667 
0.16 0.511816 -0-585762 0.397886 1976777 
0914 0-571822 -0.592626 0.425359 1.88982 
0.12 0.631142 -0-599982 0o45944 2904124 
0.11 09661288 -0-605716 0-479869 2.13201 
0.0999999 0.692011 . -0.614061 0-503291 2.23607 
0.0699999 0.724958 -0-626143 0.530516 2-35702 
0.0799999 0.760612 -0-643479 0o562697 2.5 
0.0699999 0.801658 -0-667945 0.601548 2.67261 
0.0599999 0.850238 -0-7025 0o649746 2.88675 
0,0549999 0.879144 --0.725002 0.678638 3o01512 
0.0499999 0-911551 -0-751756 0.711761 3.16228 
0.0449999 09948964 -0-, 784081 0-750263 3.33334 
0.0399999 0.993692 -0-823909 0.795773 3.53554 
0.0359999 1.03528 -0.862206 0-838819 3.72678 
0.0319999 1.08479 -0-908957 0-889703 3.95285 
0.0279999 1-1,4526 -0o966592 0.951132 4.22578 
0.0239999 1.2205 -1-03889 1.02734 4.56436 
000199999 1.3168 -1.13169 1.1254 5.00001 
0.0179999 1.37628 -1.18981 1.18627 5.27048 
0.0159999 1.44607 -1-25742 1.25823 5-59019 
0.0139999 1-53071 -1--34065 1.3451 5.97616 
0.0119999 1.63604 -le44417 le45288 69455 
0.0109999 1.70496 -1-50609 1-51749 6.74203 
0.0099999 1-77149 -1-5746 le59155 7.0711 
0.0089999 1.86269 -1.6504 1967765 794536 
0.0079999 1.95621 -lo74647 le77941 7.90574 
0.0069999 2.08329 -1-85221 le90227 894516 
0.0059999 2.23083 -1 o 988A2 2-05469 9.12878 
090054999 2.33028 -2.06212ý 2o14606 9.53471 
0.0049999 2.41845 -2.13981 2625081 10.0001 
0,0044999 2.52641 -2.23622 2.37256 109541 
0.0039999 2.68921 -2.36182 2.51649 11.1805 
0.0035999 2.834 -2-44415 2.65261 11-7853 
0o0031999 2.95232 -2.50367 2.81352 12.5002 

' 0o0027999 3.11538 -2967377 3-00779 13.3633 
0 . 0023 999. 3-37473 -2-85505 3.2488. 14-434 

. 0.0019999 3.66377 -2 -74251 3-55889 15-8118 
0-0017999 3.86571 -2o88153 3.75141 16.6671 



TABLE 2.13. Non-dimensional impedance obtained with. the LT software 
(quadratic approximation). Test data given by Eq . s. "C. 32 and C. 49. 

n= 549, C(O) = 3.33 C(1)2/C(2). Theoretical Z(T)* given by Eq. 2.43. 

R= 0 OS 

FR Z(RE)* Z(IM. )* - ZC)* 1 /SQR (F) 

0.200001 0. 393406 -0-557722 0.35588 00499999 
0.180001 0. 451616 -0.574936 0.37513 0-527045 
0.16 0. 511819 -0-585767 0.397866 0.559016 
0.14 0. 571827 -0.592626 0.425358 0.597613 
0.12 0.631144 -0.599977 0-459439 0.645496 
0.11 0o 661289 -0.605713 09479868 0.6,74199 
0.1 0- 692014 -0-614055 0.50329 0.707106 
0.0900003 0. 724957 -0.62614 0.530514 0.745355 
0A600002 0. 760617 -0.643475 0-562696 0.790568 
0.0700002 0. 801657 -0.667951 0.601547 0.845153 
0.0600002 0- 85024 -0-702505 0.649745 06 91287 
0.0550001 0. 879126 -0-724996 0.678636 0,953461 
0.0500001 0- 911531 -0.751739 0-71176 0: 999999 
0.0450001 0. 948939 -0.764052 0.750261 1 . 05409 
0.0400001 0. 993679 -0-823881 0-795772 1.118-03 
0.0360001 1. 0353 -0.862354 0.836818 1.17851 
0.0320001 1- 08482 -0.908995 0.8897 1.25 
0.0280001 1. 14527 -0.966651 0.951129 1 *3363 
0.024 1- 22056 -1-03895 1.02734 1.44337 
0.02 1. 316.77 . -1-13151 1.12539 1.58114 
0.018 1- 37623 -1.18966 1.18627 1-66666 
0.016 1. 44636 -1.25807 1.25823 1-76777 
0. o014 ý- 53067 -1-34096: 1-3451 1.88962 
0.012 1. 63563 -1.44313 1.45267 2-04124 
0.011 1- 70509 -1-5057 1-51748 2o13201 
0.01 1. 77187 -1-57566 1.59155 2.23607 
0.00899999 1- 66266 -1.65229 1-67764 2'35702 
0.00799999 1. 95682 -1-75084 1-7794 2: 5 
0.00699998 2. 0816 -1-64307 1.90226 2.67261 
0-00599998 2- 23228 -2900408 2-05468 2-88675 
0.00549998 2. 3285 -2-05763 2-14604 3.01512 
0.00499998 2-- 42054 -2s14931 2.25079 

. 
3.16228 

0000449998 2. 52781 -2.25229 2*ä7254 3-33334 
0.00399997 2. 69209 -2*35214 2-51646 3. -53554 
0.00359997 2. 82673 -2.39344. 2.65259 3.72679 
0.00319997 2. 96092 -2-56902 2.81349 3-95286 
0.00279997 3- 10095 -2-59155 3.00775 4.22579 
Os00239997 3. 37668 -2-67405 3.24875 4.56438 
0.00199997 3. 7364 -3-01941 3.55883 5.00004 
0.00179997 3. 94644 -3.15656 3.75134 5.27051 



TABLE 2.14. Non-dimensional impedance obtained 
(quadratic approximation). Test data given by 
n= 549, C(O) = 3.33 C(1)2/C(2). Theoretical 
by Eq. 2.43. 

R= 5 

with. the LT software 
Eqs. C. 32 and C. 49. 
impedance Z(T)* given 

FR Z(RE)* Z(IM)* - ZC)* 
f 

1 /SQR (F) 

0.200001 0-393401 -0-557718 0-35588 4.99999 
0.180001 0-451611 -0.574934 0.37513 5.27045 
0.16 0.511812 -0.585765 0-39786ý 5.59016 
0914 0-571817 -0.592628 0.425358 5-97613 
0.12. 0-631137 -0.599981 0.459439 6v45496 
0.11 0-661286 -0.605705 0., 479668 6074199 
0.1 0-692015 -0.614049 0.50329 7.07106 
000900002 0-724957 -0.626137' 0.530515 7.45355 
0.0600002 0-760624 -0.643485 0-562696 7.90568 
0o0700002 0-801659 -0-667944 0.601547 8.45153 
0.0600001 0-850231 -0.702509 0.649745 991287 
0.0550001 0-879123 -0.72499 0.679637 9-53462 
0.0500001 0-911532 -0,751754 0.71176 9.99999 
0-0450001 0-946927 -0-784044 0.750261 10.5409 
0.0400001 0-993663 -0-823935 0.795772 11.1803 
0.036 1-03529 -0.662237 0.638818 11-7851 
0.032 1-08483 -0.909009 0.869701 12.5 
'0.028 1-14523 -0.966633 0.95113 13.363 
0.024 1-22054 -1.03886 1.02734 14.4338 
0.02 1-31672 -1-13164 1.12539 15.6114 
0.018 1-3763 -1.19022 1.18627 16.6667 
0-016-- 1-44597 -1.25789 le25823 17.6777 
0.014 1-53056 -1.34051 li, 3451 18.6982 
0.012 1-63575 -le44218 1.45288 20o4124 
0.011 1-70432 -1-50296 1-51748 21.3201 
0o00999996 1-7712 -1.57389 1.59155 22.3607 
0.00899995 1-86305 -1.65538 1.67764 23.5703 
0o00799995 1-95743 -1.75195 1-77*941 25.0001 
0.00699995 2-08177 -1-85138 1.90227 26.7262 
0,005 99994 2-22975 -1-99384 2. -05469 28-8676 
0 -0054 9994 2432981 -2.0574 2.14605 30.1513 
0 -004 99994 2.41615 -2.12742 2.2508 31.623 
0o00449994 2-52863 --; 2 -2 6608 2.37255 33.3335 
0-00399994 2.69364 -2.37439 2-51647 35.3556 
0.00359993 2-83023 -2.41934 2.6526 37.2661 
0-00319993 2--95241 -2-51832 2.81351 39.5289 
0-00279993 3.1191 -2.74024 3.00777 42.2582 
0-00239993 3-37007 -2-85878 3.24877 45.6442 
0-00199993 3.72894 -3-05485 3.55887 50.0009 
0-00179993 3-91306 -3-03486 3-75138 52.7056 
0o00159993 4.1069 -3-20484 3.97895 55-9029 
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the quadratic, and is of similar accuracy we decided to use the linear 

approximation in the subroutine to take the LT of the experimental data 

in the automated version of the program, named JAII, after the persons in 

our laboratory that contributed to its development.. 

11.6.4. Pb++ Reduction 

Experimental 

A fast electrochemical system was initially chosen, as this 

represents the most difficult case in that the 1(t) response to a square 

E(t) pulse is changing rapidly. The systcm investigated was the reduction 

-3 of a 5X10 M Pb(NO 3)2 + 1.0 M HC10 4 solution at HS. The Hg electrode was 

a hanging Hg drop (HMDE) attached to a Hg plated P't spike sealed into glass. 

The electrode was contained in the cell shown in Fig. 2.16. a 

Each Hg drop was produced in the capillary attached to the syringe 

by turning the micrometer five divisions. From this capillary the drop 

was collected by the HMDE and translated to a position near the tip of the 

Luggin probe connected to the refprence electrode. 

From measurements with a travelling microscope the area of the Hg 

r2 dop was calculated as 0.05 cm , using the formula of a truncated sphere 
22 AR+D Two types of reference electrodes were used, S. C. E., and 

a Pb(O. 4M)/Hg amalgam in contact with the aqueous solution. This reference 

electrodes were not ideal but were found to be suitable as they did not 

change during the time scale of the experiment. The amalgam reference 

electrode had a measured potential of -0.185 V against a standard hydrogen 

electrode. AnalaR Pb(NO 3)2 , AnalaR 11C10 4 and triply distilled water were 

used to make up the solution which was deareatedwith N2 prior to use. The 

counter electrode was a Pt spiral. 



Fig. 2.1611 HDE cell, convertible into Hg drop mounied 

on a capillary. 





Fig. 2.16ý HDE cell, convertible into Hg drop mounted 

on a capillary. 



-52- 

JI. 6.4.2. Fourier Transform Impedance 

A double p6tential pulse, as shown in Fig. 2.16A, was applied to 

the HMDE. The first pulse deterInes the d. c. potential and was 30 mS in 

length. The second, small amplitude (10 mV) pulse was used to sample 

the impedance characteristics. The potential step applied was close 

enough to a perfect signal to make it unnecess I ary to sample it. The i(t) 

response labelled B in Fig. 2.16 was sampled with the DAQUAD program. With 

the potent-lostat used the time of double layer charging in the second pulse 

was negligible compared to the sampling rate of 150ýas per point. This 

data was averaged from 40 successive perturbations (at a 0.33 s repetition 

rate) on the same drop, ) in order to reduce noise. No significative build 

up of amalgam took place because between pulses the lead was dissolved at 

the base potential of -270 mV vs SCE. The anodic transient was complete 

before the next pulse. Fig. 2.17 shows the stationary i-E curve obtained 

from the current at the end of the first pulse. This curve has the 

characteristiýs of a 2e reversible reaction. The value of i suggests 
Id 

that the diffusion layer is 2.66 x 10- cm. 

After sampling, using the DLOAD program, the current just prior 

to the second pulse was subtracted from the second pulse, and the first 

pulse replaced by ý zero level line. The data was then processed by DAQUAD 

to obtain Ar and B 
r' 

The program, CDFILE was used to obtain Cr and D 
r' 

Since the data was only 512 points long, an interpolation of the time domain 

data was carried on in order to improve the accuracy of the DAQUAD program. 

The results expressed as Z(Im) vs Z(Re) are shown in Fig. 2.18, for both 

the L and FFT software, also shown in the figure are values obtained by 

manual Transfer Function Analyser (TFA) (from S. E. Laboratories model SM 

272) analysis of the sine wave response. The results of the TFA are some- 

what lower due to slight differences in area and some poisoning as the 

imaginary part of the response became less with time. Also in a continuous 
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experiment some build up of Pb as an amalgam is unavoidable, and may be a 

contributing factor. 

Fig. 2.19 shows a Randles type analysis of the imaginary part 

of the data. The results are similar to those of Timmer et al 
26 for a 

Pb 
2+ KNO 3 solution. For example for a reversible redox reaction for the 

case of a. c. superimposed on a reversible d. c. wave 
27 

"F r 
VT (2.48) 

Where v;; L. 
is defined by 

(2.49) 
IDYII ) ,F 

ý' 

0bR 

where U- is defined by Z" 

Timmer et al give a measured value of 125 -(L cm 
2 

S-ý in IM KNO 3 solution 

at E= -402 mV (S. C. E. ). This value corrected for electrode area 

concentration and potential of Fig. 2.19 gives 99.7SL cm 
2 

s-ý for the 

slope of the graph Z" vs 

Although the i(t) data was averaged, it is possible to generate 

similar results from a single pass. It would have been better to use the 

BASAV sampler instead of DAQUAD to have a faster sampling rate (as low as 

25/4s per point). However, by comparison with the impedance spectrum 

obtained with the non interpolated data processed with the LT software, no 

alteration resulted from the interpolation performed. 

