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Abstract 

Thin films of iron(W) hexacyanoferrate(I1) (Prussian Blue) were electrochemically deposited on interdigitated array 

(IDA) electrodes, yielding systems which can be considered as chemiresistors in sensing alkali metal ion concentrations 

in an adjacent electrolyte. This is due to the fact that the conductivity of the film being measured by a steady-state 

current on application of a voltage to the two-fingered electrodes of the IDA depends on both the redox state of the 

film and the cation concentration in the electrolyte. From the dependence of the steady-state current on the electrode 

(bias) potential at variable cation concentrations for different alkali metal ions and for mixtures of alkali metal ions, 

the possibilities of analytical application were elucidated. In addition, by using the methods of staircase coulometry and 

scanning conductivity, the electron diffusion coefficient D, was determined as a function of the redox state of Prussian 

Blue. It is concluded that Prussian Blue-coated IDA electrodes are, in principle, suitable as chemiresistors for the 

determination of alkali metal ion concentrations with increasing selectivity in the series Li < Na i K < Rb < Cs. 
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The use of microlithographically defined micro- 
array electrodes for the study of electroactive films 
such as conducting polymers and redox polymers, 
resulting in transistor-like systems, was pioneered 
by Wrighton and co-workers [1,2]. The deposition 
of an inorganic mixed-valence compound, namely 
iron(II1) hexacyanoferrate(I1) [Prussian Blue (PB)], 
on an interdigitated array (IDA) electrode was 

achieved for the first time by Murray and co- 
workers [3-51. They demonstrated that PB-coated 
IDA electrodes can be used successfully for the 
study of electron transport in PB and in its re- 
duced and oxidized states (Prussian White and 

Berlin Green, respectively) as well as in dry PB. 
Thus, since the discovery of PB as a chemically 

modified electrode [6,7], a deeper understanding 

has been obtained of a material that has attracted 
much interest from electrochemists because of its 
electroanalytical [8], electrochromic [9], charge 
storage [lO,ll] and membrane [12] properties. 

From the work of Murray and co-workers [3-5, 
131 and others [14], it is well established that, 
when a small voltage is applied to the two-fingered 
electrodes of a PB-coated IDA, a steady-state 
current flows, driven by concentration gradients 
of the high-spin Fe(III/II) states within the film. 
The steady-state current depends on both the re- 
dox state of the film, manifested by its bias poten- 
tial against a reference electrode, and the con- 
centration of alkali metal ions in the electrolyte. 
Hence this system acts as a chemiresistor, the 
conductivity of which, at a constant bias potential, 
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is a function of cation concentration. In addition, 
as the insertion of cations on reduction of PB 
occurs at different potentials for different alkali 

metal ions [15], indicating selectivity, the PB- 
coated IDA electrode should represent a selective 
alkali metal ion sensor. 

In this paper, it is shown that PB-coated IDA 
electrodes actually are ion-selective chemiresistors. 
Some theoretical considerations are presented de- 
scribing the relationship between steady-state cur- 
rent and cation concentration, in addition to ex- 
periments confirming this relationship. Further, 
based on a method for the determination of the 
electron diffusion coefficient, De, by “staircase 
coulometry” combined with “scanning conductiv- 

ity” [5], De values were determined for various 
cations and at different potentials. 

EXPERIMENTAL 

The interdigitated arrays consisted of two- 
fingered electrodes, with 50 fingers each, being 

deposited on an area of 1 X 1 mm2 of an insulating 
substrate. Thus the total width of the fingers was 1 
mm, and the sum of the width of each finger, w, 
and the gap between two adjacent fingers, d, were 
10 pm (Fig. 1). The active area of the IDA was 
determined by an insulating layer of polyimide 
deposited around the array. In an early stage of 
the study, the insulating substrate of the IDA was 
Ta,O,, and the fingers of height h = 0.7 pm were 
made from Ti-Ag-Au; the width w was identical 

with the gap d (5 pm). As the structure suffered 
from corrosion after deposition of a PB film and 
exposure to the electrolyte, an improved version of 
IDA was used with Pt fingers of height h = 0.3 
pm adhered to a SiO,-Si substrate by a 30-nm 
thick layer of Ti; the dimensions of this type of 
IDA were w = 7 pm and d = 3 pm. The micro- 
structures were patterned by means of ion beam 
etching, a technique which is especially suitable 
for very fine structures with steep profiles [16]. 

