This article was downloaded by:

On: 17 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

|| Grisial Reviewsin... | Critical Reviews in Analytical Chemistry

Ana I I ica l Publication details, including instructions for authors and subscription information:

Chemistry

http://www.informaworld.com/smpp/title~content=t713400837

Electrochemical Sensors and Their Impedances: a Tutorial

Jiri Janata

Online publication date: 03 June 2010

C.H. Lechmiller

Editar-in-Ghisf

Valwme 35 1 fowe 2/ 2005 () T hineen

To cite this Article Janata, Jiri(2002) 'Electrochemical Sensors and Their Impedances: a Tutorial', Critical Reviews in
Analytical Chemistry, 32: 2, 109 — 120

To link to this Article: DOI: 10.1080/10408340290765470
URL: http://dx.doi.org/10.1080/10408340290765470

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or danmmges whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713400837
http://dx.doi.org/10.1080/10408340290765470
http://www.informaworld.com/terms-and-conditions-of-access.pdf

12: 44 17 January 2011

Downl oaded At:

Critical Reviews in Analytical Chemistr$2(2):109-120 (2002)

Electrochemical Sensors and Their Impedances: a
Tutorial

Jiri Janata
School of Chemistry and Biochemistry, Georgia Institute of Technology, Atlanta, GA 30327

e-mail: jiri.janata@chemistry.gatech.edu phone: 404 894 4828

ABSTRACT: Electrochemical sensors are the largest group of chemical sensors. It is shown that electrical
impedances play crucial role in design, construction, and interpretation of the results obtained with these sensors.
It is also shown that impedances are implicated not only in the transduction mechanism but also in interpretation
of selectivity of these sensors.

I. INTRODUCTION Individual electrochemical processes are rep-
resented by simple circuit elements. Thus for
Electrical impedances play an important role in example, transformation of electronic to ionic
electrochemical sensors. In this tutorial a general-current (i.e., Faradaic electrolysis) is represented
ized approach to operating principles of electro- by equivalent voltage dependent resistor (i.e., di-
chemical sensors is offered from a somewhatode), transport of ions in the electrolyte is repre-
nonconventional perspective. It casts them in termssented by impedance of the transmission line,
of equivalent circuit elements. It does not introduce separation of charge at the interface by a capaci-
any new concepts but offers a different explanationtor, etc. One circuit element that has not yet ap-
of most important governing electrochemical phe- peared on the sensor scene is the inductance. The
nomena of this largest group of chemical sensors.overall cell impedance is then the sum of imped-
There are three important points in equivalent circuit ances in the path of the cell current.
analysis: (1) description of individual physical pro-

cesses by realistic equivalent circuit elements; Zey = Zp+ Zg+ Zg 2
(2) arrangement of these elements in rationally con-
structed equivalent circuit; (3) optimization of val- The simplest form of impedance is the paral-

ues of the elements in the equivalent circuit such thatiel combination of capacitor C and resistor R.

the overall transfer function (response) matches the  In this simple circuit the flow of electrons

response of the real cell. This approach may be(i.e., the current |) is divided into two branches, one

particularly appealing to students who are more fa- containing the capacitog.fiand the other the resistor

miliar with electrical circuits than with fundamen- (ig). According to the Kirchoff's law | =i+ ig. The

tals of physical chemistry. ratio of the two currents is dictated by the respective
Every electrochemical sensor is an electro- admittances (i.e., frequency dependent resistances) of

chemical cell that consists of minimum two elec- the two branches. The overall admittance is their sum

trodes, A and B, serving as contacts to the electro-

lyte (Figure 1). The cell currenty, is governed

. Z=2+jec= 3)
by the cell voltage, E,, and by the cell imped- Z R R
ance, Z,, according to the generalized, frequency
(w) dependent Ohm’s Law It is useful to perform the dimensional analy-
sis of Z, at this point. The charge on a capacitor
| con(@) = Ecer(@) (1) C is related to the voltage E = CEand to the
Zoen () current agQ] = [I] [t]. Therefore

1040-8347/02/$.50
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FIGURE 1. General representation of electrochemical sensor.

[RC] = EQ Ro_d XTD:[T] 4) In the following sections, the behavior and
BEEH B B the meaning of these resistances will be related to
the underlaying electrochemical processes.

