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ABSTRACT 

The consequences of the presence of a sluggish tuned  amplifier  in an a.c. bridge used for 
measurements  at a dropping mercury  electrode are discussed. Also a digital s imulat ion is 
made of  the response of a ne twork  analyser with limited bandwid th .  In order  to explain the 
exper imenta l  results the drop size dependence  of the shielding of  the mercury  drop is t reated 
in a semi-quanti tat ive way. These consequences  appear to be minor  under circumstances that  
apply  to  the way double  layer capacitances are usually measured but  in the s tudy of elec- 
t rode  kinetics errors are l ikely to be in t roduced.  

I N T R O D U C T I O N  

In electrochemistry measuring the impedance of a cell that  is time depen- 
dent,  is not  uncommon.  The origin of this time dependency can be manifold, 
e.g. concentrat ion changes, progressive adsorption, recrystallization at the elec- 
trode surface, change in porosity, varying d.c. bias and varying surface area. 

The most pronounced example of the latter case, we believe, is the dropping 
mercury electrode. We will therefore confine this discussion to this electrode, 
though the results also will apply to other objects the impedance of which is 
changing. 

Impedance measurements at dropping mercury electrodes have been per- 
formed in order to study the double layer capacitance and the kinetics of 
heterogeneous redox reactions and coupled processes at this electrode. In both 
fields ultimate accuracy of the measurements has been aimed at lest no system- 
atic error in the measurement  would introduce artefacts into the result of an 
analysis of the impedance data. This is also the reason why the dropping mer- 
cury electrode became so popular" it is a most attractive way to produce a 
clean surface reproducibly. 

The opinion that  the rate of change of the impedance should be low com- 
pared to the frequency at which this impedance is measured is general. How- 
ever, we have not  been able to find quantitative study of this problem in litera- 
ture. 

Until recently all impedance measurements on electrochemical cells were 
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performed with a.c. bridges. The imbalance of the bridge is detected mostly on 
an oscilloscope. In order to achieve a high sensitivity and a high rejection of 
noise and overtones the imbalance of the bridge in later work (see e.g. ref. 1) 
was preamplified by a tuned amplifier with a narrow bandwidth. Such amplifiers 
suffer from slow response and might degrade the measurements significantly in 
the case of a changing object. We therefore decided to perform a series of mea- 
surements at a dropping mercury electrode with the intent to show the gravity 
of the errors due to sluggishness of a tuned amplifier. 

With the dropping mercury electrode as the object, also shielding of the elec- 
trode by the glass capillary will occur. Its dependence on drop size will be dis- 
cussed. 

The results will also qualitatively apply to modern directly indicating instru- 
ments like lock-in amplifiers and network analysers because also these instru- 
ments will have a finite bandwidth, and to Fast Fourier Transform techniques 
due to the finite magnitude of the time window [2]. 

THEORY 

Formulae exist (see e.g. ref. 3) for the value of the imbalance of an a.c. 
bridge. Also the time dependency of the impedance of a dropping mercury 
electrode in the absence of a redox couple can be taken to be" 

Z '  = R a o m  + ( P / 4 U ) ( 4 7 r o / 3 m t )  1~3 (i) 

Z" = (1 /47rCOCd)(4uo /3mt )  2/3 (2) 

where Rhom is the resistance of the homogeneous part of the cell and the mer- 
cury in the capillary, p is the specific resistance of the electrolyte, m the rate 
of flow of the mercury (g s- ') ,  here supposed to be constant, and a the density 
of mercury. It will be clear that  ( 4 1 r a / 3 m t )  -113 stands for the drop radius r. 
Substitution of this time dependent cell impedance Z = Z' - - j  Z" into the 
expression for the imbalance of the bridge allows the lag in the output of the 
tuned amplifier to be calculated if the characteristics describing the behaviour 
of the amplifier towards a time dependent amplitude of the input signal are 
known. Ultimately the degree of miscompensation of the bridge could be cal- 
culated as a function of all variables involved. 

Here we do not wish to perform such a calculation because it would both 
be complex and of limited value as a consequence of the presence of the out- 
put transformer in the bridge, the input impedance of which neither can be 
neglected nor be supposed to be infinite. 

Therefore in the case of the a.c. bridge it is more useful to demonstrate the 
magnitude of the effect by experiment. 

With a phase-sensitive alternating current measuring instrument, however, 
the problem is more surveyable and a digital simulation can be made (see Ap- 
pendix). In Figs. 1 and 2 the result of such a calculation is shown pertaining to 
a real cell for which both amplitude (Fig. 1) and phase angle (Fig. 2) of the 
admittance have been calculated both as true and measured quantities. 