After rinsing the IDA electrodes for several 
minutes in concentrated HCl and subsequently 
washing them with water, PB films were potentio- 
statically deposited from an aqueous solution of 
20 mM FeCl,, 20 mM K,Fe(CN), and 0.01 M 
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Fig. 1. (a) Geometric arrangement and (b) cross-section of an 

interdigitated array electrode. w = Width of a finger; d = gap 

between two fingers; h = height of a finger. 
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Fig. 2. Arrangement of IDA measurements. AE = voltage be- 

tween the two-fingered electrodes; E, = average bias potential; 

i(t) = current flowing between the fingered electrodes; i, = 

steady-state current; i,,(t) = bias current. 
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HCl at 0.5 V vs. Ag/AgCl for 2.5 min. This 
procedure led to a charge density of about 20 mC 
cme2, corresponding to an average film thickness 
of 300 nm (calculated from a PB elementary cell 
with a volume of 1 nm3 and containing four redox 
centres). All chemicals used (Merck, Fluka) were 
of analytical reagent grade and the water was 
triply distilled. The solutions were degassed by 
bubbling argon throughout. 

Prior to the experiments with the PB-coated 
IDA electrodes, a cyclic voltammogram was taken 
between 0.5 and -0.2 V vs. Ag/AgCl in 1 M KC1 
while the two-fingered electrodes were short-cir- 
cuited; this was done for two reasons: from the 
integrated current-voltage curve the charge den- 
sity and hence the average film thickness was 
determined, and the reduction of PB to Prussian 
White and subsequent reoxidation to PB changes 
the virginal state of the film to a reproducible 
state with a well defined structure [13]. This kind 
of electrochemical experiment was conducted in a 
conventional three-electrode cell with a Pt counter 
electrode and an Ag/AgCl reference electrode by 
using a Jaissle potentiostat (Model lOOl), a signal 
generator (Model DPG 72, Bank) and a precision 
potential-measuring device (Model PPT 75, Bank). 
Typical IDA electrode measurements (see Fig. 2) 
were made with a voltage, AE, of lo-50 mV 

applied between the two-fingered electrodes, 
meanwhile potentiostatically controlling the bias 
potential, E,, of the film with respect to a Ag/ 
AgCl reference electrode. This electrode served at 
the same time as the counter electrode. The elec- 
tronic equipment for this kind of measurement 
was either a bipotentiostat (Model Bipad, Tacus- 
sel) or a laboratory-made current amplifier with a 
sensitivity up to 10 -I2 A The measured data were . 
stored and processed by a computer (Commodore 
Model 4032) via an AD converter. All experiments 
were performed at room temperature (22 f 1“ C). 

RESULTS AND DISCUSSION 

General considerations 

In using a PB-coated IDA electrode as a chemi- 
resistor, the following assumptions are made. First, 
the PB film is in thermodynamic equilibrium 
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throughout while measuring the steady-state (dif- 
fusion) current, i,, i.e., at the electrode /PB film 
interphase an electronic equilibrium exists and at 
the PB film/electrolyte interphase an ionic equi- 

librium, the two equilibria being coupled. 
Second, the reduction of the high-spin Fe redox 

centres within the film occurs reversibly and is 
accompanied by reversible insertion of cations 
from the electrolyte, without interaction of the 
latter with the host lattice. Therefore, the Nernst 
equation 

