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INTRODUCTION 

A.c. polarography is a widely used technique, in principle useful for the quali- 
tative and quantitative analysis of substances which are able to undergo an electrode 
reaction. 

In normal sinusoidal a.c. polarography 1 the sensitivity is in the first place 
determined by the magnitude of the base line current or capacity current, caused by 
the existence of the electrical double layer at the electrode-solution interface. In order 
to suppress the capacity current ic, which is proportional to the frequency, low fre- 
quencies are employed. This has, however, the disadvantage that also the faradaic 
current i F is lowered, since iv is proportional to the square root of frequency. A better 
way of eliminating the capacity current is effected by an a.c. polarograph patented by 
Jessop 2, which measures only the in-phase component of the sine wave current. This 
signal contains theoretically no contribution of the capacity current if the a.c. voltage 
loss over the ohmic resistance Ra is properly compensated 3. Another, probably more 
expensive, technique is square-wave a.c. polarography 4, in which the capacity current 
is diminished to a large extent by measuring the current at the end of each half period 
of the applied small amplitude square-wave voltage. 

In this paper a new a.c. polarographic technique is proposed, with which 
theoretically the capacity current is eliminated, so that the base line in the a.c. polaro- 
gram is reduced to zero. The principle is the;application of a triangular a.c. voltage 
across the electrode interface, followed by full-wave rectification of the a.c. current. 
The effect of this on the a.c. polarogram to be obtained will be described in the next 
section. 

THEORY 

The polarograph is in principle built according to the block scheme given in 
Fig. 1. A triangular voltage with frequency v is superimposed on the scanned d.c. 
voltage and both are applied to a three-electrode cell via a potentiostat. The resulting 
current is passed through a full-wave rectifier and, after filtering out the d.c. compo- 
nent with a capacitor, fed to an amplifier tuned at the frequency 2v. The output of 
this amplifier is rectified and finally connected to a d.c. recorder. The final result can 
be understood on the basis of the following considerations. 
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Fig. 1. Block scheme of the apparatus. (A) Ramp generator, (B) triangle generator, (C) potentiostat with 
current follower amplifier, (D) full wave rectifier, (E) Hewlett-Packard 302 A as tuned amplifier<W ) inte- 
grator. 

(a) The potentiostat serves to compensate the iR drop over the ohmic resistance 
of the cell, consisting of the solution resistance, the resistance of the indicator elec- 
trode (usually a dropping mercury electrode) and the wires to the indicator and the 
counter electrode. If the voltage drop over the total ohmic resistance R e is properly 
compensated, there results a triangular a.c. voltage AE superimposed on the d.c. 
voltage E across the electrode-solution interface, in other words across the electrical 
double layer, 

(b) The double layer capacity is defined by 

Ca : dq/dE (1) 

where q is the charge density on the electrode surface and E the electrode potential. 
Consequently the current which charges or discharges the double layer is given by 

dq dE d (E + AE) dAE 
i c -  ~ -  C d ~ -  = Cd ~ -- Cd dt (2) 

o b c 
Fig. 2. The various wave forms. (I) Triangular voltage across the interface, (II) resulting current, (III) result- 
current after rectifcation. (a) Capacity current, (b) faradaic current for an irreversible system, (c) faradaic 
current  for a reversible system. 

The derivative of a triangular wave form is a square wave, so the capacity current will 
be a square-wave current (Fig. 2a, II). Full-wave rectification of it yields theoretically 
a d.c. current. In practice spikes will appear at each half period because of unavoidable 
non-ideality of the triangular and the square-wave form (Fig. 2a, III). 