Figures 1 and 2 were obtained starting with eqns. (1) and (2) with Rhom = 
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Fig. 1. The  a m p l i t u d e  vs. t ime  ca l cu l a t ed  and  s imu la t ed  r e spec t ive ly  for  a d r o p p i n g  m e r c u r y  
e l e c t r o d e  in a base e l e c t r o l y t e .  E x p l a n a t i o n "  see t ex t .  

1 0 F ~ , p = 1 0 F t c m ,  m = 1 m g s  -~ c o = 1 2 0 0 r a d s  -~ , , Cd = 20 pF  cm -2 and a 
drop  t ime  of 5 s. 

Evident ly  b o t h  the  measured  ampl i tude  and the measured  phase angle lag 
the t rue  ones to an appreciable  ex ten t .  The calculat ions  were made  for an alter- 
nat ing cur ren t  measur ing  device wi th  a t ime  cons t an t  of 87 ms which  is the  
t ime  cons tan t  of the  HP 3570 A n e t w o r k  analyser  in use in this  l abora to ry .  

It clearly can be seen tha t  the  absolute  error  in the  ampl i tude  at  the  end of 
d rop  life slowly goes down  to a vir tual ly  cons tan t  value, which means  t ha t  the  
relative error in the measured  value of Cd goes d o w n  only  wi th  t -2/3 and is still 
1.3% at the  end of d rop  life. 

Also in the presence of a r edox  sys tem the calcula t ion will be feasible, insert- 
ing a more  complex  express ion for the  cell impedance .  In this paper  we will 
conf ine to a cell wi th  an equivalent  circuit  consist ing of a simple Rs--Cs series 
c o m b i n a t i o n  wi th  t ime  d e p e n d e n t  R s and Cs. 

,/° 
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Fig. 2. The  phase  angle vs. t ime .  F u r t h e r  as Fig. 1. 

t/s 



306  

:> 

oO 
oO 

0 

I 

T.) 

° ~  

r~ 

CX] ~'X] OD CO OD O0 "~  "~  ~0 r.O ['-- ['.-- oo O0 

0 ~0 0 LO O0 r..O 0 U'D 0"~ 0 ~0 ~.0 ~D ~0 
O 0 0 D  Cq O0 LO LO O0 O0 ',.0 L'-- "~  "~  ',.0 ~..0 
~--I C'~ Cq ~--I ~ v v v . .-4 

.,....." v 

........ 

LO LO 

0 C,,] "~', 0 0"~ ,,.0 -~  , - I  O0 ~ ~0 0 %0 0 
O0 O0 ,--~ ¢X] r.O ~'-- tO ,,.0 C',] C~] , ~  LO O0 "~  
¢q Ok] O0 CO O0 ¢0 '~t~ "~  ~0 ~0 L"- t"-  O0 O0 

~'~ 0 hO 0 O0 ¢',] 0 ,.0 0 0 ~0 L'-- O0 O0 

...-.. .. o ...... o .,..-... o , . . . . - . . ,  o 

o o  c"O oO O O L O  t '~  LO 00. LO ~ C O C O  r..O I>- 

C'q ~"x] CO CO O0 CO .~t~ -:~ f..O ~0 IC-- t--. O0 O0 
v ..._.4 v v v v 

o . ~ ~ o o • o 

UO UOCq 0 0 LO 

r ~  O0 0'~ ,'-~ L"- [ "  ~,D '.,.0 L"" £"- C"q OD LO ',.0 
O0 O0 , ~  ¢X] ["-  ["-  UO UO Cq Cq uO uO OD CO 
C'q Cq O0 CO OD OD "~  "~  ~.~) r..O [--- [-.. O0 O0 

0 LO O uO , , . O 0 0 0 C . O ' ~  , ~ , ' ~ ¢ O  

o , o ~ , 

",~ [".. C',] O ¢O 00 &X] .~, OO OO "~t, .~  ,~  ,~, 

4 4 N ~ d o { c ~ Q 6 ~ 4 4 4 4  

t.O ~.- cO 0 oO 0 eq 
LO 0"~ CO O0 ~ ~ C',] 
[ ' -  O% CO O0 O0 LO 0 
,--~ ,--~ Cq Cq CO .~  LO 
0 0 0 0 0 0 0 

c~ d c~ d c~ c~ d 

• ,~ LO ~0 O0 0 ["- ~0 
0 Cq UO 0 Cq ,-.t O0 

,~ ~ ~ c4 o5 4 4 



307 

EXPERIMENTAL 

The experiments  were performed in 1 M KC1 with an a.c. bridge with poten- 
t iostatic electrode potential  control  that  will be published separately. In order 
to minimize shielding a sharp polarographic capillary with an orifice of 0.030 
cm outer  and 0.013 cm inner diameter  was applied. Its natural  drop time at the 
d.c. potential  (--1038 mV) and the mercury column height (50.0 cm) used was 
4.86 s. The cell was carefully cleaned and s teamed out  before the experiment.  
Bidistilled mercury  was used and the solutions were prepared f rom p.a. KC1 and 
freshly bidistilled water. The tank nitrogen was freed from oxygen with a BTS 
catalyst. The cell was thermosta ted  at 25 ° C. 