SymbolT is used to represent the time con-
stant. Therefore, the knowledge of equivalent
values of R and C can help to identify the pro- lIl. CHEMIRESISTORS
cesses reponsible for the response time of chemi-
cal sensors.

Frequencyw plays important role in the
analysis of equivalent electrical circuits. How-
ever, time response of most chemical sensors t
the chemical stimulus is usually limited by the
relatively slow mass transport. In other words,

Chemiresistors are the simplest electrochemi-
cal sensors. They consist of the sensing layer posi-
tioned between two contacts (electrodes). The sens-

Oing layer can be ionic liquid and ionic or electronic
solid. Because they are relatively easy to fabricate
they are inexpensive and very popular. However,

its frequency approaches zero and it is possibleinterpretation of their response can be quite tricky.

to replace the impedances by resist@ls., = R . In the simplest realization of a chemiresistor
Thus the resistance of the selective layer is much higher

than that of the contacts
Reen = Ra+ Rg + Re, (5) R, >> R, R, 7)
Unfortunately, this is where the simplifica-

tions end. The resistances representing the elec- If the sensing layer is ionic (i.e., an electro-

trochemical processes are complex and usuallylyte) transf_ormation of electronic to ionic chargg
unknown functions of concentration, potential, (€/€Ctrolysis) takes place at the electrode/sensing
and time ’ " layer interface:

R's = f (C, E, 1) (6) O+ne- R 8)
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where the oxidized species O is reduced by nallel resistances due to the interface resistance
number of electrons to R. The two-way arrow in R, and the lack of understanding of the explicit
Eq. 8 implies that this transformation is relationship between concentration of the analyte
reversible.This process is governed by the and the conductivity are the most common prob-
Faraday’s law which is one of the fundamental lems in interpretation of chemiresistor data. The

relationships of electrochemistry measurements are usually performed under con-
stant applied voltage and the measured variable is

m =2 @) the DC current.
nF There is a special class of sensors that relies on

the changes of capacitances. In the context of this

In this equation, Q is the total charge passing tutorial they are grouped with chemiresistors be-
through the interface and F is the Faraday con-Cause the sensing parameter is the impedance. An
stant (96,493 Coulombs), which is the amount of important distinguishing feature of these sensors is
electrical charge required to transform one mole the fact that thegnay contain ionic sensing layer
of oxidized species to its corresponding reduced Their excitation is usually done by sinusoidal volt-
form orvice versalt is obvious that passage of age of low amplitude (~10 mV) and frequency
DC electronic current through the contact/ionic from tens of Hz to hundreds of kHz. The AC
electrolyte interface results ehemicalchanges ~ current is the observed variable. In an ideally re-
according to Eq. 8. This phenomenon is known asversible system there is no net chemical change
chemical polarization If it takes place in  because the electrochemical reactions in the “posi-
chemiresistors it is invariably the cause of chang- tive” and “negative” half-periods of the cycle can-
ing contact resistances, Rnd R. It is invariably ~ celout. The phase relationship between the applied
a source of drift in chemiresistors usif@ic voltage and the observed current, and its frequency
selective layer This problem does not exist in dependence play an important role in the imped-
selective layers that are electronic conductors. ance analysis of the signal. The starting point for

The schematic representation of a chemire- such analysis of these sensors are Egs. 2 and 3.
sistor is shown in Figure 3a and its equivalent Capacitive humidity sensors, water quality moni-
circuit in Figure 3b. The most successful tors and various capacitive biosensors belong to
chemiresistors are semiconducting oxides, suchthis group. They often use so-called “interdigitated
as SnQ sensors that depend on the chemical €lectrodes” layout (Figure 4).

modulation of the surface re_&st_ancngAn— IN CHEMIRESISTORS, THE CHEMICAL SENS-
other common group of chemiresistors uses mea- |NG INFORMATION IS CONTAINED IN THE
surement of bulk resistance,jR®f electronically LARGEST RESISTOR IN THESERIES CONFIGU-

conducting polymers. In both cases the charge RATION OR IN THESMALLEST RESISTOR IN
transport is entirely electronic. The parasitic par- ~ THE PARALLEL CONFIGURATION.

c

_|

R

FIGURE 2. Simplest electrical impedance found in electrochemical sensors.
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FIGURE 3. Types of resistances and found in chemiresistors. (a) general chemiresistor; (b) equivalent circuit.

112



12: 44 17 January 2011

Downl oaded At:

ELECTRODE A

SELECTIVE
LAYER

ELECTRODEB

FIGURE 4. Interdigitated electrode layout commonly used in chemiresistors.