E= E”+ (RT/F) ln[x/(l -x)](c/c”) (1) 

holds, corresponding to the reaction 

oxf + e-+ C++ red, 

Ial 

(2) 
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Fig. 3. (a) Bias current, ib(t), and (b) current, i(t), of a 

PB-coated IDA as a function of time. Numbers indicate the 

bias potential, E,, in mV vs. Ag/AgCl, stepped in 25-mV 

increments and beginning at 0 V vs. Ag/AgCl. Electrolyte, 0.1 

M RbCl; AE =lO mV; gap between fingers, 3 pm. 
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where ox f and red f denote the high-spin Fe redox 
centres in the oxidized and reduced state, respec- 
tively, and C+ denotes the cations in the electro- 
lyte with concentration c; co is the standard 
concentration (1 mol dmp3), and x = c,,/cr is the 
mole fraction of oxidized redox centres with cr = 

c,~ + cred denoting the total concentration of the 

high-spin Fe redox centres. Hence the still con- 
troversal question of whether the structure of PB 
must be considered “soluble” {KFe[Fe(CN),]} or 
“insoluble” {Fe,[Fe(CN),], .6H,O} or a mixture 
of both [13,15] is ignored for the present. 

Third, the geometric arrangement of the PB- 

coated IDA electrode (see Fig. lb) is simplified by 
neglecting those portions of the film above the 
fingers. 

For measurements with the PB-coated IDA 

electrode, the following experimental procedure is 
chosen. A small voltage AE is applied between the 
two-fingered electrodes (see Fig. 2) and, at any 
given reference concentration c’, the maximum 
value of the steady-state current, id,,,, at the aver- 
age (bias) potential, E,,, (see Appendix), is mea- 
sured. A typical registration curve for the de- 
termination of id,, and E,,, is shown in Fig. 3b. 

Thereafter the electrolyte of reference con- 

centration, c’, is replaced with the electrolyte of 
unknown concentration, c, resulting in a steady- 
state current, id, which is related to c by the 

following equation (see Appendix): 

id/id,m = (4c/c’)/[ 1 + (c/c’)] 2 

to 

0.5 

(3) 

- log k/c’) 

Fig. 4. Normalized steady-state current, id/id., (curve l), and 

log (id,m/id) (curve 2) as a function of the logarithm of the 

normalized concentration c/c’ according to Eqns. 3 and 4. 

This equation can be expressed by the approxi- 
mated equation 

l”g(id,m/id) = - 0.6 &- c/c’) (4) 

relationships expressed by eqns. and 4 
depicted in Fig. Curve 1 a bell-shaped curve 

to usual 

id - id,Jc’)c and = (l/4 

(4a) 

Time of the i(t), flowing 

tween the electrodes, and the bias 

rent, ih(t) 
making the measure- 

ments the IDA the time 
dence of current, i(t), between the 

electrodes, and the bias ib(t), 
was studied at different bias potentials E,. A 
typical measurement is presented in Fig. 3, where 
E, is stepped by increments of 25 mV from 0 to 
0.375 V, i.e., from the reduced state of PB (Prus- 
sian White or Everitt’s salt) to the oxidized state 
(PB). The bias current, represents that 
rent which consumed to bring PB film the 
new redox state each step; decays to 
within about min depending the respective 
bias Within the time interval, 

CUrMIt, i(t), reaches a steady-state V&N?, id. It 

should be noted that the time elapsed before re- 
aching the steady state depends on the width of 
the IDA gap. With the relatively small gap of 

width 3 pm, the steady-state current, id, is ob- 
tained within 2-3 min. 