As the tuned amplifier a Brookdeal  Model 464 a.c. null de tec tor  was chosen 
because of the possibility easily to switch from small bandwidth  ("high Q") to 
a larger bandwidth  ("low Q") or flat, which means a slow, medium and fast 
response of the amplifying system. 

In the case of the flat detector  there is no noise discrimination and the bal- 
ancing of the bridge is rather difficult even with this type of bridge. Therefore 
the ampli tude of the a.c. signal across the bridge was chosen rather high, 22 mV 
r.m.s. In order to minimize the occurrence of overtones the d.c. potential  was 
chosen a t - - 1 0 3 8  mV, where the value of the double layer capacitance does. 
not  vary much with potential  in this solution. 

The cell impedance was at first measured at predetermined times after drop 
fall by means of a digital t imer that  was started at the instant of drop fall by 
means of the H.F. drop fall de tec tor  published earlier [4] and at a number  of 
frequencies. Though all data obtained in that  way clearly showed the influence 
of the slow response of the tuned amplifier the results were found to be 
affected by varying flow rate of the mercury due to back pressure [ 5]. 

Therefore we will confine to repor t  results obtained in a different way viz. at 

TABLE 2 

Double layer capacitances (C/pF cm -2) calculated from Table 1 

Data between brackets measured with low Q 

t/s 2000 Hz 1000 Hz 520 Hz 230 Hz 170 Hz 

1.04 16.14 16.00 
(16.20) (16.12) 

1.25 16.00 | 16.00 
(16.02) | (16.07) 

1.56 16.20 16.18 
(16.25) (16.17) 

2.08 16.24 16.11 
(16.24) (16.11) 

3.20 16.37 16.40 
(16.37) (16.38) 

4.17 16.45 16.46 
(16.45) (16.48) 

4.86 16.57 16.64 
(16.60) (16.65) 

15.83 
(16.12) 
15.92 

(15.95) 
16.06 

(16.16) 
16.10 

(16.18) 
16.33 

(16.37) 
16,49 

(16.48) 
16.65 

(16.68) 

15.95 
(16.06) 
15.75 

(16.02) 
15.82 

(16.12) 
16.04 

(16.29) 
16.27 

(16.37) 
16.32 

(16.41) 
16.65 

(16.73) 

15.49 
(16.06) 
15.82 

(16.22) 
15.73 

(16.03) 
16.04 

(16.22) 
16.21 

(16.35) 
16.29 

(16.28) 
16.63 

(16.75) 
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TABLE 3 

Time constants of preamplifier Brookdeal model 464 

Frequency/Hz Time constant/ms) 

High Q Low Q 

170 63 18 
320 37 10 
520 20 6 

1000 12 5 
2000 7 2.5 

a dropping mercury electrode tha t  was knocked off by a magnetic hammer  at a 
well determined instant.  In that  way the area of the drop can independent ly  be 
obtained by calculation from drop weight. The cell impedance was measured at 
1.04, 1.25, 1.56, 2.08, 3.12, 4.17 and 4.86 s after drop birth and at 2000, 
1000,  5 2 0 , 2 3 0  and 170 Hz. 

In order to enable the reader to make his own (re)calculations the raw data 
are given in Table 1. The double  layer data repor ted in Table 2 are calculated 
f rom Table 1 by Cd = Cs/surface area. 

Because the t ime constant  of the tuned amplifier increases at lower fre- 
quency (Table 3) and because the rate of change of the cell impedance is large 
at small drop size the effect we wish to show will be minimal at 2000 Hz and 
4.86 s and maximal  at 170 Hz and 1.04 s. 

In Table 2 this expectat ion can be seen to be met.  In between parentheses 
also the corresponding values obta ined with the tuned amplifier in the "low Q" 
mode  are given. Data obtained in the "f la t"  mode  were identical to the latter 
though  much more uncertain.  

Flash light pictures of the mercury drop were taken during drop growth with 
the flash light actuated by a t imer  started by the drop fall detector .  