[ll. AMPEROMETRIC SENSORS with the electrode resistance. There is another
added bonus to making the working electrode
As the name implies, the experimental vari- smaller: It defines theolarity of the applied
able in amperometric sensors is current. Imped-voltage. Thus, the phrase “positive applied volt-
ances again play major role in amperometric sen-age” means that the working electrode is positive
sors. The equivalent electrical circuit corresponding with respect to the reference (or auxiliary) elec-
to the electrochemical cell in Figure 1 is shown in trode. Obviously, such a statement would be mean-
Figure 5. Each interface at electrodes A and B caningless if the two electrodes were identical. In
be represented by parallel combination of capaci- most amperometric sensing applications the con-
tor G, and resistor R;. These elements have an ductivity of the electrolyte is high, therefore
important electrochemical meaning and are crucial
for understanding of responses of amperometric R, >> Rg; Rg (20)
sensors. The interpretation can be greatly simpli-
fied by a judicious design of the electrochemical We now examine this statement in detail. The
cell. It is customary to make the surface area of theelectrode resistance can be formally represented
auxiliary electrode much larger than that of the as the sum of charge transfer resistangg, ad
working electrode. In that case the interfacial the mass transport resistance,.R
capacity of the auxiliary electrode becomes corre-
spondingly larger than that of the working elec- Ry, =R+ Ry (11)
trode and the interfacial resistance of the auxiliary
electrode becomes much smaller. Therefore, in  If an increasing voltage is applied to the elec-
the equivalent circuit the impedance associatedtrodes shown in Figure 1 the current response is
with the auxiliary electrode becomes negligible highly nonlinear (Figure 6). This is due to the
when compared with the impedance of the work- complex nature of the polarization of the working
ing electrode. Furthermore, there is no separationelectrode. The current-voltage curve A in Figure 5
of charge in the bulk of the electrolyte at low defines so-called “electrochemical window”, that
frequencies, and therefore the bulk impedanceis, the operating range of potentials of the
can be represented by a resistgplBced in series  amperometric sensor. Outside this window (i.e.,
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FIGURE 5. Equivalent electrical circuit corresponding to cell in Figure 1.
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FIGURE 6. Current-voltage curve in electrochemical cell.
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at E;,< E < E,) the electrolysis of the supporting are not shown for the sake of clarity. The concept
electrolyte takes place. The span of this window of exchange reactions is common in physical
depends on the electrode material and on the comehamistry. It is very important in chemical sen-
position of the electrolyte. This window is shown sors. First, because the magnitude of those two
for aqueous electrolyte where the limiting currents is the same therasnet electrochemi-
(i.e.,decomposition) potentials are given by the reduc- cal transformation. Second, the magnitude of
tion and oxidation of water, respectively (Figure 6). these currents determines how fast will the equi-
In the ideal case there is virtually no current librium be reached, following an external pertur-
in the potential region betweep,Band E.. There- bation. Thus, we talk about “fast equilibrium”
fore, the electrode can be represented by a simpldi.e., large exchange current) or “slow equilib-
double layer capacitorgFigure 5). Its value can  rium” (low exchange current) reactions. The curves
be determined biynpedance spectroscapy this B’ and A’ correspond to such “fast” and “slow”
ideal situation the Ris infinitely large (i.e., there  equilibria, respectively. Third, at= O the slope
is no Faradayic reaction). The addition of electro- of the current B’ and A’ has dimensions of con-
chemically active (i.e., Eq. 8) compounds such asductance
redox couple P&/Fé' shown in Figure 5 results
in current-voltage curve B. This remarkable change Odi0 1 (12)
of response pattern is due to the fact that the HEH., Ry
equivalent electrode resisto, Row has a finite
value and the DC current can flow through the

resistive branch of the equivalent circuit (Figure 2) Thus, R;is intrinsically linked to the shape of

the current-voltage curve. The rates of electro-
chemical conversions due to the exchange cur-

A. Charge-Transfer Region rents are

The potential at which curve B crosses the Jo =kenFACH(0) = konFAG(0) = - i (13)
zero current line has a special meaning in chemi-
cal sensing. It is this potential that governs the  Naturally, there is no net conversion since the
response ofpotentiometric sensorsTherefore,  two processes are equal and opposite in magni-
electrochemical cell at zero current is tfsenain tude. The equilibrium constant for Eq. 8 is
of equilibrium potentiometric sensors We dis-
cuss potentiometric sensors later. ke _ g =CRO) (14)