11.6.4.3. Laplace Transform Im2edance 

Exactly the same data shown in Fig, 2.16 was processed by the 

Laplace Transform programs. The results are shown in Fig. 2.18. The 

equivalent Randlcs plot of the imaginary part plotted as a function of 
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f is shown in Fig. 2.19. The slope of the graphý104As at E= -360 mV 

SCE (E is-, -372 mV for this case). As the previous work on test programs 

shows, the imaginary part Z(Im) is expected to be accurate. As shown in 

Fig. 2.18 there is some uncertainty in the real part Z(RE). This could 

be substantially improved by sampling at a faster rate than 150A4s per 

point. 

Measurements have also been made of the potential depcndence of 

the impedance to test how far the method can be used. , An example of an 

actual run is shown in Fig. 2.20 and 2.21. Fig. 2.22 shows for complete- 

ness an analysis of the imaginary part of the impedance Z(Im) at a fixed 

frequency of 31.8 Hz as a function of potentialt based on the Equation (2.48). 

In the Figure a good fit is shown to the expected value of n=2. The 

minimum value of 0- M gives according to. Equation (2.49) a value of D0= 

1.17 x 10- 5 
cm s -1 

. These calculations were undertaken as a check on the 

values given by the impedance method. 

The value ofcj- used in this graph is independent of frequency 

up to -1 KHz. Table_2. 
-15 shows the value of g- deduced from the experi- 

mental graphs 2.20 and 2.21. This shows the variation in the data which 

is %/\ 
. 

520 ± 50 A s-ý. It is clear that the results are satisfactory 

and are comparable with data obtained by phase sensitive detection. The 

advantage of using the computer is that now the processing and curve fitting 

to modelsp which is a vital part of any electrochemical experiment could 

now be carried out by computer. 
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CHAPTER III 

THE ELECTRODE KINETICS OF ZINC DEPOSITION 

Introduction 

The Zn deposition reaction in acid solution has been the subject 

of many investigations. The interest in this system revolves around the 

fact that Zn 2+ discharge reaction is one of the few slow electrochemical 

reactions in which 2e are transferred. Much debate centres on whether , 

these are transferred in a single 2e or two separate le steps. The 

reason for theelectron transfer being slow is also of interest. A slow 

electron reaction is also a useful tool with which the effect of the 

structure of the double layer on the kinetics of the reaction can be 

investigated. However the work in this thesis is directed mainly towards 

a comparison of the rate of reduction of Zn 2+ ions on Hg and on solid Zn 

and this review of previous work will be divided in this way. 

A body of work also exists on the reduction of alkaline solutions 

24- 
of Zn . This mainly deals with the problem of what complexes are present 

in solution and which one is discharged at the electrode and will not be 

exhaustively reviewed here. 

111.2. Reduction of Zn 
2+ 

on Hg 

The original and very fine early measurements of Randles and 
1 L, 

Sommerton showed that a rate constant at E 
e. 

(equivalent to 

had the following values 
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IM no 3 3.5 x 10- 3 
cm S- 

1 

2+ IM KCI 4.0 x 10- 3 

Zn 
IN KBr 8.0 x 10- 3 

10- 3M 
-2 1M KCNS 1.7 x 10 

\. 
1M KI 7.0 x 10- 2 

Gerischer 
2 

measured the exchange current i as a function of Zn and Zn 2+ 

y0 
concentration in NaClO 4 solution. At the low concentrations he used, 

the data fits the equation 
0 .- cl, % hx. 

If % c( , 
/(cýN 

1 +/31 
LO =n F- 1: ý 

5 1A 

Ilz 
h 

The actual values of the parameters were found to be 

-: Z . (). ZK 

Lo = 1. OZL 
E. 

4-h 1---, 0.7-ýL 
-X A e, -wý (3.1) 

1 
where the concentrations are in mol 1- However this information is not 

so useful without potential dependence data. As shown earlier 01\ 1 and/S 

are related to the Tafel slopes a, b(: 4i, mV) by 

303 (3.2) 

(3.3) 

Koryta 
3 

made kinetic measurements at the dropping Hg electrode 

and found a= 90 - 120 mV by an analysis of log -i vs E curves. Id 
However the Tafel slope depended on ionic strength in NaN03 solution. 

Hush and Blackledge 4 
analysed the charge transfer resistance RD 

obtained fm impedance measurements, using bridge measurements, as a 

function of potential and Zu 2+ 
concentration. They used a theory which 

assumed that the a. c. was superimposed on a d. c. wave away from equilibrium. 
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A simplified theory due to Gerischer 2 
gives if 

lz n"l 
(3.4) 

then 

31415 Lh Lh [h F k's 11 C( Ev) 
1 

(3.5) 

and if by the Nernst equation at constant E Zn 

: L"ý] 5n1: (E 
z 11 =- E! 7'p - 

RT 
(3.6) 

'L VA 
=I- ý--ýT- ,, ý =. RT 

ol E 11 FnP, (3.7) 

This procedure may not be accurate as the stationary i-E curve was not 

analysed to check that it was reversible. Since then more detailed 

theoretical analysis of a. c. on reversibleg pseudo reversible d. c. waves 

has been made. On the basis of Equation (3.7) Hush and Blackledge 

determined RT 'Cýl from the straight line graph of ln R vs E. At high 
nF D 

ionic strength they find a limiting value of 0.31. This corresponds to 

a Tafel slope of 97 mV. They also find, (their Fig. 4) that the Tafel 
I 

slope becomes smaller as the ionic strength decreases. For example it 

is 60 mV atev 0.1 M. They also but less accurately measured polarographic 

i-E curves for the dissolution of amalgam electrodes. They found in 

2M NaClO 4a Tafel slope of 47 mV for the anodic reaction. A two step 

reduction of Zn 2+ 
was tentatively suggested on this basis. 

In a further paper these authors confirmed the rate constants 

measured by Randles and Sommerton at Ee for the Zn 2+ 
reduction in the 

presence of Cl-, Br-, I- and CNS-. They also found in 1M solutions, from 

impedance measurements, that the Tafel slope varied from 97 mV in Cl- to 
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75 mV in CNS and 30 mV in I containing solution. 

In a series of papers Sluyters and his co-workers have investi- 

gated the Zn 2+ 
reduction by a number of techniques. They were also able 

to investigate the reaction of a wide potential range by applying impos. ed 

d-c. over a wide range of potential. 

The first attempt 
6 

shows that the Zn 2+ 
reduction at the streaming 

Hg electrode showed two peaks in the cathodic a. c. polarogram under some 

conditions. These diagrams were constructed by calculation from the real 

Z' and imaginary Z" part of the measured impedance, so as to eliminate the 

double layer capacity contribution. These peaks were interpreted as Zn 2+ 

and Zn + 
reduction waves. A subsequent paper 

7 
showed, howevcr, that similar 

diagrams could be generated from a better theory for the a. c. impedance 

of a. c. on an irreversible d. c. wave. A similar theory for a. c. polaro- 

graphy on reversible and irreversible d. c. waves has been given by other 

authors 
12 , 13 

An analysis 
8 

of the plots of a-E andT -E for 3x 10- 3M 
Zn 

2+ 

+3x 10- 3M Zn/Hg in 1M KC1 (pH 3) showed that the data could be fitted 

experimentally with a single electron transfer. The Tafel slope was 

suggested-to be rv 90 mV. 

Teppema et al 
9 

and Sluyters-Rehbach 10 
et al reinvestigated the 

effect of the anion on the rate of the Zn 2+ 
reduction and the Tafel slope. 

They 
9 found 87.5 mV in IM KI and 104 mV in 0.5M KC1*+ 0.5M KI by a galvano- 

static method of measuring the standard rate constant as a function of 

concentration of Zn 2+ 
, Zn and the KCl/KI ratio (= x). They state that as 

I- and NO - have little tendency 
14 

to complex formation and Cl- is known 3 
2+ to complex appreciably with Zn then chloro complexes should be accounted 

for. They do this by assuming that Zn 2+ is reduced and calculate its 

1.4 
concentration from equilibrium data In addition they separately apply 

the Frumkin double layer potential correction to the k S11 -x curve. They 
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suggest that k SH correlates with the adsorbed charge q', obtained by the 
15ý16 Grahame and Parsons method Unfortunately considerable doubt has 

been put on the Frumkin method and the calculation of adsorbed charge by 

a series of six papers by Cooper and Harrison in these laboratories. In 

a further paper 
10 

they reinvestigated the problem in more detail by a. c. 

impedance. They say that this method is preferable as the d. c. potential 

can be varied greatly, compared to the measurement of 10 or k SH as a 

function of Ee or the analysis of d. c. i-E curves which concentrates on 

data near to E These authors confirm the Tafel slopes of Hush and 

Blackledge in the anodic region and also their previous finding 
9 

that the 

calculated value of k SH 
(assuming a fixed value of Tafel slope) is not 

constant when estimated for various potentials. They are of the opinion 

k SH correlates with q'. A weakness of this paper is that they do not seem 

to appre ciate that a difference in the anodic and cathodic Tafel slopes is 

2+ commonly observed for two step reactions (for example the well known Cu 

reduction). A review and some further experiments based on the Faradaic 

rectification method have also been given 

Tamamushi et al approached the problem from polarograph i-E. 

They analysed the cathodic wave only. The observed pseudo reversible waves 

depended on the anion. Only in C10 4- and NO 3- could the entire wave shape 

be predicted. In I this was not the case. However their implicit 

assumption. that -A +1 is not correct for a 2e reaction. However the 

slopes of the log i /E plots at the most negative potentials, given 

in their Table 1 should be meaningful. They indicate that in Br- a 

cathodic Tafel slope of 74 mV and in CIO 4-a 62 mV Tafel slope. I- has a 
19 reversible wave. The kinetic parameters,, -, k and kSH were recalculated 

The latest paper 
20 in which the Zn 

2+ 
reduction in 1M KC1, KBr, KCNS was 

investigated by square wave polarograpby. The results show that the 

standard rate increases with the anions in the order CNS- > Br- -, - Cl- 

and also that the Tafel slope is steepest in CNS-. A number of authors 
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have achieved similar experimental results 
21,22 

9 Larionov and Dudrin 

have suggested that adsorbed complexes should be considered. 

Salie 
24 

made extensive conventional a, c. measurements in the 

2+ 24 
Zn reduction system . He measured the concentration dependence of 

the exchange current to obtain the value of V,,. By changing the Zn 2+ /Zn 

ratio in ofder to change Ee he could change the potential over a large 

range. He found that,: ý, was a function of E lie states that this is 
e 

characteristic of a 2e reaction in which the i0 's for the separate electron 

exchange steps affect the overall reaction. On, this basis by curve fitting 

he obtained values of the separate reaction exchange currents. 

A similar argument has been used by Ericksrud 25 
who has analysed 

i-E curves derived from galvanostatic measured for two separate reactions 

according to the equations of Hurd 26 Unfortunately in the galvanostatic 
II 

method the double layer charging cannot be eliminated. 

111.3. The Reduction of Zn 
2+ 

on Solid Zn 

A reasonably complete investigation haý been carried out by 

27 
Gaiser and Heusler . They measured the anodic and cathodic Tafel slopes 

of the stationary i-E curves (measured after 1 sec). They found an anodic 

Tafel slope of 40 mV in Zn 2+ free solution which was independent of pH 

from 3.7 to 2.5. A 120 mV slope was also observed at high potentials. 

It is possible that the i-E curves have not been corrected accurately for 

the ohmic drop. The cathodic Tafel slope of 120 mV was measured at pH 

4.6 to avoid the influence of the 11 2 evolution reaction. It was first 

order in Zn 2+ 
concentration. The measurements were extended to malonate 

solutions by Heusler and Knodler 28 
. 

Hurlen and Fischer 
29 

report anodic and cathodic galvanostatic 

-3 
measurements in 5x 10 M ZnCl 2+ KCI at pH 3.0. The results are similar 

to those in C10 4 solution and a 40 mV anodic and 120 mV cathodic Tafel 
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slope are reported. The curves depend on Cl- concentration. Hurlen 

and Eriksrud 
30 

report that in 5x 10- 3M 
ZnCl 2+0.99M KC1 i was 0.8 

mA crý-2 , and suggest that the cathodic reaction and not the anodic reaction 

depends on the nature of the salt. 

Clarke and 11ampson 31 investigated the reaction in CIO 4- solution. 

-2 2+ They report on 10 of 0.35 mA cm independent of Zn concentrations, 

which nullifies their results. 

Epelboin et al 
32 have investigated the deposition of Zn at high 

coný, entrations of Zn 2+ 
, in the region of IM, in Na 2 so 4 and NH 4 Cl, at the 

rotating disc. For currents lower than 10 mA and pH 4.3 they observe a 

stationary i-E curve which is S shaped. At pH 2.0 the curve is a single 

curve which is shif. ted to more negative potentials. Impedance diagrams 

measured at pH 4.3 show some very characteristic features; a high 

frequency semicircle coupled to two-inductive semicircle-like features. 

The authors interpret these measurements by a theory of multiple stationary 

states in which they set up the equations for a series of competing 

electrochemical reactions. 7hese are the H2 evolution reaction, the Zn 

deposition reaction (assumed to go in two le steps) and coupling between 

the two reactions. These ideas have been developed in a series of 
32,33,34t35 

papers The authors also show that an adsorbed intermediate in 
33 33 a single electrochemical reaction can also lead to an inductive impedance. 