The potential stepping experiment depicted in 

Fig. 3 is completely analogous to the methods of 
“staircase coulometry” and “scanning conductiv- 
ity” employed by Feldman and Murray [5] for the 
determination of the electron diffusion coefficient, 
0,. Thus, the latter can be determined from the 
relationship 

D, = i,dpN/Q( N - 1) (5) 
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which was derived [4] from application of Fick’s 
first law to the IDA electrode and relating the 
resulting steady-state current, i,, to the charge, Q, 
consumed by ,the PB film at each potential step 
and obtained from integrating the i,(t)-t curve 
for one “pulse” (Fig. 3a). p = w + d is the sum of 
the finger width, w, and gap width, d and N is 
the number of fingers. As shown in Fig. 5 for 
RbCl, D, depends on the bias potential and hence 
on the redox state of the film, with a maximum 
value at about 0.25 V vs. Ag/AgCl; the latter 
coincides approximately with the peak potential of 
a RbCl cyclic voltammogram which is about 0.275 
V [15]. The variation in D, with the composition 
of the film can be understood by considering the 

electronic motion as a hopping process from a 
reduced redox centre to an oxidized one; if the 
concentration of either species decreases, D, de- 
creases also, and D, reaches a maximum value if 
the concentrations of the reduced and oxidized 
redox centres are identical. 

A particular feature of Fig. 5 is the fact that the 
maxima of i, and Q do not coincide. This has 
been explained [5] by two electron conduction 
channels existing in PB, a slower one operative at 
higher potentials and being due to high-spin Fe 

coordinated asymmetrically by four isocyano 
groups and two Hz0 molecules, and a faster one 
operative at more negative potentials and being 
due to high-spin Fe coordinated symmetrically by 
six isocyano groups. Similar curves to those given 

I 
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- E, "s AgIAgCIIV 

Fig. 5. Normalized steady-state current, id/i,,, charge, Q, 
and electron diffusion coefficient, D,, as a function of the bias 
potential, E,. Electrolyte, 0.1 M RbCI; AE =lO mV; maxi- 
mum steady-state current, id,, = 254 nA. 
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Fig. 6. Normalized steady-state current, id/id.,,, as a function 
of the bias potential, E,, at three different concentrations of 
RbCl. AE = 50 mV; E,,, = potential of maximum steady-state 
current, id,,; i,,, = 405 nA (1 M), 300 nA (0.1 M), 590 n4 
(0.01 M). A_&,, = width at half-height. 

in Fig. 5 for RbCl are obtained for 0.1 M KC1 and 
0.1 M CsCl. From these curves the maximum 
values for D, which exceed the minimum values 

by a factor of ca. 10, are determined to be (7.4 f 
2.3) X 10e9 cm2 s-i for K+, (9.8 f 4.7) x 10e9 cm2 
s-i for Rb+ and (11.5 k 6.2) x 1O-9 cm2 s-i for 
Cs+. They compare satisfactorily with values given 
in [5]: (3.9 k 1.3) X 10p9, (6.6 &- 2.0) X lop9 and 

3.3 X lop9 cm2 s-i, respectively. 

Dependence of the steady-state current, i,, on the 
bias potential, E,, 

The steady-state current, i,, measured as de- 
picted in Fig. 3 and normalized with respect to 
I~,,, is plotted against the bias potential, E,, in 
Fig. 6 for three different concentrations of RbCl. 
For c = 1 M a nearly ideal bell-shaped curve is 
obtained, in agreement with curve 1 in Fig. 4. 
However, the width at half-height, AE,,,, is much 
larger (about 160 mV) than the value of 90 mV 

predicted by theoretical considerations on the ba- 
sis of an ideal insertion electrode [18]. It is there- 
fore concluded that the insertion of Rb+ into PB 
occurs with some repulsive interaction with the 
host lattice, resulting in a broadened width at 
half-height [18,19]. A similar broadening of AE,,, 
for Rbf is observed in cyclic voltammograms [13]. 