The nonidealityin all electrode reactions is Ka Co(0)
highlighted in the circle in Figure 6. In real elec-
trode reactions the current curve “A” has a non-
zero value at all potentials other thay. En this
case the electrode reaction is said todiefge-
transfer limited” and R = R,. The double-sided anF
arrows in Eg. 8 imply that even at the equilibrium ke =ko eXp[‘ﬁ (E-Eq)l (152)
potential the reaction proceeds in both directions,
but at the same rate.This, in turn, means that
there are two currents, equal but opposite in sign (1- a)nF
passing through the electrode. They are called ko = ko eXpF——(E -~ E¢g)] (15b)

. . . . aT

exchange current$ i, (anodic)and | (cathodic),
and are shown as dashed curves in the circular
inset in Figure 6. The exchange currents for curve ~ Consequently, the current increases as the
A’ are much smaller than those for curve B and applied potential E departs from the equilibrium

The rate constants, land Kk increase expo-
nentially with the applied potential.

1 Strictly speaking, the exchange current is defined only for the condition when the activities of oxidized and reduced species

in Eq. 8 are equal. In that case the symbol used for exchange curgefses Bard and Faulkner).
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potential E, (Figure 6). Exponential dependence applied potential increases thg decreases and can

of current on applied voltage is characteristic for be neglected agains,RIn that case the electrolytic
diode that could be used as equivalent circuit current depends on the rate of mass transport of the
element in the modeling of amperometric sen- electroactive species from the bulk of the solution to

Sors. the surface of the electrode according to
The magnitude of the exchange curreptisj
directly related to the charge transfer resistance, | =nFAMy (G - G(0, §) (17)

R.. This relationship can be obtained by lineariz-
ing this exponential function (Eqg. 15) (Bard and

Faulkner). It can be shown that the exchange
current is inversely proportional to the charge

transfer resistance.

WhereC,, (0,t)is the time-dependent surface con-
centration of reducible species, O. When elec-
tronic current passes through the electrode sur-
faceC, (0,t) < Co. As the rate of charge transfer
becomes high surface concentration reaches zero

. nF ..
jo = oTR. (16) and the current becomes limited by the mass trans-
Ret port. Under those conditions
FAST, REVERSIBLE CHARGE TRANSFER _ &
MEANS LOW CHARGE TRANSFER RESIS- I =nFAM G (18)

TANCE

The mass transport coefficientrdepends

Th? rates of mte_rfaaal reactions are always on the conditions of the experiment and on the
normalized to the unit area. Thus, exchange cur-yit sion coefficient. In the simplest case,

rent p becomes exchange currelensity io. This — \hare there ismo motion of the sensor with
is another reason why the working electrode A respect to the samplehe mass transport co-
must besmaller than auxiliary electrode B, if we efficient depends only on the diffusion
wish to neglect electrochemical processes takingcoeffifient Do, and on the thickness of the
place at the auxiliary electrode. This pointis fre- jitrsion I:alyer’ES

guently missed when, for convenience of fabrica- ©

tion, electrodes of equal area are used in some D,

amperometric sensors. My = 5, (19)

B. Mass Transfer Region The thickness of the diffusion layer grows in
time according to the Einstein-Smoluchovski equa-

At potentials other than the equilibrium po- tion
tential, the net current through the electrode inter-
face is finite. However, it is linear (i.e., follows 3o = (2Dgt)"? (20)
the Ohm'’s law) only in the vicinity of & As the
potential increases it becomes highly nonlinear  gypstitution of Eqs. 17 and 18 yields
and eventually reaches some limiting value given
by the rate of mass transport of the species in- . nFADY2G,
volved in Eq. 8 to/from the electrode surface. W=7 %
This is said to be rhass transport limited re-
gion” . It defines thedomain of amperometric
sensors In this region the electrode resistance From the sensing point of view this is an
equals the mass transport resistance. undesirable situation because the amperometric
The second term in the electrode resistancesignal changes both with time and with concen-
(Eq. 11) is the mass transport resistance. As thetration of the analyte C(Figure 7).