(c) The faradaic current is determined by the current-voltage characteristic 
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("absolute rate equation") 5 

if = nFksh {cg e x p [ e ( n F / R T ) ( E - E o ) ] - C o  e x p [ - f l ( n F / R T ) ( E - E o ) ] }  (3) 

in which Co and c R are the concentrations of the electroactive species at the electrode 
surface. If E is the sum of a d.c. polarizing potential E and an a.c. voltage AE, the 
current and the concentrations may be written also as a sum of a d.c. component, 
l-~ CR and Go and an a.c. component Ai, A c  R and Aco. One has 

-{+ Ai = nFksh {(CR + ACR) exp (ego)" exp [e (nF/g T) AE] - 

- (to + Aco) exp ( -  flgo)" exp [ - fl (nF/R T) AE] } (4) 

with 

go = (nF/R T ) ( E -  Eo) (5) 

The exponents of AE can be developed and for small AE and consequently small Ac 
the higher order terms (in A E  2 and AE- Ac) can be omitted : 

i+ Ai = nFksh {CR exp (ego) + (enF/R T) OR exp (ego) AE + ACR exp (ego) + 

-Co exp (--flgo) + (f lnF/RT)e o e x p ( ' f l g o ) A E - A c o  exp (-figo)} (6) 

In the right hand side of this equation the d.c. component is easily recognized con- 
sidering eqn. (3). After subtraction of it the a.c. component remains: 

Ai = (n2F2ksh /RT)[e0  R exp (ego) + fiCo exp ( -  flgo] AE + 

nFksh [Ac R exp (ego) - Ac o exp ( -  flgo] (7) 

Equation (7) does not give Ai directly as a function of AE, because ACR and Aco are 
implicit functions of Ai, to be found by solving Fick's second Jaw 

0Aci  O2Aci (8) 
t~t - -  Di  OX 2 

with the boundary conditions 

/OAco  r. .  { ACR  
Ai= - n F D ° | 2 = : ~  cx / =o = nrvRI~,\ cx /~=0 (9) 

where D O and D R a r e  the diffusion coefficients and x is the distance from the electrode 
surface. 

The solution of the problem for a sine wave perturbation is well-known. For 
an a.c. voltage 

AE~ = AE m cos tot (10) 

one obtains for the current 6 
AE m 

z 
_ 1  2 1 Ai~ 0"09 ~(p +2p+2)  ~ cos(ot+~b) (11) 

J. Electroanal. Chem., 31 (1971) 201-210 



204 J. H. SLUYTERS, J. S. M. C. BREUKEL, M. SLUYTERS-REHBACH 

cot ~b = p +  1 (12) 

in which 

R T  DR ½ exp (~(p)+ Do } exp(--flq~) (13) 
o- -- n2F2x/2 x ~CR exp(ctq~)+flCo exp(-fl tp)  

(209) ~ 1 
P = ks~- × DR ~ exp(acP)+Do ~ exp(--f l@ = p 'o~  (14) 

Any periodic wave can be written as a Fourier series of sine or cosine terms. Thus, a 
triangular wave can be written as 

8 oo [ (2q+l)2nvt]  (15) AE = E m ~-~ u__~ ° cos  
= (2q + 1) 2 

in which E~ is the amplitude of the triangular wave and v its frequency. 
Relations (10)-(14) can be applied on each term in eqn. (15) considering that 

8Era (16a) 
AEm,q -- 7r2(2q+ 1) 2 

and 

Ogq = (2q + 1)2nv (16b) 

pq = p' (2q + 1) ~ (2nv) } 

Consequently 

SU m ~ cos  [(2q --~- 1) 2~vt -~ ~q! (17) 
Ai - rcza(2r~v)_ ~ q~o (2q+l)~(p~+2p~+2)~ 

It is convenient to consider the following extreme cases. 
(1) For an irreversible electrode process (small ksh ) p is large. This means that 

q~q approaches zero and the term (p2 + 2pq + 2) ½ reduces to pq. Equation (17) becomes 

A i -  8Em ~ COS[(2q+l)2rrvt] (18) 
~Z2 trp ' (2q + 1) 2 q=0 

thus, considering eqn. (15) 

Ai = AE/ap' (19) 

In this case the faradaic current has also the triangular wave form with frequency v 
and an amplitude Em/ap' (Fig. 2b, II). Full-wave rectification yields a triangular wave 
with the doubled frequency 2 v (Fig. 2b, III). 