Figure 6 shows further that, for lower con- 

centrations, the width at half-height becomes larger 
compared with the value at 1 M: 236 mV at 0.1 M 
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and 190 mV at 0.01 M. The reason for this might 
be twofold: with decreasing concentration, the 
time for the diffusion current, i(t), attaining the 

steady state, id,, becomes larger, so it may happen 
that the measured id is not the steady-state value 
but larger, resulting in a distortion of the id-E, 

curve; second, because with decreasing concentra- 
tion the potential at the maximum steady-state 

current, Eb,_,, shifts in a negative direction (see 
below), the disturbance of i, measurements caused 
by parasitic reduction processes (e.g. by traces of 
oxygen) at negative potentials becomes more seri- 
ous. This is seen in Fig. 6 for the curve at 0.1 M 
RbCl, where still considerable cathodic currents 
are observed below 0.1 V. 

When, for a given reference concentration, c’ 

(e.g., 1 M), the bias potential is fixed potentiostati- 
tally at the potential, Eb_,, of maximum steady- 
state current, id,m, and subsequently the con- 
centration is changed, the steady-state current also 
changes. This corresponds to a transition of point 
A in Fig. 6 to points B and C, respectively. From 
such a type of measurement, the dependence of id 

on the concentration is obtained, as shown theo- 
retically by curve 2 in Fig. 4, and experimentally 
in Fig. 7 for different values of c’. Qualitatively, 
the two curves compare well, indicating a linear 
dependence of i, on c at c < 0.1~’ and of l/i, at 

c > 10~’ (see Eqn. 3a). However, the slope of the 
log( i&,/i,)-log( c/c’) curve obtained experimen- 
tally ( -0.33) is smaller than the theoretical value 
(- 1) by a factor of 3. This follows immediately 
from the fact that the AE,,, value increases with 
decreasing concentration, leading to i, values 

Fig. 7. Logarithmic plot of the inverse normalized steady-state 

current, i,,,/i,, versus the normalized concentration, c/c’. 

Electrolyte, RbCl. Reference concentration, c’ = (0) 1, (0) 0.1 

and (x) 0.01 M; Et,_, = (0) 310, (0) 265 and (x) 225 mV. 
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Fig. 8. Bias potential of maximum steady-state current, E,.,, 

as a function of the cation activity, 0. Electrolyte: KCl, RbCl 

and CsCl. Numbers indicate the slopes of the straight lines. 

larger than expected for an ideal AE,,, of 90 mV. 
Larger i, values, however, cause a smaller slope 

(see Fig. 7). 
In addition, Fig. 7 shows deviations from lin- 

earity of the log( i&,/i,)-log( c/c’) plot for small 
proportions c/c’, these deviations being greater 
the smaller c’ is. Thus, for c’ = 1 M the deviation 

from linearity occurs at c/c’ < 10P3, but for c = 
lo-’ M this deviation is observed at c/c’ = 10P2. 

An explanation of this behaviour can be given 
on the basis of the above-mentioned fact that the 
deviation of the id-E, curves from ideality (see 
Fig. 6) are the more pronounced the lower the 
concentration is, which leads to the id values 
becoming larger than expected for ideal be- 

haviour. 
Figure 6 reveals, in addition, that the potential 

of maximum steady-state current, Ebm, depends 
on the concentration in a nearly Nernskan way, as 
predicted by Eqn. 1. This is shown in Fig. 8, which 
additionally contains results obtained with KC1 
and CsCl. The id-Eb curves, from which the 
straight lines in Fig. 8 were derived for different 
concentrations of KC1 and CsCl, are similar to 
those for RbCl presented in Fig. 6. Only the E,,, 

values are shifted either to more positive poten- 
tials (CsCl) or to more negative potentials (KCl). 
Thus, at a concentration of 0.1 M, E,,, is 165 mV 
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for Kf, 265 mV for Rb+ and 325 mV for Cs+ (all 
values vs. Ag/ AgCl). 