(21a)

- s
1.4tY2

The exact solution of this problem is the Cottrell equation in which the coefficient 1.4 in Eq. 18 is replaced by
factor T¢/2.
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RADIAL
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TIME
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FIGURE 7. Dependence of current on time for (a) planar diffucion to a
macroelectrode and (b) radial diffusion to a microelectrode.

When the dimensions of the working elec- transport limited region, the mass transport resis-
trode are comparable to the diffusion length of the tance of a macroelectrode increases with time as
analyte theplanar mode of diffusion changes

into radial mode of diffusion and the equation for _ 14Y?<E> (23)
the current at suchicroelectrodeis (Figure 7, R = nFAD,Y? C, *
curve a)

for macroelectrodes, or becomes constant for the

nFAD,” nFADY 2 )
2 S + 5°C, microelectrodes

I(t) =

T Y, V2 e I
(21b)
| . Ry =222 (24)
A short time after the beginning of electroly- nFAD, “°G,
sis the first term in Eq. 21 can be neglected and
the mass transport limited current becomes con-
stant (Figure 7, curve b) 1. Selectivity of Amperometric Sensors
” in Terms of Resistances
=" S (22) o |
fo Selectivity is defined as the fraction of the

overall response of a sensor to the species of
The largest characteristic dimension in mod- interest in the presence of interfering species. For

ern amperometric sensors is on the order of a fewMultiple electroactive species detectable by
microns. Their response obeys Eq. 22. amperometric sensor we can write

The discussion of temporal behavior of the _ _
amperometric sensors has been done in terms of loen = 11
the limiting current. However, because the ap-
plied voltage is constant it is obvious that the where i's are the partial currents contributing to
parameter responsible for the current variation is the overall cell currenty,. From the Ohm'’s law
actually the mass transport resistancg, for a  €ach of these partial currents can be expressed as
given voltage range <E> , that is, in the mass the ratio of one common applied voltage <gsd

+i,+ . ik (25)
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partial electrode resistance.Because the elec- glucose oxidase) in the electrode proper increases
trode resistance is the sum of charge transfer andhe rate of charge transfer between the electrode
mass transport resistances (Eg. 11), we can writeand glucose. Thus, the enzyme effectively and
for each species selectively lowers the charge transfer resistance.
Both inorganic and organic catalysts have been
1 + 1 + .+ 1 ) used to selectively lower the charge transfer resis-
Ria* Rnir Riz* Rz Rint Run  tance of selected substrates.
Manipulation of mass transfer resistances is
(26) another possibility. Let us assume that the analyte
is an electrically neutral species, but the major
The equivalent circuit corresponding to this re- interferant is negatively charged. By placing a cat-
sistive network is shown in Figure 8. This seemingly ion-exchange membranim front of the electrode
trivial circuit can help us to design the best strategythe access of the negatively charged species is
for selectivity of amperometric sensors. The current blocked by the coulombic repulsion. This is pre-
carrying information about the analyte will flow cisely the mode of rejection of ascorbic acid (inter-
through the path of the lowest resistance. It has beerierant) in amperometric sensing of various un-
stated before that charge transfer resistances decharged neurotransmitters. These selectivity design
crease exponentially with applied voltage. Obvi- strategies can be summarized by the statement
ousl_y, beqause the applied voltagedsimonto all _ IN AMPEROMETRIC SENSORS THE ANALYTI.
partlal_ r§S|stances this is not the Ipest way _to achlgve CAL INFORMATION 1S CARRIED BY THE LARG-
selectivity. The same can be said about increasing gsT pARTIAL CURRENT
the temperature because, again, all rate constants are
affected in a similar way.
Much more fruitful approach to selectivity is
to increase the rate constant of the desired reactV. POTENTIOMETRIC SENSORS
tion. This can be done by catalysis. Thus, for
example, incorporation of highly selective oxida- There is no cell current in conventionally
tion catalyst such as glucose dehydrogenase (ooperated potentiometric sensors, such as ion-se-

iceII = [EI:(

*  Cation exchange membrane has fixed negatively charged groups in its pore structure.