(2) For a reversible electrode process ksh is large and p is small. If p ~ 0 ,  4~q 
approaches re/4 and the term (p~ + 2pq + 2) reduces to 2 ~. Now eqn. (17) is simplified to 

8 E  m ~ cos[(2q+ l)2rcvt+rc/4] 
Ai - rc~vv_ ~ q~o ~ (20) 

The summation term is easily calculated with the aid of a computer. After 300 terms 
the convergence proved to be sufficient. The values for different values of vt are given 
in Table 1. 
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T A B L E  1 

THE SUMMATION FACTOR IN EQN. (20)  DURING ONE PERIOD TAKING q = 0--300 

vt Ai vt Ai 

0 + 1.166 0.5 - 1.166 
0.02 + 0.604 0.52 - 0.604 
0.04 + 0.380 0.54 - 0.380 
0.06 +0.216 0.56 -0.216 
0.08 + 0.083 0.58 - 0.083 
0.1 -0.031 0.6 +0.031 
0.2 - 0.453 0.7 + 0.453 
0.3 -0.752 0.8 +0.752 
0.4 - 0.992 0.9 + 0.992 
0.5 - 1.166 1.0 + 1.166 

The resulting Ai has a wave form as depicted in Fig. 2c, II. Evidently full-wave 
rectification yields a substantial  a.c. current  with a curved saw-tooth  form and also 
the double  frequency 2 v (Fig. 2c, III). In this case it is easily possible to indicate the 
potential  dependence of  the ampli tude since for a reversible system it is k n o w n  that  6 

~r = ~r m co sh 2 [ ( n F / 2 R  T) (E - E r) ] (21 a) 

4 R T  
°'m = 2 ~//2 F 2 (C* O o + "~* n~X (21 b) 

~ R  X " R l  

in which E r is the reversible half-wave potential  and c* and c* are the bulk concentra-  
tions. 

Of course in the intermediate case between reversible and irreversible, Ai can 
be calculated with the general eqn. (17), in which p' should be chosen as a fixed para- 
meter. Fo r  our  purPose this is not  necessary, since it will be clear that  the result produces  
an appreciable ripple with doubled  frequency super imposed on the d.c. level caused by 
the rectified capaci ty current. In other  words, it is theoretically possible, after filtering 
out  the d.c. level, to  obtain a faradaic peak in the a.c. po la rogram with a zero base 
line current. 

EXPERIMENTAL 

The separate parts  of the block circuit in Fig. 1 can be realized in several ways. 
In the following we will give a more  detailed description of our  own set-up. 

The cell was a usual three-electrode cell with a dropping  mercury  electrode 
(DME),  a mercury  pool  counter  electrode and a saturated calomel reference electrode. 
The test solution contained 1 M KC1 as suppor t ing electrolyte and Cd  2+ in various 
concentra t ions  as a reversibly reduced species or Zn 2 + as an irreversibly reduced 
species. The drop- t ime of  the D M E  was regulated mechanically. 

The r amp  generator  A was a potentiometer ,  which was scanned step-wise, 
triggered by the fall of  a mercury  d rop  so that  with each drop  the d.c. potential  shifted 
by ca. 2 inV. Fo r  the triangle generator  B we used a Philips function generator  
(PM 5168). However,  a triangle generator  can easily be built, e.9. in the form of a 
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multivibrator with integrator. Its output was attenuated to 10 mV peak to peak. 
It is essential that the potentiostat C compensates the total i R  e drop also over 

the resistance in the capillary of the DME and in the vicinity of the mercury drop. We 
used a potentiostat with positive feedback as designed by Brown e t  al. 7 Its circuit 
contains simultaneously a current follower amplifier, which provides the current 
passing the electrode-solution interface we are interested in. For  the amplifiers we 
used analog devices 118 A. These are chopper-stabilized amplifiers, which have the 
disadvantage of a high noise level. Use of low drift chopperless amplifiers, e.g. analog 
model 184, would be better. 