Davison, Harrison and Thompsons however, 36 have pointed out that surface 

relaxations due to electrocrystallisation can probably cause similar effects. 

The quoted experiments on Pd deposi tion where an inductive impedance is 

observed in the potential region where rising i-t transients are observed 

when a pulse is applied. Many other systems show similar behaviour. A 

good example is shown in the review of measurements of the Paris school by 

Wart, Lejay and Lenoir 37 
, namely for the deposition of Ag. A distorted 

high frequency semicircle is observed in the impedance coupled to a low 
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frequency inductance. For such a simple le reaction this result is very 

difficult to explain, as the authors do, by invoking adatoms. The most 

likely explanation is a surface structure relaxation. 

There is a suggestion in the literature 38 
that simultaneous H2 

evolution suppressed the Zn reaction. However this disagrees with the 

Epelboin et al results and interpret ation that it has a catalytic effect. 

.1 

f 
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CHAPTER IV 

EXPERIMENTAL 

Introduction 

This chapter details the exp'erimental aspects which are common 

to all the work in this thesis, 'excluding specific equipment used in 

connection with on line measurements, as well as experimental work used 

to test the LT and FFT impedance determination method. They are described 

in Chapter II. 

This chapter contains four sections, the first describes the 

electronic hardware used to generate potentiostatic signals and measure 

and record the current response, the second describes the cells used and 

the preparation of electrodes, the third describes the materials and 

reactives used"and finally the fourth section describes a stressometer 

develcped in this laboratory from a model in Cannings Ltd. No experiments 

were performed to measure stress due to lack of time, nevertheless the 

apparatus constructed is described since it is thought that relevant 

information on zinc electrocrystallization could be derived because with 

this design the stress can be monitored while potentiostatically sweeping 

the potential. 

IV. 2. Instrumentation 

Potentiostats 

Two potentiostats were used in most of the experimental work to 

be discussed. A Chemical Electronics Ltd. potentiostat (model TR7012A) 

was used for most of the RDE work, and sweep and pulse measurements in the 

tME. This potentiostat is a solid state instrument having a zener- 

stabilised reference potential circuit and allows a maximum cell voltage 
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(working to auxiliary electrode) of 70V or a maximum cell current of 2A. 

The design criteria of these potentials have been discussed by Bewick 
192,3,4 

5 
and Brown Typically the instrument was capable of stabilising a fixed 

potential at 
t 0.5 mV over long periods and had a rise time of approximately 

30, X4s for a square wave input. A block diagram of the circuit used for 

sweeps and pulse measurements at the IDIDE and RDE is shown schematically 

in Fig. 4-1. 

IV. 2.2. Function Generators 

The voltage functions could be superimposed on the potential 

maintained by the potentiostat. The potential sweep and pulse generator 

used was made in this department from a design created by O. R. Brown 
5 

This in strument could supply square wave pulses of an amplitude 
t 3V for 

durations ranging from 32, AIs to several seconds. The sweep range was 

+ 3V at sweep rates ranging from 0.1 mV s- 
1 

to 1000V s- 
1. Ifulti-sweep 

, 
/Is and pulse profiles could be obtained with a repetition rate between 100 

to 33 s. Triggering could be done at different positions in the profile 

(see also Section II. 6.4. a). 

For PSD measurements a Brookdeal signal source (Type 471) was 

used to superimpose a small (approximately 10 mV peak to peak) sinusoidal 

signal on the d. c. potential. The two frequency scales (either logarith- 

mic or linear) allowed a range from 1 MHz to lo- 3 
Hz to be covered. The 

TFA used has a built-in waveform generator with a sinusoidal or square wave 

of frequency range 10 KHz to 0.001 Hz. 

IV. 2.3. Current measurement and recordina 

The current flowing through the cell could be measured directly 

from the analogue ammeter incorporated in the TR 70/2A Potentiostat or 

from the digital ammeter in the DT 2101 Potentiostat. For more accurate 
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current measurements the analogue ammeter was substituted by measuring 

the potential drop across a calibrated resistor (100 or 1000i'L ) placed 

in series with the subsidiary electrode, by means of a digita 1 voltmeter 

(Solartron LM 1620). With the DT 2101 potentiostat, the digital ammeter 

gave good accuracy; instead of measuring resistor, it uses an operational 

amplifier to measure the current. 

Current-potential curves from linear 

were recorded automatically on a Bryans X-Y ch, 

the output of the function geherator being fed 

potentiostat and the X-axis of the recorder. 

experiments and for sweep rates > IV s- 
1, 

the 

on an oscilloscope (Tektronix 502A Dual Beam). 

photographically using a polaroid camera. 

IV. 2.4. A. c. Impedance Measurements 

sweep or pulse measurements 

art recorder (Type 2600 A)v 

simultaneously into the 

For short time pulse 

i-t curves were displayed 

The curves werp recorded 

Initially the measurements were made with a phase sensitive 

detector (PSD) which covers only the high frequency range (10K to 5 Hz), 

however most work was done with the manual transfer function analyser (TFA) 

and only for some measurements on the RDE, the automated frequency response 

analyser AFRA was used. Description of these equipment follows. 
I 

IV. 2.4.1. Phase Sensitive Detector (PSD) 

Measurements were made using the circuit shown in Fig. 4.2. The 

PSD used was a Brookdeal Type 411 and the reference unit (RU) was a Brookdeal 

Type 422 in conjunction with a signal source (SS), Brookdeal Type 471. The 

principle of operation is illustrated in the block schematic of Fig. 4.3 

which represents a PSD as a voltage controlled gate with output resistance 

R. The reference voltage switches the signal VS on and off every half 

cycle. 1,1hen the reference and signal-are of the same frequency and phase, 

the PSD acts as a half wave rectifier and gives a mean direct voltage 
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Fig. 4.3 

Fig. 4.2 PSD CIRCUIT 
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proportional to the amplitude of the signal voltage. When they are in 

antiphase the d. c. output is reversed. When the signal and reference 

are in quadrature the mean output is zero. These results may be summarised 

by V "o-' V cos. 0 where V 
ut 

is the average output voltage, Vs is the signal 
out S' 0 

voltage and 0 is the phase angle between the signal and reference)the output 

of the P. S. D. is a direct voltage (which can be accurately monitored on a 

DVM. The total impedance at each frequency was estimated from the signals 

across the cell (reference to working electrode) and the current measuring 

resistor by the method described in Appendix D. 

IV. 2.4.2. Transfer Function Analyser (TFA) 

The TFA used was a S. E. Electronics Model SM 272. This instru- 

ment is essentially the same as the PSD,, SS and RU in Fig. 4.2 put together 

in one unit, with the difference that the in-phase and out of phase components 

are evaluated simultaneously with twin PSD circuits, allowing faster 

measurements. If this manual unit were interfaced with a LAB-MINICOMPUTER9 

as it is feasible, the resulting system would be equivalent to the AFRA 

described below. The TFA method of operation is based on a technique known 

as homodyne rectifier detection, which is a highly selective phase sensitive 

detector circuit. The result is the same as that of the PSDt i. e. -Vout '2 

Vs Cos 0. This voltage is the value displayed in the "R" display. A second 

complete homodyne detector circuit provides the 'Q' display and will display 

Vs sin 0 because the 'Q' homodyne detector is driven by the reference shifted 

90 0 only the synchronous component of the return signal will produce d. c 

at the rectifier output, all a. c. compo-aents having frequencies other than 

that of the reference signal will produce no d. c. This provides high noise 

rejection capability. Clearly a d. c. component is also completely rejected. 

Both homodyne rectifier circuits have active filters to reduce odd and 

higher order harmonic contribution to the d. c. The third harmonic contri- 
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bution is greatly reduced by having the PSD open during ý of the reference 

half period (which is equal to the period of the third harmonic). The S. S. 

circuit can generate sine, triangular or square waveforms in a frequency 

range from 9.99 Hz to 0.01 Hz. The frequency range could be extended to 

0.001 Hz with an external 1014F capacitor. 

A small sine waveform of ,., 8 mV peak to peak was used for all 

experiments. The settling (integration) 

(9.9 KHz to 100 Hz) was approximately 2s 

mately 2000 s for low frequencies (0.5 to 

circuit set at a selectivity of 0.8 mHz. 

off the cartesian displays W and IQ' we 

diagram 

time, - for high frequencies 

(selectivity 0.8 Hz) and approxi- 

0.01 Hz), with the correlator 

When the measurement readings 

re made according to the following 

DISPLAY 'Ro DISPLAY 'Q' 

A CURRENT V 

Bs 

c POTENTIAL V 

D 

the impedance was calculated in a programmable TEXAS SR-52 calculator 

according to Equations Z, Zj c, -ncL 7-, 2-5 - 

IV. 2.4.3. Automatic Frequency-Res2onse Analyser (AFRA) 

This instrument measures the system's frequency response in a 

way essentially the same as described above for the TFA system, with the 

advantage that the operation is automatic and therefore, results at high 

frequence are obtained faster than with the manual TFA system. At low 

frequencies it has no significant advantages over the manual system since 

integration times are big in comparison with the time taken to change 

input signal and calculate the results manually. 

The AFRA consists 
6 basically of a progranmable generator that 
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provides a stimulating signal; a correlator to analyse the system's 

response and a display to present the results. The interfacing with the 

experimental system is shown in Fig. 4.4. The generator provides a 

potential a. c. signal AE of 1-mown amplitude and frequency which is in the 

form A sin wt. The fundamental system response to this signal will be 

in the form R sin (wt + 0), and besides this fundamental term, harmonics 

due to system non-linearities together with random noise will also be 

present in the output. The Analyser section of the AFRA takes this 

current response as well as the LE signal and by a correlation process 

determines R and 0. This technique has the advantage of rejecting all 

harmonics present in the systems output and also minimising the effect of 

random noise. The maximum frequency is limited to 10 KHz, the minimum 

frequency down to 0.1 mHz. The response is given once a measurement has 

been completed and can be displayed as Z(Im) and Z(Re) or amplitude and 

phase angle 0. The results together with the measurement frequency are 

then transferred to either a teletype printer or a tapepunch. Simultaneously 

the results can be plotted on an X-Y recorder. 

In an ideal situation, the frequency range from 10 KHz to 10 Hz 

can be covered 
7 in 30 s (at 10 points per decade). However 

7, it must be 

emphasised that below 10 Hz the time for a single measurement is equal to 

the period of the signal (10 3s 
at 10- 3 

liz) and this becomes the major contri- 

bution to the total experimental time. In most practical applications a 

certain amount of random noise is invariably superimposed on the signal to 
I 

be analysed. Since this is essentially an averaging instrument, when 

noise is troublesome, greater accuracy can be obtained by increasing the 

integration (averaging) time. Typically7 to cover the frequency range from 

10 KHz to 0.4 Hz integrating over 10 times the minimum theoretical period, 

it takes 16 minutes to complete the measurements. 
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IV. 3. Cells and Electrodes 

IV. 3.1. Hanging Mercury Dr02 Electrode (HMDE) 

The IIMDE was prepared with a platinum spike embedded into a 

glass rod and rube. The end was ground conic and the Pt spike flat 

before Hg plating for a long time (-v 1 hour) in a solution of H92 (N03)2 

acidified with HNO 30 After rinsing with triple distilled water it was 

ready to collect drops of Hg in the cell, which will adhere to the 

permanently plated 11g, until a good shake was applied to get rid of one 

drop and collect a fresh one. 

IV. 3.2. HMDE Cell 

The cell used is shown in Fig. 4.5. The upturned syringe, 

filled with Hgj produced reproducible drops in the capillary end, when 

the micrometer attached to the bottom was turned a predetermined number 

of divisions. ' The drop thus formed could be picked up by the WME and, 

by-rotating the IDIDE, stem, translated to the proximity of the Luggin 
.F 

capillary. All this operation can be performed without breaking the gas 

seal, in order to keep the N2 atmosphere, which is introduced with a 

bubbler in the. bottom'of the cell and output through a liquid seal in the 

top. If desired this same cell can be used with the drop in the syringe 

capillary as working electrode since there is an external Pt contact 

sealed into the syringe body in contact with the Hg column, and the 

syringe and Luggin capillary can be rotated to close proximity. The 

auxilliary electrode consists of a Pt wire spiral wound around the. working 

electrode. The Luggin capillary which provided the reference point in 

the cell was a glass tube tcrminating in a fine chamfered tip 1m away 

from the Jig drop. The reference electrode connected to the Luggin 

capillary was separated by a glass frit as described below. A provision 

was made to connect a second reference electrode to the ccll in order to 
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control the potential of both the IRME and the Hg in the syringe capillary 

by means of a second potentiostato but the experimental conditions found 

did not require this refinement. 

For the amalgam MDE measurements, the amalgam was formed 'in 

situ's from the working solution. For concentrated amalgam drop, the 

solution was refreshed before measurement. The amalgam concentration was 

determined coulometrically. The size of the drop was measured with a 

travelling microscope outside the cell and the surface calculated with the 

formula of the truncated sphere A=D2+R2 where D is the height of 

the drop and R the radius of the Pt spike. 

IV. 3.3. Reference Electrode 

All Zn system measurements were made using a saturated calomel 

electrode (KCI) the design is shown in Fig. 4.6. A sintered glass frit 

served to separate the calomel/saturated KU from the solution in the main 

part of the cell. Four reference electrodes were prepared and the potential 

of eachq relative to the other reference electrodes in the same solution of 

saturated KC1, was checked to ensure that the maximum difference between 

any pair of electrodes was -1 0.2 mV, also periodically fresh reference 

electrodes were prepared. 