Ret .1

—AAAN

o

Ret,2

AAAN

b}

—
Et:t,.n

| AAAS

FIGURE 8. Selectivity of amperometric sensors in terms of equivalent
resistances.

moo@xXW-—Somrem
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lective electrodes or ISFETs. The discussion of change in the mixed potential. This is the case of
resistances therefore seem to be a mute pointa bad ion-selective electrodeor a bad liquid
Indeed, the mass transport resistances are not ajunction. If one exchange current is significantly
issue. However, thexchange currents(Eq. 13) higher than the rest of the exchange currents the
and related charge transfer resistances are exmembrane is selective to that ion and the potential
tremely important for this type of sensors becauseof such electrode is expressed by the Eisenman-
they determine their selectivity. Nikolski equation
Let us consider an ion-exchange membrane
immersed in a solution containing mixture of ions. oT ‘ 5
For anideally selective membranenly one kind E=_—rin(a+ z Kyiag®) (28)
of ion would be able to enter and leave the mem- " 0
brane. Therefore, the total exchange current cor-
responding to this ion exchange could be de-where K; is the potentiometric selectivity coeffi-
scribed by Eg. 13, and the potential of the cient of the membrane for ion x in preference to ion
membrane would be the equilibrium potential i, z's are the charges in the ions, @l are the
corresponding to this dominating exchange pro- activities. In a good ion selective electrode the
cess. In a real situation other ions present in thedominating exchange current is so high that other
solution will be able to cross the membrane/solu- exchange currents can be neglected. The design of
tion interface, each having its own exchange cur-good ion selective electrode requires that the charge
rent. The magnitudes of these exchange currentdransfer resistance for the dominating ion is very
can vary widely and their sum can be written as low and for the interfering ions it is very high.
It follows from the previous discussion that

Jo=jortigzat-tim (27) the selectivity coefficient depends on the magni-
tudes of the individual exchange currents. Unfor-
tunately, this relationship is not explicit and only
& general statement

However, there is a problem: If they were
separately treated these exchange currents woul
each have one unique equilibrium potential. How-
ever, there can banly onepotential at the mem- Kxi = 1(& Rei) (29)
brane/electrolyte interface, common to all ex-
change currents. However, such potential cannotcan be made. In other words, the concept of ex-
be called “equilibrium” by definition. Another pressing selectivity of ion-selective membranes
boundary condition characteristic for a multiple in terms of the exchange currents (or charge trans-
ion exchange is that the sum of all exchange fer resistances) is correct and very powerful; un-
currents has to be zero. Thus, the final potential isfortunately, it is mathematically untractable for
a kind of “compromise potential” known asxed all but the simplest ion combinations. It also fol-
potential, E,. Where this potential lies depends lows from the above discussion thatBigenman-
on the relative contributions of the partial ex- Nikolski equation is not an equilibrium rela-
change currents (or relative magnitude of the tionship despite the fact that it describes
charge transfer resistances) to the total exchangeneasurements performed at zero net current.
current. One positive aspect of exchange current ap-

If the totalexchange current is high and the  proach to selectivity is that the values of charge
partial exchange currents are approximately  transfer resistances can be obtained experimen-
equal the interface is calleliuid junction . It is tally by performing impedance spectroscopy.
nonselective and has low resistance. Such inter-
face can be found in good reference electrodes. If
all exchange currents are low (i.e., all charge V. CONCLUSIONS
transfer resistances are high) the total exchange
current is also low and any small variation in any Nonlinear dependence of current passing
one charge transfer resistance will cause largethrough the electrochemical sensing cell on ap-
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plied voltage can be explained in terms of im- potentiometric gas sensors based on chemical
pedances that depend both on voltage and timemodulation of work function.

They can be associated with individual compo-

nents of the (_:eII. This equwalelnt circuit ap- FURTHER READING

proach may aid the correct design of electro-

chemical sensors. It also allows experimental .
P A. General electrochemistry: Bard, A.J. and Faulkner, L.

verifica_ti_on of the function (or malfunction) pf “Electrochemical Methods2™ Ed., J. Wiley, New
the individual cell components by constructing York, 2001.

and analyzing the equivalent electrical circuit. B. Impedance analysis: Koryta, J., Dvorak, J.Kavan, L.,
Impedance spectroscopy is a powerful diagnos- “Principles of Electrochemistfy2™ Ed., Wiley, New
tic technique that is directly related to this ap- York, 1993 ,

proach. Almost all electrochemical sensors, MaCdc:;';'s’fé;' Impedance spectroscapyWiley, New

including zero-current potentiometric elec- gyck, R. P.. “impedance diagrams applied to the investiga-
trodes, can be analyzed in terms of their effec- tion of ion-selective electrodes.” Hung. Sci. Instrum.

tive impedances. The notable exception are (1980), 49 7-23.
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