A simple way of full-wave rectification would be to apply a Graetz circuit. This 
has, however, the disadvantage of earthing problems. Therefore we preferred to use a 
full-wave rectifier made of operational amplifiers and resistances, described in the 
Handbook of Burr-Brown 8. The circuit is drawn in Fig. 3. 

20 K 20 K 

ol ,  oo, 
_T_ 

lOOK 

o ~oo~~__~__ 
Ein 

o 

o 

Eout 
._2_ 

Fig. 3. Full wave rectifier, precision absolute value circuit 8. (A) Analog devices 118 A, (B) AAZ 15 ger- 
manium diodes. 

Fig. 4. Leaking integrator. (A) Analog device 118 A. 

The use of a tuned amplifier to amplify the a.c. signal of twice the initial fre- 
quency caused by the faradaic reaction, suppresses noise and other interfering signals. 
After the fall of a drop an overload occurred , caused by the fact that the potentiostat is 
adjusted to the ohmic resistance pertaining to the end of drop-life and consequently 
miscompensates at the beginning of drop-life. 

In order to avoid large oscillations on the recorder, the output of the tuned am- 
plifier was led through the circuit in Fig. 4. The integrating capacitor C and the"leaking" 
resistance R were chosen so that their RC-time was large compared to the reciprocal 
of the frequency, but small compared to the drop-time. In this way a damped signal 
was obtained with a magnitude close to the maximal current occurring just before the 
mercury drop dislodged. 

Throughout all experiments an oscilloscope was used to monitor the output 
of the several parts of the total circuit. 

RESULTS 

Figure 5 shows oscilloscopic traces of the capacity current respectively before 
rectification (a) and after rectification (b). Trace (c) gives the sum of capacity and 
faradaic current before rectification and curve (d) the same after rectification. It is 
clear that the capacity current gives rise only to a d.c. level superimposed by some 
noise, whereas the faradaic current has a substantial wave form similar to the theore- 
tical pattern shown in Fig. 2c, III. 
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Fig. 5. Oscilloscopic traces of base line current (1) and peak current (2) for Cd 2+ in 1 M KCI. (a) Before 
rectification, (b) after rectification. 

E 

Fig. 6. Polarogram of 5 x 10 -6  M Cd 2+ in 1 M KC1 at 210 Hz. 

A typical polarogram of 5 x 10 - 6  M C d  2+ in 1 M KC1 is reproduced in Fig. 6. 
A substantial peak is evident. The base line current is not zero, contrary to theoretical 
expectations. This must be ascribed to non-ideality of the electrical set-up, e.g. as 
concerns the precision of the triangular wave form injected and the noise introduced 
by the potentiostat. Also the accuracy with which the potentiostat is adjusted plays 
an important role. If overcompensation is made, the system starts to oscillate, which 
is seen as large overloads. Therefore the potentiostat never can compensate the ohmic 
resistance completely and consequently the capacity current does not attain the ideal 
square-wave form. This can be seen in Fig. 5, where a significant rise time is observed 
in trace (a). 

That the capacity current is lowered to an appreciable extent is shown in 
Fig. 7, where a normal sine-wave a.c. polarogram is compared with a polarogram 
obtained with our set-up. Especially at less negative potentials, where the double- 
layer capacity is large, a considerable improvement is obtained. 

Since for a reversible electrode reaction the peak height can be expected to 
increase with frequency, according to eqns. (20) and (21), it is worthwhile to consider 
the peak height (i.e. peak current minus base current) in relation to the base line current, 
in order to sort out the optimum frequency. A survey is given in Table 2. 

