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Fractal-polarization correction in time domain dielectric spectroscopy
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Electrode polarization appears self-similar in time and occurs even when the geometrical electrode structure
is not fractal. Problems associated with electrode polarization in time domain dielectric spectroscopy of con-
ductive liquids persist to much higher frequencies than generally appreciated. An explicit consideration of the
fractal nature of such polarization, irrespective of the fra@abmetrical structure of the electrode, leads to
a concise correction for such polarization effects. This correction is illustrated for an aqueous electrolyte.
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PACS numbs(s): 61.43.Hv, 72.20-i, 77.22—d, 78.20.Ci

I. INTRODUCTION transfer, the polarization impedance of the electrodes may be

. . . expressed as
The accumulation of charge in dielectric spectroscopy P

(DS) on electrode surfaces results in electrode polarization Z
that leads to the formation of electrical double laygrs4].

The associated capacitance and complex impedance due\m1ere j=V=1. This polarization is in series with the
this polarization is so large that the correction for it is one Ofsample admittance

the major requisites in obtaining meaningful measurements 1

on conductive samples, especially in aqueous biological and Y=—+]jwC. 2)
colloidal system$3—9]. Various approaches have been used R

to correct for electrode polarization, including electrodegoth C, andR, vary with frequency and, is often consid-
separation variatiof6,7,10, four-electrode methods,11-  ered negligible at sufficiently high frequencies. This high-
13], high surface area electrodglf], and high current den- frequency limit for electrode polarization has been estimated
sity [6]. The details of electrode polarization depend micro-differently, depending on the particular type of electrode as-
scopically upon the electrode surface topography and surfaggembly and DS experiment, but has generally fallen in the
area as well as the surface chemigtaactive surface groups interval 100-500 kHz._ Because of the dlversg nature of pro-
or atoms and the interaction of this chemistry with the di- C€SS€S that can contribute to electrode polarization, such as
electric material or sample being examined. In the case df'€ Sample-dependent chemical processes alluded to above,
conductive liquids, the principal motivation of this work, Itis difficult to estimate an upper bound for this frequency
surface ionization and ion exchange processes in the electrl,—m.'lfim domain dielectri - m rements of
cal double layer can depend critically upon the chemical na- ueoSs s%luztiions gfecrofeiigegngsggllpﬁus eearst:oilseu StoOS
ture of the sample being investigated as well as the chemicéﬁq P P P

and physical nature of the electrodes used. Because these
many effects can be so diverse, no simple correction tech-

nigue has been widely accepted. We present a particular ap- O—l | R,
CP

p:Rp+ m, (1)

proach to correcting for electrode polarization {two-
electrod¢ time domain dielectric spectroscogyDDS) that
rests upon a control experiment using a liquid control sample
that mimics the ionic nature of the continuous phase of the
sample investigated.

Several equivalent circuits have been proposed to de-

(@)

scribe the essential elements of a sample cell containing an T e E—
electrolyte solution[3,7] and the most generally accepted R
approach is shown in Fig.(d. Under the assumption that
the electrodes are blocking with respect to Faradaic electron O >> << ©
C
C.(s) I I Cv(s)
b
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address: yurif@vms.huji.ac.il FIG. 1. Equivalent circuits for a conductive dielectric sample
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14610-2246. and(b) recapC,(s).
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GHz [9] have shown that electrode polarization may not befrom below by the scaling factor ternbg)N"/R,C,,. Sinceb
negligible at such high frequencies. Schwan noted the poroug, & are less than unity andl may be large,w, will
nature of electrode polarization phenomééa We now of- generally be quite small.