IV. 3.4. Rotating Disc Electrode (RDE) 

A scheme of the Zn RDE used is shown in Fig. 4.7. The Zn used 

was from a rod supplied by Koch-Light Laboratories, purity 6N and cut to 

give discs 5.00 mm, in diameter. The Teflon holder was manufactured to 

make a tight fit with the disc, but it was also secured with a trace of 

Araldite resin to prevent the solution leaking up the side of the electrode. 

Electrical contact was made to the back of the ring via a spring attached 

to the metal shaft. The Zn RDE was mechanically polished to a mirror 
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finish using alumina powder (1-5 m particle size) slurry in triply 

distilled water, supported on a "selvyt" cloth. The rotating disc 

assembly used had the design shown in Fig. 4.8. Contact to the external 

circuit was made through a small mercury pool in a cup at the top of the 

shaft. The electrode was rotated via the shaft, nylon gears and a 

flexible rubber coupling to a controlled drive unit. This drive unit 

comprised a motor generatort driven and controlled by means of a specially 

designed Velodyne servoamplifier. This was a solid state instrument which 

allowed for the variation of the rotation speed from zero to approximately 

100 liz. The rotation speed was measured by a perforated disc attached to 

the motor shaft and a specially made photo-cell circuit in conjunction with 

a Timer Counter model TC 11 from Advanced Instruments. 

IV. 3.5. RDE Cell 11 

The-cell used is shown in Fig. 4.9. The cathode and anode 

compartmentsýare separated by a glass frit to prevent mixing of any possible 

reaction products. A nitrogen bubbler was used to deareate the solution. 

IV. 4. Solutions and Materials 

The electrolyte solutions used were made up with triple distilled 

water and AnalaR reagents ZnSO 4* 7H 20 and KCI. AristaR HU was added to 

some solutions to attain the pH value specified. The following table gives 

the concentrations. 
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SOLUTION Zn ++ /14 1 m1 /M 1 11cl pH 

1 0.1 0.9 Yes 3 

2 0.01 1 Yes 3 

2a 0.01 1 No 4.7 

2b 0.01 1 Yes 4.3 

2c 0.01 1 Yes various 3 

2d 0 1 Yes 3 

3 0.003 1 Yes 3 

3a 0.003 1 Yes various <3 

All glassware was cleaned in chromic acid, rinsed in triple 

distilled water and dried prior to use. AnalaR H92C12 and double distilled 

mercury ground together in a mortar were used in the preparation of the 

reference electrode. BOC "white spot" nitrogen was used to deareate the 

solutions in the cells. 

IV. 5. Stressometer 

A stressometer was built based on a model by Norris 
9 kindly 

demonstrated by W. Canning and Co. Ltd. where it was developed on the 

principle of Ho . ar and Arrowsmith 10 
. Some modifications were made in 

order to be able to monitor stress continuously while controlling the 

electrodeposition of metals in the potentiostatic or galvanostatic. mode. 

In the first place, instead of measuring the deformation or force of a 

one sided plated strip at the end of a fixed plating time, the strip 

was fixed and the force required to prevent the strip from bending 

measured continuously. Both force and deformation methods are equivalent, 

as demonstrated by Brezhnev 
11 

, but with the force method is easier to 

monitor the stress when the force is applied by means of solenoid coils 

and servocontrolled current acting on a Fe rod attached to the strip. In 



Fig. 4.10. Stressometer cell, allowing galvanostatic or potentiostatic 
control while monitoring stress continuously. WE working 
electrode; SE secondary electrode; RE reference electrode; 
Cl, C2, coils, Sl, S2 sensors. 
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4 
the second placeý plating is., carried on a three electrode cell as shown 

in Fig. 4.10, where a Luggin capillary connected to a reference electrode 

is positioned close to the strips allowing potentiostatic control. 

The use of two coils enables reversal of stress, if this occurs 

during plating, to be observed. It is also necessary to use two coils 

in conjunction with two proportional control photocells in order to keep 

the strip fixed by servocontrol. The circuit is shown in Fig. 4.11. 

This circuit applies a constant force to one coil and a variable servo 

controlled force to the other side. 

The cell was made of perspex, as well as the frame that holds 
C 

the strip by means of a clamp. Electrical contact is made at the bottom 

of strip by means of a wire insulated with "Lacomite". The strips are 

made of thin metal sheet Ix 15 cm. with an iron wire soldered perpendicularly 

on the top, meant to be inserted in both coils. A "flag" of this metal 

sheet is soldered also on the top to allow the photo cell servo-control. 

After insulating one side of the test strip with "Lacomite" and left to 

dry, degreasing with CC1 4 is necessary before plating. For more stringent 

preconditioning, moping and chemical and electrochemical polishing could 

be prescribed. 

Preliminary runs demonstrated that the stressometer designed 

is operational. Due to lack of time no measurements on Zn system were 

done. The characteristic stresses found in this system by previous 

workers 
l2pl3 indicate that valuable correlations could be obtained measuring 

stress potentiostatically. At the time of writing the stressometer is 

being used by a colleague in this laboratory to measure stress during Cu 

deposition. 



-78- 

REFERENCES 

1. A. Bewick and O. R. Brown, J. Electroanal. Chem. 15 (1967) 129. 

2. A. Bewick and M. FleischmannpElectrochim. Acta 8 (1965) 89. 

3. A. Bewický M. Fleischmann and M. Liller ibid 1 (1959) 83. 

4. A. Bewick ibid 13 (1968) 825. 

5. O. R. Brown ibid 13 (1968) 317. 

6. Frequency Response Analyser 1174 Operating Manual. The Solartron 

Electronic'Group Ltd. 

7. R. D. Armstrong, M. F. Bell, Adrienne A. Metcalfe, J. Electroanal. Chem. 

Vol. 77 (1977) 287. 

8. P. C. G. Danbyý Electronic Engineeringv January 1970. 

9. P. J. Norris, Electroplating and Metal Finishing. 

10. T. P. Hoar and D. J. Arrowsmith, Trans. Inst. Met. Finishing, 1966, 

44,105. 

11. A. V. Brezhnev and A. A. Martynenkot Elecktrokhimiya Vol. 4, No. 12 

(1968) 1470. 

12. M. J. Popereka, "Internal Stresses in Electrolytically Deposited Metals". 

Z. knizhnoye izdatelstvo, Novosibirsk, 1966. 

13. M. Ya. Popereka, Zhýr. Prikl. Khim. 36,1748 (1963). 

14. J. A. H. Harrison, P. Stronach Workto be published. 
0 



-79- 

, 
CHAPTER V.. 

EXPERIMENTAL RESUI, TS 

V. 1s Zn ++ 
Reduction on IIMDE 

V. 1.1. LT Analysis of Double Pulses 

0 

The current response to double potential pulses was recorded 

and analysed with the on-line minicomputer. The double pulse was 

superimposed on a base potential of -900 mv vs SCE where virtually no 

Zn deposition takes place. The first pulse raised the potential to the 

measuring level for a time long enough (--v 100 ms) to relax the transient 

and then a second pulse of small amplitude (I t 10*mV) provided the 

current transient on which the impedance was determined via LT. An 

analysis of the underlying d. c. wave is shown in Figs. 5.1 and 5.2. The 

current level was measured at the end of the first pulse. It is clear 

that the wave is practically reversible as demonstrated by the 30 mV decade 

Tafel slope of the log i vs E plot and the log (i 
L- i/i) vs E according to 

Ln E, (5.1) 
F 

From Fig. 5.1 the half-wave potential Ej, is estimated to be -1.012V vs 

S. C. E. 

I 
The second pulse in the potential profile was a small step (10 

to 20 mV) in the cathodic or anodic directiont superimposed on the first 

potential pulse. The second pulse lasted'32o mS and the potential was 

then, returned to the baseo'"'-O. §V V'S'S. C. E. 9 
where any Zn deposited during 

the'double pulse was dissolved off the HDE. The resulting anodic transient 

was observed with the oscilloscope. A repetition period of 1 to 10 s was 

chosen in each case to ensure complete relaxation of this Zn dissolution 

transient before consecutive double pulses, (necessary for averaging 

purposes) so that measurements were made on pure mercury. 
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Fig. 5.1. log i-E plot for Zn reduction at a HMDE, obtained from 
potentiostatic pulses, as*in Figs. 2.6 and 5.3. Current 
sampled ate-- 100 ms aftej the start of the first pulse. 
Electrode area = 0.05 cm , solution 2 (10-2M Zn++, pH = 3). 
Base potential = -0.9V vs S. C. E. Tafel slope (broken line) 
a= 30 mV/decade. 
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Fig. 5.2. Analysis of the experimental data of Fig. 5.1 according to 

Eq. 5.1. Tafel slope (broken line) a= 30 mV/decade. 
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Typical current responses to the second potential pulse are 

shown in Figs. 5.3 and 5.4, plotted directly with the LAB/8E minicomputer 

system. The current transients were averaged (-. 20 times) in order to 

reduce random noise, nevertheless the calculated impedance spectra were 

somewhat scattered due to the remaining random noise in the current signal. 

The program JAH was used to obtain the results, with the extrapolation 

given by Equation 2.44 to fit the flatish current transients observed. 

Other extrapolations did not alter the results significantly. The high 

frequency region of the calculated impedance spectra were generally in 

error, due to the unaccounted potential oscillations in the so-called 

'potentiostat rise time'. 

Three types of impedance spectra could be observed: a semicircle 

(Fig. 5.5a), a cluster of points centred around a value on the real axis 

at low frequencies (Table 5.1) and a small Warburg line at low frequencies 

(Fig. 5.5b). The semicircle is probably due to the sampling of a portion 

of the double layer charging current. According to orthodox analysist 

the high frequency intersection of the semicircle with the real axis gives 

R 
Sol , and the low frequency extrapolation of the semicircle gives E) + Rsol* 

The cluster of points is obtained when the double layer charging current 

is not sampled. With no-capacity, the position of the cluster in the 

real axis determines E) +R 
Sol' 

When diffusion polarisation takes place, 

instead of cluster of points in the real axis, a Warburg line is obtained, 

from which E) +R 
Sol can be determined at the intersection with the Z(Re) 

axis. The Rsol values determined from the semicircle or from high 

frequency TFA measurements were about 10-1 . -The charge tranifer 

resistance was estimated as the value of Z(Re) at - 40 Hz, since at about 

this frequency the semicircle and Warburg intersected the real axis. 

The response is expected to have an irreversible a. c. character- 

istic on a pseudo-reversible or reversible d. c. wave. The appropriate 

6 
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TABLE 5.1. Complex impedance results obtained with the LT software 
for double pulses on HMDE in solution 2 (10-2M Zn^++, 
pH = 3) from -0.9 to -1.01V vs S. C. E. Second pulse 
10 mV anodic. A=0.05 cM2, current transient averaged 
20 times, repetition period = 10 s. 

F /HZ URE) ZOM) 

6250 -83o6834 -OoO940962 
5625 44964BS -28*7901 
5000 349317S -7lo6945 
4375 -59-4087 166.982 
3750 16.3958 24o9906 
3437o5 334245 50*6156 
3125 -40.2662 -30.6309 
2812.5 32.3897 -167.564 
2503 -14oS963 27*4555 
2187*5 lSo6694 66.5062 
1875 28olO68 39.4904 
171845 25*1837 20*0459 
1562-5 51-7341 -29.2339 
1406*25 147*549 57-5055 
1250 59o8487 148*919 
1125 62#3849 38-1027 
1000 81*5512 42e2638 
875 56-6384 -6.38261 
750 46*0189 . -2*42445 
625 69*4031 12*2526 
562*5 72*6012 -17,2891 
500 . 61.0335 -8*85384 
437*5 8390545 2969532 
375 59eIO19 -10*9184 
343,75 64*6083 -11*9579 
312*5 56.8762 -4967415 
281.25 57*8919 6,47964 
250 56.7368 -9*70928 
218.75 65.7523 -5e55267 
167*5 6C * 85 97 -1093072 
1719875 67.3166 -4,65469 
156.25 74*2525 5*16291 
140.625 72.0412 -3-05925 
125 59.9457 -6.02777 
112*5 69o7634 -0*43-'781 
too 66,6739 -1494754 
87*5005 690653 -OoS74399 
75-0005 77.4544 -11.0623 
624005 66*4665 -3-92482 
56.2504 71*3175 -11.8146 
50*0004 78.4742 -5.62016 
43,7504 71.7721 -2.94273 
37.5004 72.2614 -9*27329 
34.3754 76*1111 -9.80252 
31*2504 M6802 -6*7315 
28*12S4 77#0448 -3.27831 
25-0004 73.277 -3.37843 
21#8754 71.0078 -6-94088 
18*7534 72e3467 -12.0276 

0 
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Fig. 5.5. Complex impedance plane plots for cathodic double pulses 
at the HMDE in solution 1 (10-ý'M Zn++, pH = 3). Results 
obtaindd with the LT software for a) first pulse = -0.94V 
second= -0.960V vs S. C. E. b) first pulse E= -0.98V, 
second pulse =E= -0.99V vs S. C. E. Base potential for 
a) and b) = -0.9V vs S. C. E. - Electrode area = 0.05 CM2. 
Figures on graph indicate frequency in Hz. 
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general equation (see Chapter I) is 

Z() vi) =1 (-D L r, r- 
i -DPli -to 

u-DE)c., 
c" ai IZ 

( LI-a 
[-: 

), 
'5 t7 2 

CA- 

(5.2) 

which becomes on substituting the appropriate values 
. 
(see Chapter I) for 

a. c. irreversible,, reversible d. c. 