The fact that the straight lines in Fig. 8 exhibit 
slopes smaller than the Nernstian value of 59 mV 

per activity decade is similar to findings obtained 
with a copper hexacyanoferrate(II)-modified glassy 
carbon electrode applied to the determination of 
K+ and NH: [20]. It can be explained by assum- 
ing that the PB layer is not ideally permselective, 
rather than that a certain amount of co-ions (Cl-) 
can enter the film. Indications for this behaviour 

have been obtained recently from Donnan poten- 
tial measurements on PB membranes prepared by 
chemical deposition of PB on perforated foils [21]. 

Selectivity measurements 
The selectivity of a PB-coated IDA electrode 

with respect to different alkali metal ions was 
studied by taking id/id,,-Eb curves (see Fig. 6) 
for mixtures of alkali metal ions with variable 
concentration. Figure 9 shows typical curves ob- 
tained with an aqueous solution of 0.5 M LiCl 
containing different concentrations of CsCl and 
resulting in the curves a-d. The potential, Eb,,,, of 
maximum steady-state current depends on the Cs+ 
concentration in a nearly Nernstian fashion, as 
demonstrated in Fig. 10 (line b). Only the slope of 

the E,,,- log a(Cs’) straight line is depressed 

0.1 0.2 0.3 0.L 0.5 

- Ebvs Ag/AgCIIV 

Fig. 9. Normalized steady-state current, id/i,,,, as a function 

of the bias potential, E,, for 0.5 M LiCl containing different 

concentrations of CsCl: (a) 0.5, (b) 5 X 10m2, (c) 5 X lo-’ and 

(d) 5 x 10m4 M. A/Z = 25 mV; i,,, = (a) 285, (b) 510, (c) 630 

and (d) 230 n4. 

-4 -3 -2 -1 0 

- log alCs*) 

Fig. 10. Bias potential of maximum steady-state current, E,,,, 

as a function of the activity of Cs+ in 0.5 M solutions of (b) 

LiCl, (c) NaCl, (d) KC1 and (e) RbCl. Line a was obtained 

from pure CsCl solutions. Numbers indicate slopes. (The curves 

are shifted on the potential axis for clarity.) 

compared with Li+-free CsCl solutions (Fig. 10, 
line a). The straight lines in Fig. 10 demonstrate 
that, except for Rb+ (line e), the linear depen- 

dence of E,,, on log a(Cs’) is not altered in the 
presence of 0.5 M solutions of Li+, Na+ or K+ 

ions. Hence the PB-coated IDA electrode is highly 
selective for Cs+ against Li+, Na+ and Kt ions 
with selectivity coefficients [22] smaller than ca. 
10e3. The selectivity for Cs+ with respect to Rbf 
is lower, as revealed by the non-linear course of 
line e. From the latter, an approximate selectivity 
coefficient of KCsRb = lop2 can be estimated. 

Conclusions 
It has been demonstrated that PB-coated IDA 

electrodes can be considered to be chemiresistors, 
the conductivity of which depends on the con- 
centration of alkali metal ions in an adjacent 
electrolyte. Hence, such systems, in principle, can 
be used as alkali metal ion sensors. Their re- 
sponse, at constant bias potential, with respect to 
a change in cation concentration agrees qualita- 
tively with predictions obtained from theoretical 
considerations. Deviations from theory can be 
traced back to deviations from ideal insertion 
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behaviour being manifested by a broadening of 
the width at half-height of the steady-state cur- 

rent-bias potential curves. In addition, parasitic 
cathodic currents at low concentrations and at 
relatively negative bias potentials may cause a 
distortion of the i,-c characteristics. Thus, for the 
non-optimized PB-coated IDA electrodes, an ap- 
proximate detection limit of about lop4 M can be 
assumed. 