Indeed the peak height is found to increase up to a maximum at 365-415 Hz. This 
maximum and the decrease after it are caused by the fact that the residual capacity 
current, due to non-ideal behavior of the set-up, and the faradaic current are added 
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Fig. 7. A.c. polarograms of 2 x 10 -s M Cd 2+ in 1 M KC]  (50 Hz). (a) Normal  sine wave po|arogram, 
(b) triangular wave polarogram with current rectification (65 Hz). 

TABLE 2 
0.01 i n M  C d  2+ ; A.C. VOLTAGE 20 m Y ;  CURRENTS IN ARBITRARY UNITS 

Frequency/Hz Base current Peak current Ratio 

65 35 55 1.58 
115 53.5 100 1.87 
165 '  77.5 165 2.13 
215 130 198 1:52 
265 196 202 1.04 
315 262 220 0.84 
365 350 248 0.71 
415 437 240 0.55 
465 545 245 0.45 
530 645 155 0.24 
590 785 165 0.21 
720 1200 180 0.15 
9 1 0  1880 150 0.08 

vectorially, while there is a phase shift between the two. As in ordinary a.c. polarogra- 
phy the frequency at which the maximum occurs depends on the concentration and 
the reversibility of the electroactive species and has no direct physical meaning. 

The optimum ratio of peak height to base line is found at 165 Hz. At this 
frequency and at 210 Hz, which is near to it, a calibration was made by running 
polarograms for various Cd 2 + concentrations. Straight calibration lines were found 
up to 2 × 10 - 4  M C d  2+.  At higher concentrations a slight bending downwards is 
observed, as is usual in a.c. polarography, probably caused by faulty compensation 
of the ohmic resistance. The lower concentration parts of the calibration lines are 
shown in Fig. 8. They show the peculiar feature that at concentrations below 2.5 #M 
Cd 2+, the peak height is actually zero. It seems that at all concentrations an equal 
amount  of the faradaic current is "lost". We did not find an explanation for this 
phenomenon, but we are sure that it originates from the inadequacy of our electrical 
set-up, because it also occurred with a dummy cell. 
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Fig. 8. Calibration line for Cd 2+ in 1 M KC1 at: (a) 210, (b) 160 Hz. 

Fig. 9. Calibration line for Zn 2+ in 1 M KC1 at 210 Hz. 

That the effect has no chemical origin (e.g. loss of Cd 2+ by hydrolysis) is also 
proved by the calibration line for Zn 2 + in 1 M KC1, drawn in Fig. 9. Since this system 
behaves almost irreversibly, its amplitude is smaller than for Cd 2 + and consequently 
the lowest accessible concentration is 25 #M instead of 2.5 #M. However, the same 
loss of Signal is still observed. 

It is rather difficult to compare the merits of this new polarograph with other 
polarographic techniques. Several aspects should be taken into account such as the 
price of the equipment, the definition of sensitivity, detection limit, and accuracy, the 
aim of the analysis, etc. We prefer to confine ourselves to the fact that our design can be 
built from rather inexpensive accessories. The accuracy in the recorder reading may be 
estimated to be 1 ~ .  Regarding Table 2 it can be concluded that at the opt imum 
frequency a concentration of 5 x 10-7 M Cd 2 + should produce a peak height which 
is still 10 ~ of the base line current. Therefore, if the loss of signal mentioned before is 
eliminated, this can be considered as the detection limit of the apparatus. F rom the 
calibration lines in Fig. 8 it can be seen that concentrations exceeding 5 × 10-6 M 
can easily be determined with 1 o/accuracy. This limit is ca. 20 times better than normal 
a.c. polarography. 
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SUMMARY 

It is proposed to eliminate the influence of the double layer capacity in a.c. 
polarography by applying a triangular voltage instead of the usual sine wave voltage. 
In the case of the triangular voltage the capacity current is a square wave that can be 
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eliminated after full-wave rectification and filtering the resulting direct voltage. Any 
faradaic current is shown to keep an a.c. component after this operation. After a 
discussion of the theory, preliminary experiments are reported. 
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