C5,4 ret/ 

R-r --«, 0 
.+ 

(a 
v) c--y-p /31 ý 

sn r- -y- -i- 7ý. /- ý r- * 

p, T 

(c 

RT a -Y. p 
CnFV/R-j-) 

4 40-/a, 

I 

re 

(5.3) 

(5.4) 

(5.5) 

(5.6) 

In this case CR *=0. 
It is expected that for E 

0) 
positive (going cathodic) 

()rev p117 

týa F :>i; ý 5 ký 

2 y- p olý ,ý 

co It 

(5.7) 

the e-E curve goes through a minimum and for 0 negative (going anodic) 

I 

cl A 
(5.8) 

4b C-0 4ý 

It is also expected that a quasi-irreversible reaction would approach 

Cl R C4 CL C, P- 

Equations 5.7 and 5.8 at potentials not far from E 
0 
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Fig. 5.6 shows a log 0 vs E plot from L. T double pulse analysis. 

! rhe curve has a minimum near E0= -1.025V vs S. C. E. According to 

Equation 5.7, the slope of the anodic branch is CK 1 
/2.303 = I/a, and 

according to Equation 5.8, the slope of the cathodic branch is /31/2.303 

l/b. Values of a= 120 mV/decade and b= 40 mV/decade are compatiblc 

with the results in Fig. 5.6. 

at EE 
0 

(I 
-+ CL, (5.9) 

r, %z F' lk, 4 a 

For E) = 3.5-5L cm 
2 

estimated from Fig. 5.6, and aR/ao = 1.5, a value of 

k 
SH ý-- 4.8 x 10- 3 

cm s- 
I 

is obtained. 

Fig. 5.7 shows a log a- vs E plot for average g- values taken 

around 50 Hz from impedance spectra at different potentials, according to 

GT- -TT (5.10) 

From Equations 5.4,5.5 and 5.6 it is expected that a-- is infinite at 

potentials far from E and have a minimum near E If 
aR 

= (D /D 
00aRo 

0 
is a symmetrical function with a minimum at the reversible half wave 

potential E 

G-; ý, = 
ZI R. T 

(5.12) 

VID vy' 
C p, 

'x 
Rv' 

) 

The broken line in Fig. 5.7 represents Equation 5.11 with n=2, 

Cr-M = 7.5 a cm 
2, 

a good agreement with the experimental results is 

observed, although in the cathodic branch a contribution of the H+ reduction 

reaction might be present. 

/ 
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Fig. 5.7. Log&- vs E plot for Zn 
++ 

reduction at the HMDE. Solution 1 

-2 -++ 2 (10 M Zn , pH - 3), A=0.05 cm average 0-*values 

taken around 50 Hz from impedance spectra according to 

Eq. 5.10. Broken line represents Eq. 5.11 with n=2, 
2 

(7-M 
7.5 

-rs cm . 
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The double pulse impedance measurements were extended to the' 

cathodic region where the H+ reduction reaction occurs in parallel with 

the Zn 4+ 
reduction. 

The equivalent circuit for this scheme is 

where the subscripts 1 and 2 refer to the Zn ++ 
reducýion and H+ reduction 

reactions respectively. The observed 0 is given by 

I 

ol 

and the observed CT- by 

11 4- 
t 

CT- q- % C7-k (5.14) 

The corresponding equivalent circuits, with C dl eliminated and R 
Sol 

negligible are 0 

and 

DIAGRAM 2 

DIAGRAM 3 
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The observed cathodic limiting current iL is given by 

1L + 

According to thp "diffusion layer theory" 

-A- -m- DCo, Do, aC o). 2, 

therefore 

(L, ý -D- ZX= (1-L) 
1 

and LL) 
:L 

(LA = 

Do,: z co 

coj 
I 

L/(I+ -) 

ýL /( 
I 

(5.15) 

(5.16) 

(5.17) 

(5.18) 

(5.19) 

Experimental measurements at extended cathodic potentials were 

made from -0.9 and -l. OV vs S. C. E. base potential, at this latter potential 

a light amalgam (- 0.04M) is formed. -Typical current responses to the 

second pulse are shown in Figs. 5.8 and 5.9. The corresponding impedance 

results are shown in Table 5.2 and Fig. 5.10. A log 9 vs E plot is shown 

in Fig. 5.11. Although the results are somewhat scattered, the 9 values 

obtained from the light amalgam (solid circles) and from pure mercury (open 

, circles) agree with each other within experimental error. The curve shows 

a maximum at around E= -1.05V vs S. C. E. and at more cathodic -potentials 

0 becomes independent of E. To explain this behaviour two hypotheses 

could be made: 1) Zn ++ 
reduction is d. c. reversible with a d. c. irreversible 

11 + 
reduction occurring in parallel. '2) Zn 4+ 

reduction is quasi-irreversible 

wi th H+ reduction occurring in parallel (at cathodic potentials). 
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With hypothesis 1, as 01 goes positive 01 would increase 

according to Equation 5.8 tending to ck . but with H+ reduction in parallel, 

there would be a transition region (at E= -1.05V vs S. C. E. ) where both 

01 and 02 contribute to 9, and at more cathodic potentials, according to 

Equation 5.13 and diagram 2, as 91 tends to ccý3 the observed 0 would be 

determined only by 9 21 which itself would be given by (see Chapter I) 

Ck ZL 
- 

103 (ý 
L) ZL 

(5.20) 

With the experimental values iL : -- 5.4 x: lo- 3A 
cm 

2 
and 9'= 12 o cm 

21 

and using Equations 5.17 and 5.18 with D 
o, 2 

/2D 
O'l. 

=-. it (i 
L)2 is obtained 

and used in Equation 5.20 to give a value for a2 of 13.6 mV/decade. This 

ludicrous value discards hypothesis 1. + Even accepting that the H reduction 

occurs in parallel with the Zn 4+ 
reduction, the flat section of curve 

log 0-E in Fig. 5.11, observed approximately from E= -1.1 to -1.34V vs 

S. C. E., is completely determined by E) V This result, confirmed by the 

TFA measurements reported in Section V. 1.3, leads to hypothesis 2, that 

Zn ++_ 
reduction on HMDE is quasi-reversible. The complete appropriate 

equation is 

+ rAO ea-ke e- y-p 
(r, F RT) 

(5.21) 
PI-T 

4+ 
[tic /3, RT (7/3j e- Y-C 41 eyd2 + CIr 61 iýt 

) /1 
0nC. t-i ýT- 

) 

The overall shape of the experimental log 9-E curve is analogous to the 

numerical simulation of Equation 5.21 reported by Sluyters et. al 
1 for 

kSH : "-' 5x 10- 3 
cm s- 

IIC0*= 10- 6 
mol cm- 

3, CR* =0 (curve 1 of their 

Fig. 6a, reproduced in Fig. 1. of this work). At very cathodic (far from 

E0) potentials 

303 CLL) 
(5.22) 
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Do2 
-3 2 

With 1, Equation 5.19'gives (i 4.9 x 10 A cm Wi th 9 2D 
O'l 

L 

12 jLcm2 Equation 5.22 gives a 136 mV/decade. 

For quasi-irreversible and irreversible processes 

0- -2 Z«ý + li-ý 
(5.23a) 

where 

RT de (0%# 4 
Vo -mtF:;, ( 1.0 - Ylt 

14 do 

40, Nf ' 
[4 

. 
(. A, ý e«r F+ 

de(, 3,0J)C w. 

- -- - ------ 
(5.23b) 

- 
RT -441ý 

(-/3) ý) 

F 

+4 
8SL" 

-tý T 

, 20( 1 jtý _13, ) LT C lo- its V( t4 
nF F 41 

_(5.230 

Fig. 5.12 shows the extended log 0-- E plot. The first curve 

on the left corresponds to Zn ++ 
reduction and has already been discussed 

with the d. c. reversible approach (justified at potentials near E The 

behaviour of Equations 5.23 for a quasi-irreversible process is similar 

to that obtained for the d. c. reversible approach, as demonstrated by the 

simulated curves'l and 2 of Sluyters I 
Fig. 6b (reproduced in Chapter I as 

Fig. 1. ). This means that 71 tends -to 00 as 01 goes cathodic. A 

maximum is observed at E= -1.05V vs S. C. E. This is the transiticn region 

where the two parallel reactions I and 2 contribute to 9- according to 

Equation 5.14 and Diagram 3, at more cathodic potentials 7- observed is 



1000 r o- In crn2j1/2 1 

01 11 dp 

100 

Oo 
101,0// 

0 

01, 

%0 
%0 0/ 

10 -% 
%001 

11 

0 

0 

01 K 
EI mV vs S. C. E 

-920 -1009 -1100 -1200 -1300 
Fie 
log -E plot from extended impedance determinations with 
the LT software. (0) From pulses with -0.9V vs S. C. E. base 
potential. (a) From pulses with -I. OV vs S. C. E. base 
potential. Solution 2. 
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determined only by r--T- 2* At E= -1.120V vs S. C. E. the log,: ý- -E curve 

shows a minimum. This is qualitatively compatible with the simulated 
15 

curve 4 of Sluyters Fig. 5b (Fig. I in this work) for k 
SH ý 10- P CR' ý OP 

.+6 '-3 
Co' = [H ]= 10- mole cm . The rise following the minimum in Fig. 5.12 

is also compatible with the aforementioned curve 4. At extreme cathodic 

potentials it is expected that log or- becomes a linear function of 

according to 

e- 
[Cd- 

, ): z 
ý 

Z] (5.24) 

:z 
. 2- 

therefore the slope of the cathodic extreme of the log E curve in 

Fig. 5.12 is (Cý 
1)2 

/2.303 = 1/a 2* A Tafel slope of a2 ý- -v 120 mV/decade, 

indicating a single step irreversi le H reduction, is consistent with 

the experimental results. 

L. T. Analysis of linear potential sweeps 

Some preliminary runs were carried Out using the sweep analysis 

outlined in Appendix B. A typical potential profile is shown in Fig. 5.13, 

from a base potential of -0.9V vs S. C. E. The corresponding current 

response, as plotted out by the minicomputer is shown in Fig. 5.14. The 

resulting impedance spectra calculated with the ZIO'program are shown in 

Fig. 5.15. The 0 values obtained from LT analysis of sweeps at various 

potentials are plotted as squares in Fig. 5.6 and agree with the 0 values 

obtained from double pulse analysis. The initial idea of using a linear 

potential sweep perturbation instead of the second potential stept was to 

diminish or eliminate the potentiostat rise time and, be able to detect 

double layer capacity. Unfortunately the wave-form generator used 

produced a small gap between the first pulse and the linear potential sweep, 

where the potential oscillated strongly, therefore impairing the achievement 

0 
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of the original aim. With improved equipment the method might prove 

useful to detect double layer capacity. 

V. 1.3. A. c. Impedance 

The impedance of a Zn amalgam HDE (hanging drop electrode), 

resulting from a small a. c. potential perturbation superimposed on various 

base potentials, was determined at various Zn concentrations and pH, 

using a TFA or a PSD in order to study concentrated amalgams. The amalgam 

was formed 'in situ', * allowing a mercury drop to stand at the base 

potential until equilibrium was achieved, i. e. zero current. 

Fig. 5.16 shows the impedance measurements, performed in the 
I 

order indicated by the arrows, at a potential E= -1.0V vs S. C. E., in 

solution 2 (10- 2 
It Zn ++ 

, pH = 3) and 0.038M Zn amalgam HDE. In Fig. 5.17 

a similar result is observed at E= -1.1V vs S. C. E. (1.35M Zn/Hg). This 

behaviour could be characteristic of electrode poisoning or of amalgam 

formation. During the time taken to make a measurement at low frequency, 

the electrode active surfaces diminishes and therefore the complex plane 

semicircle increases in diameter. When taking measurements at high 

frequencies (in a shorter time) a second, bigger semicircle forms. This 

fact permits one to distinguish between the start of a Warburg impedance 

and a poisoning or amalgam forming effect. In Fig. 5.18 the 9 values 

obtained without these effects are plotted as log 0 vs E. Open circles 

correspond to measurements in solution 2 (10- 2M 
Zn -f+ 

, pH = 3), the numbers 

are the measured molarity of the amalgam. 

Fig. 5.19 shows the Warburg-like impedance spectrum taken at 

E= -0.9, virtually on a pure mercury HDE. A similar result is shown in 

Fig. 5.20 for solution 1 (10- 1M 
Zn 4+ 

) pH = 3). An attempt was made to 

estimate 0, by extrapolating a semicircle, but this result is not very 
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reliable. At more cathodic potentials, increasingly concentrated amalgams 

were formed, and semicircles were obtained as impedance spectra. Typical 

examples for solution 1 are. shown in Figs. 5.21 and 5.22, at E= -1.062 

and -1.083V vs S. C. E. respectivelyý At this last potential the amalgam 

HDE was oversaturated (13M) and the surface most probably had metallic zinc. 

At more cathodic potentials (E < -1.083V vs S. C. E. ), non equilibrium 

measurements were made in the steady state. An example is shown in 

Fig. 5.23, a semicircle was obtained and the i 
ss current was measured. 