ten attribute such porosity to fractality and characterize po-  Tpis specific dependence in E@4) on frequency is
rous tortuosity in terms of fractal dimension. Schwan alsonown as theonstant phase angtéependencgl8,19. This
mentioned the increasing magnitude of this effect with in-impedance behavior occurs for a wide class of electrodes
creasing frequency. While the fractal nature of electrsale 16 2] and suggests the introduction of a new equivalent
facesis now well appreciated15-19, no applications for  cjrcyit element with impedance characteristics similar to Eq.
making polarization corrections, capitalizing upon the fractal(3)_ We call this element aecap element(derived from re-
nature of electrodgolarization appear to have been devel- gjsiance and capacitancdhe electrical and fractal proper-

oped previously._ln 'ghis paper we focus upon t_he fractal Naties for this recap complex impedan€e(s) are given by
ture of the polarization, not upon the geometrical fractality

(surface roughness or porosityf the electrode structure. C,(s)=R(RC)"*s™”, 0<p<l. (8)

Il. THEORY This circuit element occupies an intermediate position be-
o tweenR, (»=0) andC, (v=1) and expresses its imped-
A general form for depicting the fractal nature of an elec-ance in the finite range of frequencies mentioned above. Us-

trode double-layer impedance is given Bfj w) [15-17, ing the definition of Eq(8), we can rearrange the equivalent
i o, circuit of the measuring sample cell with electrolyte solution,
Z(jo)=A(v)(jo)™ ", (3 as shown in Fig. (b). The impedance of the sample cell

) ) (electrodes containing electrolyte solution can then be de-
where O<v<1, A(v) is a parameter, and the frequensys (i eq using one of these recap elements for the impedance at
located in a certain rang@mn<w=wma due to the self-  o5ch electrode. Since electrodes generally are not perfectly

similar electrode polarization properties of the electrode Surigentical, each can be defined according to @jto give
face [15-17. At sufficiently high and low frequencies the '

self-similarity of the electrode polarization disappears. The C,(s)=C,s "=R/(RCj) "is™ ", 9)
estimation ofwm, and w .y is discussed below. The expo- ' :

nentv has often been connected with the fractal dimensioRyith j=1 and 2. In this fractal representation the measuring
of the electrode surface, but this connection is not necessaryq| is defined in terms of this fractal impedance of the elec-
Pajkossy[17(a)] has shown, however, that specific adsorp-,gge polarization.

tion effects in the double layer do appear necessary for such | order to derive the current-voltage relationship ob-

dispersion. We connect the exponent to the fractality of thggineq for the equivalent circuit of Fig(), it is convenient
dynamical polarization and show that the polarization is selfy note the identity21]

similar in time, in contrast to a self-similar geometrical struc-
ture. 1 t
The frequency limitsw,;,, and wm., May be estimated S_”l(S)=m f (t=t")*~hi(t)dt’, (10
from self-similar networks, such as Coauer’s branching cir- 0

cuit described by a heterogeneous transmission line dis-

cussed elsewhefd 7(b),18,19. The essential relation is the Whergl(t) s a time-dependent currerif(») IS the gamma
ordering described by the equation function, s is the complex frequency, ands) is the Laplace

transform ofi(t). The resulting current-voltage relationship

(iNgN)ngRpcﬁli ) Co [t 1
pCp V=75 fo(t—t )it dt
whereRy and Cy, are the resistance and capacitance of the C
Nth cell of the equivalent circuit described by scaling factors L2 t(t_tr)vzfli (t"dt’
b and ¢ (0<b<1, 0<¢<1), where I'(v2) Jo

RN: prNa (5)

1 t ! 1 ! !
te fo exf — (t—t')/7.]i(t")dt (11)

Cn=Cpé", (6)
has two terms describing the polarization of the respective
and R, and C, are the resistance and capacitance of theelectrodes and a third term describing the contribution of the
zeroth cell. Substitution of Eq$5) and (6) into Eq.(4) and  bulk sample, where,=RC. Equation(11) shows howV(t)

rearrangement of terms gives andi(t) are related for different kinds of measuring cells
(i.e., differentC, ,»;) containing conductive solutions that
(bf)NV< L1 @ polarize electrodes in conformity with the equivalent circuit

RCp  R,Cp illustrated in Fig. 1b).