DISCUSSION 

At first sight Table 2 demonstra tes  the effect quite well. Also the "bes t"  
value of the double layer capacitance at long drop t ime and high frequency 
agrees well with the value of 16.50 pF cm -2 repor ted  by Grahame and Parsons 
[6].  The double layer values found are only independent  of bandwidth  at the 
left hand size of the zigzag line in Table 2. 

A more close inspection of Table 2, however, reveals tha t  there is a (identi- 
cal) t ime dependency at the values of the double layer capacitance at high fre- 
quencies bo th  in the "high Q"  and the "low Q" mode.  

This must  mean that  this t ime dependency does not  originate from slow 
response of the amplifier and tha t  the decrease of the Cd values at short t imes 
at 2000 and 1000 Hz must  have a different origin. Shielding of a part  of the 
surface area of the mercury drop by the capillary tha t  is comparatively impor- 
tant  at small drop size could explain the effect. The maximal  effect, however, 
one could imagine is the complete blocking by an area equal to the outer  cross 
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section of the capillary, i.e. 7 × 10 -4 cm 2. Recalculation of the data with the 
surface area diminished by 7 × 10 -4 cm 2 led to the conclusion that  though the 
drop time dependence of Ca decreases after this overestimation of the shielding 
it has not  disappeared. This leads to the conclusion that a drop-size dependent  
shielding is present, the shielding decreasing with increasing drop size. It will be 
clear that  in this paper shielding is defined as the area of the electrode surface 
apparently prevented from contributing to the electrode admit tance by the 
glass capillary (cm2). 

As a semiquantitative measure of the shielding occurring at a dropping mer- 
cury electrode we take the reciprocal value of the distance y between a point at 
the circumference of the glass capillary and the point on the drop surface ver- 
tically underneath,  as indicated in Fig. 3. 

In the case of a purely spherical mercury drop from simple geometrical con- 
struction the value of 1/y can be determined as a function of drop radius r, 
taking the inner and outer diameters of the capillary equal to the values per- 
taining to the capillary used in the experimental part, 0.013 and 0.030 cm, 
respectively. 

Values of 1/y obtained from spherical drops and values obtained from pic- 
tures of real drops together have been plotted in Fig. 4. Evidently the "abso- 
lu te"  value of the shielding behaves completely differently in these two cases 
due to deformation of the drop under the influence of gravity. 

Fig. 3. y as a measure of the shielding. 

1/,j 
ro nge-'of impedonce / 

meosurements ~ 

5 10 100 r/cm 

Fig. 4.1/y as a function of drop radius. (a) For pure spheres. (b) From pictures of real 
drops. 
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measu remen ts  

) 

5 ' 10 100 r / c m  / 

Fig. 5. 1/4rrr2y as a func t ion  of  d rop  radius.  (a) F o r  pure  spheres .  (b) F r o m  pic tures  of  real 
drops.  

Figure 5 shows the "relative" shielding, 1/4 nr2y of the drop, both in the 
theoretical and the practical case. Evidently neck formation turns out to be 
most helpful in decreasing shielding. For tunate ly  the rather heavy deformation 
gives only a surprisingly small increase of the surface area, as has been reported 
before [7,8]. 

We found from enlarged pictures of our largest drop (t -- 4.86 s) an increase 
of 0.6%, which leads to the conclusion that  the double layer capacitance values 
in Table 2 for t = 4.86 s could be 0.1 pF cm -2 too high. 

That the shielding is still present for this largest drop also is evident from the 
frequency dependence of the double layer capacitance measured with low Q. 
Extrapolat ion of these capacitance values to zero frequency in order to get rid 
of shielding, as was proposed by Grahame [ 9] leads to a significantly higher 

C d/P F 
cm-2 

16.80 

16.70 

16 601 _, 

.......... l d O 5  . . . . . .  

-X---- 

2000  

Fig. 6. The  e x t r a p o l a t i o n  of  the e x p e r i m e n t a l  doub le  layer  capac i tance  measured  at t = 
4 .86 s and with  low Q to zero f r equency .  
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value (Fig. 6) than the one repor ted  in literature, 16.50 pF cm -2 [6].  
Note however, tha t  at the same drop time the results obtained at high Q are 

virtually f requency- independent ,  yielding a value 16.6 pF cm -2. 
Evidently at this drop t ime and with the amplifier used the two effects, 

shielding and slow response obscure each other.  From the complete  Table 2 it 
can be concluded that  similar extrapolat ions at other  drop times would all lead 
to different  values at zero frequency.  Therefore,  somewhat  cautiously we could 
infer tha t  the value 16.8 is probably  the "bes t"  value, but  not  undisputably  the 
"exac t "  value. 