Two 9 values obtained from measurements on solution 2a (10- 2M 

Zn ++ 
, pH = 4.7) are plotted in Fig. 5.18 as squares. They are of similar 

value than those obtained at pH =3 (solution 2). This result is in 

agreement with the conclusion reached from the L. T. double pulse analysis, 

that 0 does not depend on H+ 

The results in Fig. 5.18 show that cathodic values of 0 not at 

equilibrium depend on LZn J, a ten fold increase in concentration causes 

an almost ten fold decrease in 0 values. Compared with pure mercury 

(Figs. 5.6 and 5.11), the 0 values of Fig. 5.18 agree within experimental 

error. The i-E curve from slow sweeps (see Figs. 5Xf and 5. zL9 

suggest depending on sweep rate a quasi-irreversible or even a reversible 

reaction. The appropriate theoretical expression (Equation 5.21) for 0 

for a. c. on a pseudo reversible wave is rather complicated. Qualitatively, 

the shape of both curves in Fig. 5.18 could fit the simulated curves 2 or 
1 3 in Sluyters Fig. 7a (reproduced in this work in Fig. 1) representing 

Equation 5.21 with Co =CR= 10- 6 
mole cM- 

3 
and k SH = 10- 3 

or 10- 4 
cm s- 

I 

At about E= -1.2V vs S. C. E. the simplifcation 

a1=2.303 (i 
L)l 01 (5.25) 

can be applied. From Equation 5. and the measured (i 
L):: 1.5 x 10-4 At 
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a value of 1.36 x 10- 4A 
was obtained for (i 

L)l in solution 2. With this 

value and the measured 9=01= 394. Q a Tafel slope of a1= 123 mV/decade 

is obtained. Similarly, from the data of Fig. 5.23 a Tafel slope of 

a1= 138 mV/decade was obtained for solution 1. 

The corresponding C d. L- E curve is shown in Fig. 5.23.4L This 

confirms that poisoning is not a major factor and that the TFA results are 

genuine. For the values of 9 which are numbered in Fig. 5.18 the 

appropriate equation for equilibrium namely 

RT 

V14)- F zL /% R-r/. FC ot, RTA, F (5.26) 

is to be used to interpret the measurements. As C4' is constant then 
0 

0, 
19 CL 

(5.27) 

kR 'k 

Thus the cathodic Tafel slope can also be predicted. The 2.2M and 11M 

amalgams suggest a --v 50 mV and the 11M and 13M amalgams suggest a -v203 mV. 

Using equation 5.26 with a= 120 mV and b 
.= 

40 mV, values which seem 

likely, gives for the 2.211 amalgam k SH ! -- 4.6 x 10 -5 cm S -1 and for the 

11M amalgam k SH .24x 10- 5 
CM. s -1 

. The value of 4.6 x 10- 5 
cm s- 

1 is 

equivalent to a value of io, given by LO RT 

nF0 

-3-2102-1 of 2x 10 A cm and a value of log 7=2x 10 A cm mol This is 
06 

approximately 10 times lower than given by Salie 

Linear Potential Sweep Measurements on HDE 

The measurements were made at various solution'Zn 
++ 

concentrations, 

pH, and on pure mercury and amalgams of various concentrations using sweep 
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rates from 0.001V s- 
1 

to 100V s- 
1 

and covering a wide range of potential. 

Figs. 5.24 to 5.26 show linear potential sweeps on solution 2 

(10- 2M 
Zn 

4+ 
0 pH = 3). Cathodic peaks A, B and C correspond to Zn ++ 

reduction, H reduction, and solvent reduction respectively. The anodic 

peak D is caused by Zn dissolution. 

decreasest peaks A and B move to the 

to the right. At lower sweep rates 

and cathodic Zn peaks tends to 40'mV 

at two sweep rates is shown in Figs. 

the foot of the wave is 30-40 mV and 

It can be seen that as sweep rate 

left (anodic direction) and D moves 

the potential between the anodic 

An analysis of the cathodic wave 

5.27 and 5.27b. The Tafel slope at 

under these conditions the wave is 

practically reversible. 

Fig. 5.28 shows linear potential sweeps in solution 2c (10- 2m 

Zn -f+ 
, pH 4.3). The peaks A and D corresponding to zinc reduction and 

dissolution, respectively, are increasingly separated from one another 

by increasing the sweeping rate, peak C corresponds to solvent reduction. 

Although 
e 

reduction does not give a peak, this contribution is distinct 

in region B. At low sweep rates peak A coalesces into region B as seen 

in Fig. 5.29. 

Fig. 5. '30 
shows the reduction of solution 3 (3 x 10-3M Zn ++ 

1M KCIO pH = 3). -- The Zn ++ 
and H+ waves labelled X and Y, are separated 

from one another and-from the solvent-reduction, labelled ZO at high sweep 

rate (v) and coalesce at low sweep rate. This shows that the Tafel slope 
+ 4+ + for H reduction is different from that for Zn reduction. H reduction 

is certainly irreversible although much slower than the Zn ++ 
reduction. 

As the reaction is clearly pseudo reversible there is some difficulty in 

analysing the sweep data. For example Fig. 5.31 shows that at low'sweep 

rate Ep is independent of v, and that Ep depends on amalgam concentration 

as expected for a reversible electrode reaction. The curve for pure IIg 

( El ) suggests that above 100 mV s- 
I it may be possible to-analyse as an 
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irreversible reaction where the analysis is simplest. The equations for 

the analysis, if a sufficiently high sweep rate is used, are 

(7 ACD 3ý23 0 3_ v 
CL (5.28) 

ýEp - 
--- ý= clý (5.29) 

CA 
iog v 

These can be compared with the expected reversible behaviour at low sweep 

rate given by 
IA: 

(5.30) 

Ep = constant (5.31) 

There is a transition between the low v and high v behaviour. Fig. 5.32 

shows the variation of Ep with v for 3x 10- 3M 
Zn 2+ 

solution. The curve 

suggests that above 0.5V s- 
1 

sweep rate the equation 5.29 can be applied 

and a 7ý, 150 mV. The corresponding iP /v graph is shown in Fig. 5.33. 

Greater than v=0.5V s the curve seems to approach . --, 120 mV. However 

there is some uncertainty due to double layer charging and ohmic resistance, 

especially at such high sweep rates. Probably one can only say that a 

is 50-120 mV. A similar behaviour is observed in 10- 2M Zn 2+ 
which is 

also shown in Fig. 5.33. The curve is independent of pH. Here also the 

Tafel slope fits -60 mV at mcdium sweep rates and may be~ 120 mV at 

higher sweep rates. 

V. 1.5.., Double Pulse Measurements 

Measurements were made over a wide range of conditions in order 

to determine in what state the Zn metal existed in the mercury. The 
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experiment was modelled on the paper of Schwarz and Shain 4 
who considered 

the reaction scheme 

7n 

A typical result is shown in Fig. 5.34 a and b. Analysis is effected by, - 

taking the cathodic current, iC, at a'time t -"C where T: is the cathodic 

pulse length. The corresponding anodic current, i, at time t from the 
ai 

start of the cathodic pulse is also measured. Values of -1 as a function 
c 

of (t - C)/C can be fitted to a theoretical curve. i /i should be 

independent of Z: for a particular value of (t Fig. 5.35 shows 

that the results are scattered however ia /i 
C 

for (t --C)IZ: = 0.5 is 

0.41. This corresponds to o. This shows that Zn is present 
5 in a freely available form, as suggested by previous measurements . This 

investigation was important as some metals show very strong compound 

fomation with Hg. 

V. 2. Measurements at solid Zn 

A. c. Impedance 

TFA measurements and automatic F. R. A. measurements were made on 

this system. Large time effects were observed so the most consistent 
I 

measurements were obtained with the automatic bridge. Fig. 5, *36 shows a 

typical result. The complex impedance diagram consists of an almost 

perfect semicircle coupled to a Warburg impedance denoting diffusion. At 

one potential -1240 mV S. C. E. surface area changes may be reflected-in 

the measured impedance. With manual TFA measurements some results are 

similar to the A. F. R. A. measurements however some measurements are different 

depending on the history of the measurement. Fig. 5.37 shows a0E 
-2 2+ 

curve, in 10 M Zn solution, taken from A. F. R. A. measurements. Up to 

1130 mV the curve has the. shape expected theoretically, given by 
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RT 
(5.32) 

hl' F" lksm 

The reversible d. c. wave is used as the rotation speed of the electrode 

was low, 15 Hz, see the next section for the discussion of i-E behaviour. 

Fig. 5.37 suggests that 6 "- 40 mV. On this basis using Equation 5.32 

-7-I-3 then k SH = 2.4 x 10 cm S Similar results are obtaincM in 3x 10 

Zn 2+ 
solution taken by manual TFA measurements. Up to about-1160 mV the 

curve has the features given by Equation 5.32. k SH has a value of 2 x- 

10- 8 
cm s- 

1 
according to Equation 5.32. It is striking that Fig. 5.38 

is displaced from Fig. 5.37. It is predicted by Equation 5.32 that the 

curve should be independent of concentration. Clearly the electrode can 

have differences in reactivity. 

In both Figs. 5.37 and 5.38 after about -1140 mV the curve 

remains steady this is probably due to the same phenomen as observed in 

Fig. 5.11 for the reduction of Zn 2+ 
on pure 11g. A similar calculation 

according to 

cl -Z 2 
(5.33) 

gives a= 160 mV (the H2 evolution limiting current has been ignored as 

this is -v 10% of ý). in the region of -1200 mV the sudden Lrop in 9' 

must be attributed to dendrite formation. This method is a sensitive 

detection of where exactly large surface area changes occur. This may 

have some practical ramifications in for example the investigation of 

battery and plating systems. Within the experimental error pH change 

2 to 3 does not seem to have a significant effect. It was also observed 

that the electrode sometimes could be very active or inactive. This is 

illustrated in Fig. 5.37 and also in 5.39 where some TFA results are 

0 

shown. The exact rcason for this needs to be investigated in more detail. 
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Fig. 5.34. Complex impedance plots for a 10- 
2M+ 1M KC1 solution 

(pH = 3) on a Zn rotating disc (0.2 cm 
2) 

rotation speed 
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a) E 2" - 1085 and b) E= -1170 mV vs S. C. E. 
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A very inactive electrode could be associated with p1l changes 

as the solution is unbuffered. There is some evidence for this in 

the section where i-t curves are discussed. The double layer 

capacities calculated from the top of the semicircle from the measurements 

used to draw Fig. 5.37 are shown in Fig. 5.40. The figures suggest that 

the metal is uniformly active until -1240 mV when the area, as measured by 

C dl' increases rapidly with potential. The T. F. A. results are more 

scattered but follow the same trend. -1240 mV is not a significant 

potential as it varies with the particular history of the electrodes for 

example in a T. F. A. run the potential was -1170 see Fig. 5.40 (at a lower 

concentration of Zn 2+ ). 

V. 2.2. Linear potential sweep measurements 

Fig. 5.41 gives a review of a number of linear potential sweep 

results. The graph shows the relation of the measurements on solid Zn 

to those on Hg. 

The curve for solid Zn is some 100 mV negative to pure Hg and 

is slightly positive to a saturated amalgam, showing that the Zn surface 

is fairly uniformly active. Due to the low rotation speed at the 

rotating Zn disc the i-E curve is nearly reversible. However the upper 

part of the curve leading into the diffusion current has a much slower 

dependence of i on E. This is probably a particular feature of metal 

deposition reactions and is probably due to the electrode, behaving more 

like a porous electrode. A further point about the diagram is--tbat the 

H2 evolution reaction does not seem to be very significant on Hg or on Zn. 

More detail of the behaviour of solid Zn is shoum in Fig. 5.42. The 

curves were recorded from left to right. The first curve is fairly 

inactive and becomes active in subsequent sweeps. Although the neasure- 
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ments were made at different sweep rates this has no effect and the 

curves are in the steady state as far as diffusion is concerned. The 

wave appears to split into two waves. The splitting seems to be 

independent of p1l. Thus the effect is ýrobably associated with the 

structure formed on the electrode and not with any intermediate such as 

Zn + 
or probably the 11 + 

reaction. It seems that at the foot of the wave 

the Zn 
2+ 

reduction is probably pseudo reversible (see a. c. section) as 

the slope of the curve about Ee is v 35 -rL compared to R 
s: L "' 10 -CL .A 

similar effect is observed at very slow sweeps Fig. 5.43. Fig. 5.44 

shows a result of a test in the base electrolyte alone to make certain 

that the reduction of H+ did not interfere. It is clear that it is 

unlikely to be responsible for the wave splitting. In the same'Fig. 5.44b 

an anodic steady state curvc. is shown. It is without hysteresis and wheii 

plotted log i-E has a 40 mV slope. 

V. 2.3. Potentiostatic pulse measurements 

In view of the complicated behaviour_ of the i-E curves, pulse 

measurements were made. The hope was that it would be possible to control 

the initial state of the surface by the value of the starting potential. 

Fig. 5.45 shows a result obtained by pulsing from E= -1076 mV,, which is 

just anodic to Ee, to the quoted potential. At shorter times, i. e. 1 

pulses, the current did not have a time dependence and it was possible to 

build up an i-E curve by pulsing to successive potentials. An example 

is shown in Fig. 5.46. It is interesting to note that the curve no 

longer is split into two wave)although the lower portion is steep and the 

upper portion is much less steep. The Tafel slope of the lower portion 

is - 120 mV and the upper portion about 200 mV. This is typical 

porous electrode behaviour 6 
where it is expected that the Tafel slope is 

twice that for a planar electrode. Fig. 5.45 at longer times shows even 

under the steady diffusion a complex behaviour. These effects could be 
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caused by pH change at the electrode and formation. of Zn(OH) 2' or 

inhibition by H, in addition to area changes caused by nucleation and 

growth. Ultimately the i-E curve (7 mins at each potenti. al) can have 

the form shown in Fig. 5.46. These i-E measurements were taken 

simultaneously with the impedance measurements in Fig. 5.37. 