Let us consider the case whe(g) is constant, as obtains
We see from Eq(7), therefore, thaw,,, is inversely pro- at long times after all transients associated with sample re-
portional to the time constarR,C, and wp,, is bounded laxations have died out. For this case Etfl) reduces to
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C,, C,, o log,, V(1)
V(t)ox tr1+ t"2+R[1—exp —t/7)],
O T U Ty R 0
(12 -0.69

where 7, defines the time scale wherein the recap elements -1.38
(the electrode polarizatigraffect theV(t) measured for the -2.06 .
sample cell containing a conductive solution. If we make the 2.75 R
simplifying assumptions thati) both electrodes of the -3.44 ‘ . . . .
sample cell have the santer equivalent fractal polarization o 074 149 203 268  8.49

(vi=vs andCVlzcyz) and(ii) there is no dispersion of the
conductive solutiorisample in the time window defined by

7e (>tmin=Uwma), Ed.(12) can be rewritten as FIG. 2. Voltage V(t) applied to the electrolyte solution;
v=0.785 andB = 0.593(with polished stainless steel electrofjas

logt

V(t)=Bt"+Rt/7, for t/7.<1 (13 andt have unit of volts and seconds, respectively.
and both electrodes are essentially identical. The capacitance of
the empty cell (filled with air) was calculated asC,

We examined a strong electrolyte solution of NaCl in wa-
ter at 25 °C. This solution was WL NaCl adjusted tqpH
1.25 with 0.08/4 HCI and had a low-frequency conductivity
of 1.57 Sm. The TDDS multiwindow measuremer{t32]
allow long-time (up to 5 us) registration of signal tails,
where the signal from a dielectric with low-frequency con-
ductivity has completely relaxe@ecayegl and only the sig-

V(1) =Vo(t)+ V, (1), (15  nal from the electrode polarization remains. This is true for
simple electrolyte solutions where no other relaxation pro-
where Vy(t) and V,(t) are the incident and the reflected cesses can be detecteB]. The experimental signal(t) is
signals(pulses, respectively. The current flow through the illustrated in Fig. 2, where it is plotted on a log-log scale.
sample is The fractality indexy was determined to be 0.785 with
=0.593 by linear regression of the asymptotically linear por-
) 1 tion. We reiterate that the value of this index is strictly de-
1(t)= Z_o [Vo(t) = Vi (D)], (16) pendent on the electrode mateiia#], the electrode polish-
ing, and the surface chemistry attendant to the interactions of
whereZ, is the characteristic impedance of the coaxial line.the aqueous electrolyte with the electrode surfaces.

In the case of conductive solutions, Eq%5) and (16) This electrode polarization correction for TDDS measure-
show that both the voltage and the current flow are influiments of conductive biological or colloidal samples can be
enced by electrode polarization. The observed voltdff¢  summarized in the following way. A reference sample with
monotonically increases in the TDDS time window of obser-equivalent continuous phase conductivity and electrolyte
vation and the currerit(t) monotonically decays. The elec- composition is measured and these data are used to fit the
trode polarizatiorcorrectionis then obtained by subtracting parameterss andB (as was illustrated above for the data in
the functionBt” from V(t). The incident puls&/,(t) gener-  Fig. 2. Then other samples having equivalent continuous
ally is an approximation to a step function with zero long- phase conductivity and electrolyte composition may be mea-
time slope and the monotonically increasing behavior ofsured with the same electrodes. The polarization correction
V(t), associated with the correctid@t”, is a component of €mbodied in ther and B obtained earlier is applied by sub-
the reflected puls¥,(t). Since this component is subtracted traction ofBt” from V(t) [or from V(t)] and by adding this
in Eq. (15) from V,(t), it needs to be addedHBt"/Z,) to  Same functioriscaled byZ,) toi(t). These corrected signals
i(t) in Eq. (16). are then Fourier analyzd@2] to obtain the resulting dielec-

tric spectrae’ (w) and €”’(w). In this exposition of the cor-
Ill. EXPERIMENT rection procedure we have illustrated the method focusing
upon the polarization properties of a simple two-component