Another  solution to the shielding problem could be to determine dC,/dA at a 
drop size where shielding is independent  from drop size, i.e. in the max imum in 
Fig. 4. Unfor tunate ly  accuracy is too low at these small drop times. 

CONCLUSIONS 

Although the effects discussed in the foregoing are difficult to separate, the 
following qualitative conclusions can be drawn. 

(1) Even with a rather fast responding amplifier a.c. bridge measurements  at 
a DME are subject to lagging, leading to differences in capacitance values (in 
general- interfacial admit tance values) at different drop times. The differences 
are still significant in the range of usually applied drop times, 2--5 s. 

(2) As expected this effect is more striking at low frequency,  so that  it seems 
not  to mar seriously the determinat ion  of the double layer capacitance at the 
usually applied frequency of 1 kHz. However, if an a t t empt  is made to remove 
the influence of shielding by extrapolat ion to zero frequency,  the result is 
strongly dependent  on the drop t ime chosen. 

(3) Contrary to the s tudy of the double layer, in the s tudy of the kinetics of 
electrodes reactions it is of prime importance also to use impedance data ob- 
tained at low frequencies, because nearly always the frequency range of the 
measurements  should be as large as possible. As an example where slow ampli- 
fier response most  probably  in part  will have influenced the results we would 
like to make reference to the paper of Tessari et al. [ 10 ] who carefully per- 
formed precise impedance measurements  down to 50 Hz with a General Radio 
1232-A tuned amplifier in the bridge. 

(4) The results repor ted may be considered as an example of the errors tha t  
can be made in bridge measurements  with tuned amplifiers. It may  be noted 
that  we did not  use a highly critically tuned amplifier. For instance with a 
Rohde and Schwartz type UBN amplifier, tha t  can have a t ime constant  as high 
as 20 ms even at 1 kHz, the effects would have been much more dramatic.  We 
feel tha t  this is not  always recognised. 

(5) It is also imaginable that  the rate of impedance change is larger than in 
our case. Especially experiments  where an electrode admit tance is measured 
while the d.c. potent ia l  is swept through a faradaic region, should be scruti- 
nized with suspicion as for ins t rumental  artefacts. 

(6) It does no t  seem possible to find a reliable correction procedure for the 
slow response in the case of bridge measurements.  However, when using a 
directly indicating phase sensitive device, we expect  that  an exact correction 
procedure can be worked out  by measuring the rate of change of the cell 
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response by taking two samples closely spaced in time. This idea is being elab- 
orated in this laboratory. 

APPENDIX 

S i m u l a t i o n  o f  observed  a d m i t t a n c e  a m p l i t u d e  and phase  angle for  a direct ly  
indicat ing device  

Denoting the observed amplitude by Am and the true amplitude by At, the 
rate of change of Am is given by 

d A m / d t  = (1/Q)(At -- Am) (A1) 

This differential equation can be solved (most easily by Laplace transforma- 
tion) if At  is a linear function of t, e.g. 

A t = c + h t  (A2) 

The solution is 

Am = A t  - - h Q  + [Am(t = O ) - - c  + hQ] e x p ( - t / Q )  (A3) 

In the more complex case of a DME, At contains non-integer powers of t, e.g. 
t 2/3 and t ~z3 which makes the problem inaccessible for an analytical solution. 
Therefore we perform a "semi-digital simulation" in the following way. The 
graph representing At vs. t is divided into small segments corresponding to 
equal time intervals At (say At = 0.001 times the assumed drop time). The value 
of A t is calculated at each interval and denoted by 

At, n = A t (t = n a t )  (A4) 

Each segment is supposed to be approximately linear, which can be expressed 
by 

At,n+l -- At ,n  = h a t  (A5) 

Consequently the corresponding value of Am can be approximated by 

Am,,~+ 1 = At,n+l -- hQ + [Am,,. - -At ,n  + hQ] e x p ( - t / Q )  (A6) 

analogous to eqn. (A3), provided that h is repeatedly calculated from eqn. 
(A5). 

In view of the periodic character of a DME, difference must be made 
between the so-called "first drop" and an arbitrary "sequent" drop. For a first 
drop Am,0 will equal zero, while for a sequent drop Am,0 must be taken equal 
to the value obtained at the end of drop life T of the foregoing drop; approxi- 
mately we have therefore Am,0 ~ A t ( t  = T). 

The same reasonings apply to the phase response of the directly indicating 
device. 

The calculations for Figs. 1 and 2 have been performed using a HP 9830 desk 
calculator. The program, in basic, is available on request. 
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