V. 3. Discussion 

The LT measurements on pure Hg Fig. 5.11 are close to those 
7 

reported in the literature The value of k SH found from Fig. 5.11 is 

4.9 x 10- 3 
cm s- 

1 
and a, the cathodic Tafel slope, is 136 mV. On amalgam 

electrodes the TFA measurements show that in concentrated amalgams k SH 

4.6 x 10- 5 
cm s- 

1 
and a is possibly 100-200 mV. These new results prove 

that the Zn 
2+ 

reduction becomes slower as the amalgam approaches the Zn 

metal condition. 

It is of interest to compare these results with those in the 

literature. Timmer 
8 

et al find the anodic Tafel slope is 40 mV. Sluyters- 

Rehbach 
7 

et al find the cathodic Tafel slope is 136 mV. Salie, 9 finds that 

in concentrated Zn(IIg), IM, the anodic Tafel slope is 36.8 mV going down 

to 100 mV in dilute amalgam. Hush et al 
10 finds that the cathodic Tafel 

slope varies from 60 mV to 100 mV as the ionic strength is increased. 

However the margin of error is fairly large in Fig. 5.11 and 

the Tafel slope is not definitely established from these measurements 

especially in view of the sweep measurements where it was deduced that 

the cathodic Tafel was 60-100 mV. 

On solid Zn the results are less clear. As shown previously 

there is a large discrepancy between the TFA and AFRA results. Fig. 5.4-f 

attempts to reduce the discrepancy by using the double layer capacity CdL 

as a measure of the true area. Incidentally it was clear from some of 

the TPA results that at the long timcs needed to make a measurement some 
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of the results were flattened semicircles reminiscent of a porous 

structure. Only good semicircles are plotted in Fig. 5.46. it is 

obvious that large changes in structure on the electrode can occur. 

The AFRA results look as previously like a pseudo reversible reaction 

and the TPA results represent a falling curve under some conditions like 
7-1-8 

an irreversible reaction k SH 
ý. 4 x 10 cm, s or even 10 cm S 

for the more irreversible curve. All these ideas agree well with 

previous investigations 11012 
into the Cu 2+ 

reduction, which is also a 

2e reduction. The mechanism in that case, in S04 2- 
solution, is 

Cu 2+ +e cu + 

cu ++e Cu 

on solid Cu giving the well known 40 mV anodic and 120 mV cathodic slope. 

On pure Hg the reaction is very much faster and becomes a 2e reversible 

reaction. The value of k SH on saturated Cu/Hg is low and similar to 

that on solid Cu. By analogy with the Cu 2+ 
reduction it seems that 

Zn 2+ 
reduction'must proceed by a similar mechanism 

Zn 2+ +e Zn + 

Zn ++e Zn 
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CHAPTER VI 

SOME PROSPECTS FOR FUTURE WORK 

The transform methods work quite satisfactorily and the results 

of Z(jw)- w compare reasonably well with those obtained experimentally 

with TFA measurements. As the transform measurements are obtained in a 

pulse experiment they are expected to be more reliable. However as 

demonstrated in this thesis the transform method relies on a compromise 

and particularly if the electrode process is fast an appreciable error 

in the real component of the Z(jw)- w diagram can result. This can be 

minimised by judicious selection of sampling rate and amount by which 

the experimental current is amplified before being fed into the analogue 

to digital converter. Although this method has some disadvantages it 

will allow rapid measurements for example for a small amplitude pulse of 

say 50 mS an impedance plot from 5 KHz to 20 Hz could be derived. The 

total pulse time would be 20.2s. The processing time from initiating 

the pulse would be of the order-of ten minutes. This is many times 

better than can be achieved with the automatic frequency response analyser 

in which the electrode would be at the d. c. potential for fý 30 s. To go 

to lower frequencies is more favourable for the transform method for 

example to I Hz needs a Is pulse and the AFRA needs 16 minutes. 

The next stage is clearly to rationalise the present programing 

for faster processing. This will require programmes written in machine 

code. A second important development would be to prograffzne directly an 

automatic bridge to make it faster. 

its own at very low. frequencies 

An automatic bridge would come into 

1 Hz. 

The use of the transform method is very well demonstrated in 

the Zn 
2+ 

reduction kinetics. In the future the method should be applied 

to the reaction on solid zinc. Altbough an electrochcmical mechanism has 
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been derived for the reaction a more detailed investigation of the 

structural changes occurring during zinc deposition should be carried 

ou t. 
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APPENDIX A 

DERIVATION OF LAPLACE TRANSFORM ALGORITHMS FOR CALCULATION WITH A DIGITAL 

COMPUTER 

The LT is defined by 

F Ct) cL-t 

where F(t) is the transient to be transformed. However in a digital 

computer, F(t) is represented by a finite number of points. When this 

transient is the digitized transient response of a cell perturbation, we 

must make an assumption on how two consecutive point's are analytically 

joined in order to numerically evaluate A. I. Pilla 11(4) 
assumed an 

exponential function. Two alternative functions will be considered here: 

a linear approximation to relate two consecutive points 

F(tL) = bt-, 
(A. 2) 

F (-t j, ) -- 23 'r- L t- i 
p 

(A. 3) 

and a quadratic approximation to relate three consecutive points 

f= (t A+t tL 
(A. 4) 

a_ 
Ac 

(A. 5) 

t A. tz A C- t 
L, (A. 6) 

It must be noted that the transform A. 1 operates upon the 
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appropriate time-domain functions from t ='O. Since it takesa finite 
I 

time to sample the first point of the current transient after the 

synchronous pulse simultaneous with the onset of the potential perturbationt 

roughly equal to half the sampling rate, it is permissible and necessary 

for accuracy, to include in the data a zero-time point. Pilla sets it as 

V(t) =0 and I(t) 0 because he takes into account instruments rise time, 

but since in the time scale of our measurements, this rise time is not 

significant, as shown in Fig 2.1. our zero time data will be the full 

potential step or zero in the case of potential sweep and for the current 

transient a linear extrapolation to zero based on the first couple of 

points sampled. 

Real Axis Transform 

This is defined by substituting the real 17- for s in Equation 

(A. 1), and assuming the resulting integral 

DO 
f-- (t ) el Olt dt 7 

(A. 7) 
0 

to exist. To ensure it converges the signal F(t) is separated into a 

constant and a varying part 

i-- (t) 7- i=V., c -t ) t- Ir- (t0) 
(A. 

to level F(t co ) at the end of the transient is considered as the steady 

state level and subtracted from all points of the transient F(t) in order 

to apply the transform A. 7 to the resulting variable part of the transient 

F 
var 

(t) which converges to zero. The transform of the variable part is 

f( a-) :- 
00 

Fkr (t) e -, 7- -t Jt 

var (A. 9) 
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the transform of the constant part of the current transient is a constant 

also rlý, D 
v- (t 

C) 
(A. 10) 

which when added to the transform of the variable part f 
var(t), allowed 

by the properties of the Laplace Transform; gives the real axis transform 

of the whole transient 
(t) 

. 7)z 1(t') -t- 
c7 (A. 11) 

By fitting the linear or exponential approximations over successive 

time intervals tI to t i+l 
(or ti to t 1+2 for the quadratic approximation), 

from A. 9 we obtain segment transforms of the varying part 

va r 
(:: 

I- C7-t 

CLt (A. 12) 

f1 

va r 

(t) 
C 

t -L 

It is convenient to integrate this equation in order to derive 

an expression to which the different approximations can be applied. 

Integrating by parts we get 

(f )- 
-C. L+l -tL +I 'Fv,, Ell crt fv (t at ýfvc(r 

Fvc4L 
I- v4k- 

tc+l 

FV4,1 00 It 

L ti 

O-t (tý cl -t 

c7- 
Z- 

(A. 14) 

C't 

t 

C; ý-t ct) (, -f7 It 3 

(A. 15) 
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thus by summing the transform of the segments over all segments i and 

adding the transform of the constant part of the transient we got 

cr t 
f (V-) = 

3 

T-Ltj 

t 
At 

tý V'- 3 C- 

(A. 16) 

A. l. a) Linear Approximation 

If two adjacent points on the transient Fvar(t) are related by 

F',, 
ikr 

(tL) = A+ BtL 

FVCAL 
Ir (t C, ý)= 

/-\ -A- A! ) t L, I, 

we. can obtain B from the simultaneous solution of A. 17 and A. 18 as 

Since 

then 

and 
. 

T-- " 

Ar 
(t) =0 

(A. 17) 

(A. 18) 

B- (A. 19) 
tL- 

i-I 
tc 

F- VeLr 

Fvt, 
t " 

(+- )z e3 

(A. 20) 

(A. 21) 

(A. 22) 
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Substituting A. 21 and A. 22 in A. 16 we obtain an algorithm with 

which it is possible to numerically evaluate the real axis transform, 

namely 
Fvar (tL,, 

i)Cl 
a -k- I -tL 

E> 
+ 

0- 
>. 

c7- (A. 23) 

A-l. b) Quadratic_ARproximation 

In this case the points must be joined three at a time to define 

the constants A, Bý C given by 

FVCI%r* (ti)=A,,, y5t., +c -ý, 
(A. 24) 

t L+ A+ bt C t"" Lts (A. 25) 

Fv4r tA -i Bt (A. 26) 

Subtracting A. 24 from A. 25 yields 

fuetr (t ý A, 
)- Fvivr Ctc (t., t 

tL*-i - tL ") (A. 27) 

Subtracting A. 25 from A. 26 and substituting for B from A. 27 yields 

rAr ( tt+ I 
(Q(t1tý-tLO) Fvztr(tL, 

(A. 28) (t 
L ir i- -t 

,. 
) 

i- 

and B may not be found by substituting for C in A. 27. Wc now will take 

the derivatives of the variable part of the transient 

Fvar ( -t) =A+ ffi t+ C' -t ý' 
(A. 29) 
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which are 

1-- 1 (-t ý m- b ý- -ý- Ct 
Vitfr 

C 
(A. 30) 

F 
V'C, 

C) (A. 31) 

(A. 3 2) 

in order to substitute them in A. 16 to give the algorithm 

t 3+, Zctý C 

C7 C7- (7-3 

L 

r7- 
t 

Bt-ZCt ZLC 
C7- 3 

(A. 3 3) 

used to evaluate the real axis transform, nu 
I 
merically, with the quadratic 

approximation. 

A. I. c) Exponential Approximation 

For two adjacent points of the F 
var(t) transient related by 

r-va r 
(t i_ )=Ae- "- tý 

f--v 4, 
(t A 

ti-tt 
(A. 34) 

(A. 35) 

a procedure similar to the one described for the linear approximation, 

yields the following algorithm 
- L 

L'rj 
(Ct) 

(ýý- 
C7- 

tLV% 
/Fvk,, 

t L, L (A. 36) 
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A. 2'. Imaginary_Axis Transform 

This is defined by substituting the complex jw for s in A. 1. 

to yield 
017 t 

CLT (A. 37) 

0 

expanding e- jw 
, A. 37 can be rewritten as 

00 (- C-D 
ý- (i tu) = F(t) 

ce4-(wt)It -)F(týz; �- (Lu t) cLt' (A. 38) 

where f (jw) is expressed in terms of its real and imaginary parts, making 

this transform very useful in the direct calculation of the real and 

imaginary parts of the impedance. However in order that the transforms 

exist the integrals in A. 38 have to converge, it can be seen that for both 

the real and imaginary partsp multiplication of the original transient by 

a periodic trigonometric function is involved. Therefore A. 38 will not 

converge unless F(t) actually becomes zero as This is accomplished 

by subtracting the constant portion F(tp) from the remainder of the 

experimental curve to leave the variable portion P 
var 

M on which the 

transform can be performed. 

The real part of this transform is given by 

00 

Re -V VC4 V- 
vc,, r t) CV"O, (wt)At 

and the imaginary part by 

OtD 

Vet r 

(A. 39) 

(A. 40) 
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where 
r 

Vj) 
DIC 

(A. 4 1) 

Va r 
The imaginary-axis transform of the constant portion F(t.,, ) is 

a purely imaginary constant given by 

f too 
(ju)i lz-j-EttlýU) tFý 

(IV 3 U) 
(A. 4 2) 

which is appropriately added to f(jw) 
var 

to generate the complete transform 

vj) 
+ (t ') Var vi 

0 

(A. 43) 

By fitting the various approximations over successive time inter- 

vals ti to t i+l to A. 39 we obtain the segment transform of the real part 

Lt 

integrating by parts 

A)t lw-tl it 

- tLt% tL*t 
F, (t) 

21 

4 4) 

(A. 45) 

(A. 46) 

t7Lt, 

(A. 47) 

thus by summing the transform of the segments over all segments i we get 
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e. 
[f (. , )] =IF,,,, 

(t) 
.-wtI +rt 

L LAJ 

t 

F CAL, 
(t 

+tr Cit 
3 

t. 
L 

(A. 48) 

In a similar fashion, from A. 40 we calculate the segment transform of the 
imaginary part 

t Sbvu to t) CL 
t 

(A. 49) 

integrating by parts 

F. 
v ct v 

Oc ) 
&ekv- wt 

It 
(A. 5 0) 

-EL 
-ý-l 

tL 
-t I 

c(ý- (4- ) e, &-Q- vu t F-v arCtF Al -L-) veA ir 

LU 

Fv, (t) e., cg wt Fv', 
t 

(A. 5 1) 
., ý, ,, 

t 

-tL 
tL*- 

tt 

(A. 5 2) 

thus by summing the transform of the segments over all segments i and 

adding the transform of the constant portion we get 
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tf(wz 

A. 2. a) Linear Approximation 

5 3) 

Using the values defined previously in the real axis transform, 

(Equations A. 21 and A. 22) we substitute B, F' Ms and F" in Equation var var(t) 
A. 52, and use A. 53 to give 

ý », [f (i vi ý] -Z ýý( t- L* 1) C&q_ tvt - FýII, ,(tý) CC>12- lu tý 

_(tL ut3_ 
F 

(A. 54) 

from Equations A. 21, A. 22 and A. 48 we obtain the algorithm for the real 

part of the imaginary axis transform 

wt - F, 

e6'V- Wt Wt 

*I-i 

A. 2. b) Quadratic Approximation 

(A. 55) 

Using the values defined previously in the real axis transform 

(Equations A. 27, A. 289 A. 300 A. 319 A. 32) we obtain from A. 52 and A. 53 the 

algorithm 

(51- --ýct 

(tL) U-Z 

(14. - çt0) 

(A. 56) 
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and from A. 48 

t-+ zct L+ ol, to 

%A0 

acti) 
vi 

LIV 
QI 

3 

(A. 5 7) 

A. 2. c) -Exponential' 
Approximation 

In a similar fashion one can deduce the imaginary axis transform 

for the exponential approximation, the resulting algorithms are 

Re( 
(tL 

W A"t Wt 

t 
(A. 5 8) 

F (t L, * -VtL) '), 
,(w eo-e. wt L,, + cL Im vi) ZL CL 4 

L 

wvtL- tL)ý --t CA' 
tL 

(A. 5 9) 
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APPENDIX B. 