An interesting feature of the PB chemiresistors 
is their selectivity, expressed by selectivity coeffi- 
cients which, e.g., for Cs+, are smaller than 10e3 
(except KCsRb = lo-*). Similar selectivity be- 
haviour exists for other alkali metal ions in the 
series Cs > Rb > K > Na > Li. The advantage of 

this kind of alkali metal ion sensor, once micro- 
lithographically fabricated IDAs are available, is 
the ease of preparation, allowing the renewal of 
the active layer many times. In addition, the signal 
measured is a current, which may be advantageous 
for electronic circuitry. Finally, optimization of 
the measuring technique would probably lead to a 
lowering of the detection limit. 

The authors are indebted to the Deutsche For- 
schungsgemeinschaft for financial support and to 
Johan Bomer for preparing the IDA electrodes. 

APPENDIX 

Derivation of eqn. 3 

Considering the geometric arrangement of a 
PB-coated IDA electrode (see Fig. lb) with ne- 

glect of those portions of the PB film which are 
located on top of the fingers, the application of a 
small voltage AE between the two-fingered elec- 

trodes causes the oxidation of PB at the positive 
pole and a corresponding reduction at the nega- 
tive pole. Thus the mole fraction of oxidized redox 
centres adjacent to the two poles deviates from the 
original value x by the increments 6x, which can 
be derived from eqn. 1 by differentiation with 

respect to x: 

6x = (F/RT)x(l - x) 6E (6) 

where 6E is half of the voltage AE applied to the 
two-fingered electrodes, A E = 26E. From the 
change in the mole fraction from the value x to 

x + 6x at the positive pole and to x4x at the 
negative pole, a concentration gradient of the re- 
dox centres across the gap is established, leading 
to a steady-state diffusion current, i,: 

i, = FAD,c, Ax/d (7) 

where Ax = 26, A = (N - 1)lh is the area of the 
electrode exposed to the film, neglecting the por- 
tion of the film on top of the fingers (I = length 
and h = height of a finger), D, is the electron 
diffusion coefficient and N is the number of 

fingers. Combination of eqns. 6 and 7 gives 

i, = (F*/RT)ADg,x(l - X) AE/d (8) 

describing the relationship between i, and x at 
fixed potential E, * E, is the bias potential, i.e., 
the average potential of the two-fingered elec- 
trodes, related to a reference electrode; thus, for 
the potential of the positive pole E+= E, + AE/2 
and for that of the negative pole E_ = E, - A E/2 

holds (see Fig. 2). 

As x depends on E, according to eqn. (1) the 
complete relationship between i,, E, and c is 

i, = ( F2ADg, AE/RTd) 

(co/c) exp[F(E,- E”‘)/RT] 

x (1 + (co/c) exp[F(E,- E”‘)/RT]}’ 

(9) 

Equation 9 parallels the known current function 
of a thin-layer cell or of an electroactive adsorbate 
[17]. For the particular case of c = co, Eqn. 9 
predicts a maximum value of the steady-state cur- 

rent, i,,,, at E,, = E “1 

i,,, = F*AD,c, AE/(4RTd) (10) 

As can be seen from Eqn. 1, this situation is 
characterized by the fact that x = l/2, i.e., the 
concentration of the oxidized redox centres is equal 
to that of the reduced ones; it corresponds to the 
peak current and the peak potential of a cyclic 
voltammogram. Equation 1 shows further that this 
situation (x = l/2) prevails also at concentrations 
others than c = co, whereby the potential, E,,,,, of 
the current maximum, id.,,, shifts in negative di- 
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rection by 59 mV on a concentration change of 
one decade: 

E ,_,= E”‘+ (RT/F) ln(c/c”) (11) 

Hence, defining any reference concentration, c’, 
for which E,., and i,,, were determined experi- 
mentally, the following relationship is obtained by 
combining Eqns. 9, 10 and 11: 

id/i,,, = (4c/c’)/[l + (c/c’)]’ (3) 

which holds for a fixed bias potential at E, m and 
for the electrolyte of reference concentraiion c’ 
being replaced with an electrolyte of concentra- 
tion c. 
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