Dielectric measurements were made using a TDSRi1  electrolyte solution. After correction in this case we are left
pole TDS Ltd., Jerusaleyitime domain dielectric spectros- with the properties of the neat solvent, water.
copy system. The general principles of time domain dielec- The comparative dielectric spectra of simple electrolyte
tric spectroscopy and a detailed description of thissolution with and without electrode polarization correction
instrumentation and software algorithms have been describgghH=1.25) are presented in Fig. 3. The permittivity before
elsewherd22]. The measurements were done in a time win-and after electrode polarization correction is illustrated in
dow of 5 us. In the framework of a lumped capacitance Fig. 3(a). The uncorrected permittivity appears to exhibit an
approximation[22], we used a parallel plate capacitor as aanomalously large value at low frequencies and appears to
sample cell and we highly polished the steel electrodes imindergo some sort of dispersion process in the 100 kHz to 1
order to satisfy the approximation, implicit in E(L4), that  MHz region. This dispersion is highlighted as a peak in the

Equations(13) and(14) are particularly useful in illustrating
how the contribution of electrode polarizati@t” should be
subtracted fronV(t).

The voltageV(t) observed at the sample cdfplate or
cylindrical capacitof 22]) at the end of a coaxial line can be
written as[9,22]
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10° S . e at about 78. The dielectric loss, after correction for electrode
N polarization, becomes very small, in the range 100 kHz to

% (a) 100 MHz, but shows a steady increase with increasing fre-

10°F . quency. This increase is consistent with the well-known di-

electric loss maximum of water in the region 3—6 GHz and
compares well with the experimental dielectric loss values

. 10°¢ . 3 for water reported at 20 °¢25] and 25 °C[23] and illus-
° ] trated in Fig. 8b) for comparison.
0L The practical estimation of the frequency limits for these
3 experimental conditions may be made by transforming Eq.
(4) by inversion to the inequality
T T B R R,Cp=<t=R,Cp(h&)~N". 17

Frequency (MHz)
In our experiments the incident pulse has a time window of

10 ws. This corresponds to a lower-frequency limit of 100
kHz and ade factoupper bound of 10° s in Eq.(17). An

ol e o, T estimation ofw,, can be made more definitely. According
* (b) ] to Schwan[1,6], typical values of electrode polarization re-
1035 sistance and capacitance for BL.INaCl areR,=1() and
102k ] C,=0.7 uF at 100 kHz for large platinum electrode&s5 cm
3 * . . . . .
e, in diamete). In our experiments the electrode diameter is 0.3
- 10'f ﬁ 1 cm. Using the same value &, as Schwari=1 Q) and from
ek o ] the ratio of electrode areas we find ti@&{=0.01uF at 100
. oocﬁw E kHz, so thaR,C,=10 "2 s. This is equivalent to an estimate
10" °g %P 0% 3 for wmay Of 100 MHz.
o [} o0
10° | 0% ° ]
E N AR IV. CONCLUSION
10° 107 100 10° 100 100 100 10° The data derived h ; ion for el q |
Frequency (MHZ) e data derived here after correction for electrode polar-

ization are in good agreement with previously published

FIG. 3. Fractal electrode polarization correction for dielectric @queous data. These data show unequivocally the need for
spectra(a) ¢’ and (b) ¢” of a simple electrolyte solution: OM. electrode polarization correction at frequencies in excess of
NaCl atpH 1.25; @, uncorrected, corrected:A, pure water at 100 MHz and that such a correction can be effected by ex-
20 °C[25]; W, pure water at 25 °C23]. plicitly considering the fractality of electrode polarization.

The application of this technique is not limited to polished

uncorrected dielectric loss spectrum of Figh)3 peaking at  steel electrodes and may be extended to electrodes having a
100 kHz. This dispersion essentially completely vanishes affractal surface topography. Extensions of the methods de-
ter correction for electrode polarization. The corrected perscribed here to other types of dielectric spectroscopy experi-
mittivity in Fig. 3(a) is essentially independent of frequency ments are under investigation.
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