LAPLACE TRANSFORM OF E= at AND COMPUTER PROGRAM'. TO CALCULATE IMPEDANCE 

FROM LINEAR POTENTIAL SWEEPS 

The appropriate form of the function is 

cL tt e_, Z: 0 

E V4. t> CC, 

E(S) = 
Z: 

atC: 
St 

CL t A. 
j&Ek. e_- St CLt 10 , 

il: cl 
Integration by parts gives 

S FK /CL 
E, q- a 

E (s) =- 
CL C++ 

EK 

which on substituting for S= Jw-and splitting into the real and imaginary 

parts gives 

CL w Ev, 
+EKwE, 

CL 
E-(Re-) = 

LO 
A UO-1 

( 
C- 

) 

610 

( 

CL t/V a- 

v 
CL E 

CL Ct- 

This equation was then integrated into a similar programme to the pulse 

response and Z(jw) calculated by equation 2.11. 

It was necessary to arrange the programme Z 10 which follows 

so that the Laplace procedure converged, i. e. to make currents and 

potential response falling functions of time as t Z'. 
0 
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APPENDIX C 

DERIVATION OF THEORETIdL EXPRESSIONS OF THE IMPEDANCE SPECTRUM FOR 

SYNTHETIC TEST DATA 

Fourier Transform of Exponential Transient 

We assume that a potential pulse defined as 

F;. (t) = ýor o-e 

causes a response 
for 

tT 

which when digitized can be expressed as 

L (P\ in)= 0 +or o -, - t 

b 
- ,. C 

-jý, o t- -r- --- nR tA 

(c. 1) 

(c. 2) 

(C. 3) 

where n= Op 1,2,.. (I+N)and R is the sampling rate. 

Applying the Fourier Transformation defined by Equation (2.3) to 

the current data C. 2 we get 
'T 

haft - C) zrv rt /-r 

L(ZiTr/T) =0+ 
; I- 

T (C. 4) 

where 2 Tr r/T is the value of the frequency w set by the DAQUAD program. 

Integrating C. 4 we have 

ZrT r/T) T 

TT- r 

(C. 5) 



2- T-r r/ -r 
-i 

(C. 6) 

. 

A simplification occurs when e -k2(T LE*. 0, if we also take T= 2-C 

Equation C. 7 becomes 

kL 

since 

C&Q, Tr Tr r 

(c. 9) 

for integral values of r the term j sinTr r vanishes and C. 8 becomes 

ec-2, Tr r 

t Z- -m t- (C. 10) 

- Z- 
(ký : l- Tr t- 

ý 
C---ý TT- t- 

(C. 11) TV k- 

remembering that T= NR, the real and imaginary components of 1'(2 %-rr/T) 

derived from C. 11 are 

k, Tc. &-; L wr ;L kz c, &-,, - Tr r 
N 

1\1 R+ 4TT 
t- (C. 12) 

A iT r cz-Q- ir t- 

k 
3. 

Tt4 IT r 

I Tr r c. &, Q-, Tt r 

IT 
(C. 13) 
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Applying the Fourier Transformation defined by Equation 2.3 to the 

potential data given by C. 3 we get 

C- (a 
TT r /-r) =0+ 2- 

T 
(a: - 

j Z" r- t/T 
E at T. 

- r- 
(C. 14) 

e_3att 
t-t/T 

c (C. 15) 

.E -j 
2. TV r Z, / -r 

j iT r 

(C 

(C. 16) 

the term in parenthesis is simplified for integral values of r and T 

Equation C. 16 becomes 

r/ -T TT (C-17) 

It can be seen that the real part of E(2-, T r/T) is zero, i. e. 

C0 
(C. 18) 

and 

vr /-F )=-j -f- c, ý ( IT r- - 1) 
Tr r- (C. 19) 

or what is the same 

Dr for r 4) 
(C. 20) 

zE 
(C. 2 1) 

The impedance frequency spectrum 

z( W) (t. 22) ý( 
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is obtained from Equations C. 7 and C. 16 as 

(aiT rtT) 
T(k, +3Z-vr/-r)C- 

k, 

useful simplification of Equation C. 11 occurs when 

e . �- 0 

then j r- /-I- 

r) E 
( 

J, TT r 

Z rr t- ht 

With r being an integer number, the value of -C that renders 

more meaningful values is -E' = 1/2T since with this value Equation C. 25 

becomes 

2-IT rE 
Z(, ZTr/-T) = C-O-Q. Tr r 

z Tr r 

the tem in parenthesis is zero for r =. 0,2,4 ... N and two for r=1,3,5 

N-1. Therefore the real and imaginary paTts of the impedance spectrum 

-1-IT r 

e-jzTT 
r ý7T 

- 
Kz (T- Z: ) (C. 23) 

(C. 24) 

(C. 25) 

(C. 26) 

from Equation C. 26 are 

-Z(Re)= --1-F- 
+or t- = tj 

(C. 27) 

(I ý,, ) = 
k, C- T 

k, iT r 

where Z( tv )ý Zý ý*3(1 rvl) 

(C. 28) 

The non-dimensional expressions of C. 27 and C. 28 substituting T= NR are 
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kIZ( Rc) '=. ýL -for t-lj3jS- .. - (C. 29) 

D, ti 12, - 
ýL D, rT r 

It is interesting to observe that these values are the double 

ofthose obtained with the LT (Equations C. 44 and C. 45). In order to 

obtain the same result Z7 should have to be equal to T, i. e. the perturbation 

starting at t=0, Equation C. 23 becomes then 

2 (2, -n r /_T) :ý 1-- 
--3-E 

l'-, 

kt kt : ýn r (C. 31) 

which is also the result obtained with the LTý unfortunately the computer 

program using the FFT cannot cope with the condition T= -C . 

Imaginary Axis LT of Exponential Transient 

In order to test the IT software we assume that a potential pulse 

starting at t=0, defined as 

(10 = tor 

causes a response 

- 
k-4-t 

ý 1ý - 
6ý. R" 

L(t) m ý, te 0- 

(C. 32) 

(C. 33) 

where n= 001,2 ... N and R the sampling rate; the imaginary axis transform 

of the current transient (from A. 37) is 

Wt At 
(C. 34) 

fo ý, 

integrating 
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(C. 35) 

V: k , (C. 36) 

Lu 

similarly the transform of the potential transient is 

J0 
E (j w) '= E 0-- At (C. 37) 

integrating 

13tC, 3 

vjý -- 
-3 Lu a-0 

(C. 38) 

'Z (C. 3 9) 
j vi 

The complex impedance is 

E(jw 
. 

)- 
(C. 40) 

ý (ý vj) 

Substituting C. 39 and C. 36 in C. 40 we get 

E Vzz 

W (C. 41) 

(C. 42) 
k% 

therefore 

(C. 43) 

and 
E 

(C. 44) 
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where 
'Z(jLo)=Z(Re) + 3, E(lm) 

(C. 45) 

In order to make co-, Liparisons it is convenient to plot the adi- 

mensional versions of C. 43 and C. 44 given as 

7-(Re )( = ZýRc)kIE"- I 
(C. 46) 

(C. 47) : 1, Tr 

where n is related to the frequency by 

vi -a 
-a 

-- : ). Tt (C. 
'48) 

nR 

n is now a positive rational number since the integration procedure involved 

in the transformation converts the digitized time domain data into a 

continuous signal. In this way-the corresponding frequency in the non 

dimensional complex plane is given by fR where f is any arbitrary frequency 

chosen within the time scale of the time domain data. 

Imaginary Axis Laplace Transformation of t Transient 

The current transient defined by 

,,, Z. -K for t0 tv: k R v) )/; L 
n Z) R (C. 49) 

,j 
Ij ý'j ,,, 

obtained. as a response to the potential step defined by C. 31 has an 

imaginary axis transform given by 

Co 

czý (c. 5 0) 

0 
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from tables of LT 

L 
W (C. 51) 

Using Equation C. 39 and C-40 we calculate the impedance as 

E- F-- 
-j 

3/0 

(C. 52) K GTTý- K 

Lf Since C CC9, z + 7r/; Z 

(C. 53) 

substituting this result in C. 52 we have 

E At) -TT 

(C. 54) 

+3 IT) 
(C. 55) Kq-mw 

( 

-1 

since cos (3/4)Tr 1 /\F-2 and sin 
32 
4 

T-T (C. 56) 

Z(Rcý =E (C. 57) 

z (C. 58) K 

taking the frequency as 

where n is now any rational number in the interval 0>n 4- N, we convert 

C. 57 and C. 58 to the adimensional forms 

Z(Re-) A 
(C. 59) 
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K E-1 R-YQ- (C. 60) 

as a function of the adimensional group fR = 1/n in order to test the LT 

software against this theoretical results. 

I 
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APPENDIX D. 

THE ESTIMATION OF R. and YWCS USING THE BROOKDEAL P. S. D. 

Using the circuit shown in Fig. the following four readings 

are taken in order. 

(1) W. E. - R. E. IN PHASE (0) 

After the phase shift on the reference unit to give 

reading A=0.0 Volts 

For the next three readings the phase shift is left in position. 

(2) W. E. R. E. OUT OF PHASE (0 + 960) 

reading B=X Volts 

(3) Current measuring resistor (R) IN PHASE (0) 

reading C=Y Volts 

(4) Current measuring resistor (R) OUT OF PHASE (0 + 900) 

reading D=Z Volts 

Y From 0F, the phase angle 0 may be found.. 

ZM. =R sin 01 (where R is the current measuring resistor) y 

RsW ZM Cos 0 

ZM sin 0 
WC s 

/ 
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APPENDIX E. 

We examine here the impedance spectrum obtained with the FFT 

software for the following artificial data: 

E ct)= 0 for t 
r for FZ 

TEST OF THE FFT SOFTWARE USING Al/ V-t TRANSIENT 

(E. 1) 

causes the current transient 

L (-t) =o +or otz7 

I-Y. z Y2 - 112- 
L K(t- -C) ,= KR7 (n- 

for tA 14 
1 (E. 2) 

where n=1,2, ... N and -C = RN*C 

There is no theoretical solution of, equation 2.13 for the 

transient 2.44. ' For the exponential transient the theoretical impedance 

obtained with the FT, for T=2, is related to the theoretical impedance 

obtained with the LTf for T=Z: by a factor of 2. Therefore by analogy, 

since the shape of the current transient is similar, we employed a factor 

of 1.8 to fit the FFT results and compare with the theoretical impedance 

values obtained for the LT. In the non-dimensional form these values 

are given by equations 2.42 and 2.43. In Figs. E. 1 to E. 5 the impedance 

spectra in a non-dimensional form obtained with the FFT software, is 

compared with the above mentioned theoretical results. - I 
As first attempt, both potential 'and current transients were 

transformed viaý DAQUAD program. Even when amplifying the potential step 

to the full range of the DAQUAD programý to improve accuracy, the resultant 
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impedance was only reasonably accurate in the low frequency region of 

the spectrum, due to the combined errors associated with the single 

precision rounding off errors. These results are shown in Figs. E. 1 

and E. 2. In Fig. 2.14 an improvement of the accuracy was obtained by 

setting to zero the real Fourier coefficients of the potential stepý Cr 

as prescribed by equation C. 18. In Fig. E. 4 similar accuracy is obtained, 

substituting both Cr and Dr for its theoretical values given by 

equations C. 18. and C-19. 

By analogy with the results obtained with the exponential transientt 

as the transient gets flatter the accuracy in the low frequency region 

improves, although it deteriorates in the high frequency region of the 

impedance spectra. 
. 

As the transient gets steeper the opposite occurs. 

This effectp observable in Figs. E. 1 and E. 2, is due to truncation errors 

associated with the DAQUAD programg and also with the truncation of the b 

KIVýt--C transient when t The maximum value that the DAQUAD program 

accepts in the artificial data is 2048, and this was the value of the 

first point of the current pulse, the rest were calculated by equation E. 2 

when R >, 0.5 x 10- 6, for the case of flatter t'ransients more than one 

point at the beginning 9f the current pulse had to be truncated to 2048 

with the consequent deterioration of the high frequency accuracy. 

.4 
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-test data N= 1024, NT = 512, R'= 0.5 x 10-6, K= 1414, 

1 (513) = 2o47. (0) Results of FFT software with C. 0. 

I(+) Theoretical value according to Eqs -, 2.42 and 2 A. 3 

Small figures on graph indicate the corresponding fR value. 
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