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Extended Stern Model
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Abstract: In this paper, a theoretical approach of extended Stern model is formulated to represent the electric double
layer for biochemical as well as biological samples. The existing Stern model is used for several decades to describe the
phenomena of electric double layer of electrode/electrolyte interface. In the conventional Stern model the double layer
which is formed between the electrode and electrolyte interface is described by double layer capacitance. Using the
existing Stern model, the equivalent circuit model is not valid for electrical double layer capacitance of
electrode/electrolyte interface in 3 dispersion range for biologically relevant samples. The protein molecules form
chemical coupling and chemical adsorption along with classical ionic bonding with gold electrodes. Thus, the
compactness of electric double layer decreases and the double layer capacitance is replaced by a constant phase
element. In the present paper, a three-electrode based electric cell-substrate impedance sensing device was used to
measure the impedance of various enzymatic solutions for validation of theoretical approach. The results obtained from
experimental work, were simulated by equivalent circuit simulator, ZsimpWin to validate the extended Stern model by
comparing )f value. Finally the electrical parameters were extracted and compared for Stern model and extended Stern
model. The results obtained by practical experiment and equivalent circuit simulation showed the effectiveness of

extended Stern model over the existing Stern model.

Keywords: Stern model, Electric double layer, double layer capacitance, constant phase element, enzymatic

solutions.

1. INTRODUCTION

The understanding of electrode/electrolyte interface
phenomena has great importance in electrochemistry,
electrokinetics, microfiuidics, bioimpedance, and
electric cell-substrate impedance sensing (ECIS).
When a metal electrode is immersed into an electrolytic
solution, an electric double layer (EDL) is formed at
interface between metal and electrolyte. This double
layer plays a crucial role in electrode/electrolyte
interfacial phenomena. Stern model is used for several
decades to describe the EDL [1-3]. Several advances
have been made to understand the influence of EDL on
physical and chemical systems. In the lower frequency
range up to 1 kHz the polarization effect takes place at
the electrode and electrolytic interface. Thus in a
dispersion range, the double layer capacitance is
replaced by constant phase element (CPE). However
polarization effect is absent in higher frequency range,
but several authors replaced double layer capacitance
by CPE in both cases of enzymatic solution and live
tissue and cell experiments [4-7]. However the
mechanism of enzymatic phenomena happening at
electrode surface and thus modified the double layer
capacitance has not been properly investigated in 3
dispersion range of frequency. The present paper will
discuss the theoretical phenomena of EDL and
development of extended Stern model which is suited
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for biochemical solution over the gold electrode
surface. Finally the present hypothesis has been
experimentally validated by using microelectrode based
ECIS device and different enzymes in PBS solution.

2. THEORY

2.1. Stern Model

When a metal electrode is immersed into an
electrolytic solution, an EDL is formed at interface
between metal and electrolyte. One layer of charge is
located at the metal surface and the other, of equal and
opposite charge, just inside the electrolytic solution.
Stern developed the double layer theory to describe
EDL by taking the finite size of the counterions and
their binding properties at the surface into account [8].
The diffuse layer is divided into two layers such as
inner Stern layer followed by outer Gouy-Chapman
layer as shown in Figure 1.

The impedance of electrode/electrolyte interface
arises from the charge transfer within the Stern layer
and the impedance of the Gouy-Chapman layer [9].
The resistive elements are Nernst impedance
controlled by the charge transfer (Rcr) and Warburg
impedance (Zy) controlled by the diffusion process
within the Gouy-Chapman layer. The electrical double
layer behaves like a lossy capacitor (Cs) due to limited
charge mobility within it and the electrolytes behave as
resistor (Rs) [10]. Thus the equivalent circuit model for
electrode-electrolyte  system comprises Warburg
impedance in series with charge transfer resistance
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Figure 1: Schematic of Stern Model at electrode/electrolyte
interface.

(Rer) shunted by double layer capacitance(Cs),
together in series with bulk resistance (Rs) as shown in
Figure 2. This model along with its equivalent circuit
suits well for measuring electrode/electrolyte interface
impedance [11]. Several authors introduced constant
phase element (CPE) instead of double layer
capacitance to describe the polarization effect in low
frequency up to 1 kHz. However in higher frequencies
this model works suitably for electrolytic solution as
polarization effect is absent [12-13]. But this model
does not work properly for most of the biochemical as
well as biological molecules [6]. Thus, a new extended
Stern model is being proposed to describe the interface
impedance of biochemical as well as biological
samples.
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Figure 2: Equivalent circuit of electrode/electrolyte interface.

2.2. Extended Stern Model

In general gold metal is used as the electrode for
ECIS study because it is inert and does not react with
the electrolytes as compared to other metal like
aluminum. However gold has inherent property to bind
covalently with protein molecules having alkanethiols,
cysteines, cysteamines and disulphides groups. Also
sulphides, thioethers, thiocarbamates, nitriles, and
cyanides groups are coupled with gold by chemical
adsorption (CA) process [14]. Thus when these groups
are present in biochemical or biomolecular solution, the

electric double layer formation is being distorted. By
considering this hypothesis a new model has been
proposed as depicted in Figure 3.
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Figure 3: Extended Stern model.

As the covalent coupling (CC) is the strongest
bonding, the covalent groups replace some of the ionic
groups within ionic bonding (IB) available in electrolytic
solution. Although chemical adsorption controlled by
Van der Waals bonding is the weakest bond than
others, it forms lesser amount of bonding within
electrode surface. So along with ionic bonds, covalent
bonds and Van der Waals bonds are found in the same
EDL, which influence the formation of double layer
capacitance. Thus both ionic and covalent coupling
forms inhomogeneous bonding on the surface. As a
result the compactness of double layer capacitance
decreases as the covalent coupling increases resulting
replacement of double layer capacitance by a constant
phase element. The impedance of CPE, Z(w) is
expressed as,

z (w)=%<iw)" 1)

Where, jzx/jl, 0 <n<1andQ is a constant with
dimension Fs"*.

The equivalent circuit model comprises Warburg
impedance in series with charge transfer resistance
(Rer) shunted by CPE (Qq), together in series with bulk
resistance (Rs) as shown in Figure 4.

3. MATERIALS AND METHODS

3.1. Device Fabrication

The three electrodes e.g. working electrode (WE),
reference electrode (RE), and counter electrode (CE)



76 Journal of Applied Solution Chemistry and Modeling, 2012 Volume 1, No. 1

Pradhan et al.

Rer YA Rs |—

/I'I’ Qa

Figure 4: Modified Equivalent circuit for enzymatic solution.

of a ECIS device configuration was adopted for the
present experimental study. The dimensions of WE,
RE, and CE are defined as 200x200um,
2000%2000um, and 2000 x 2000um respectively. The
device was fabricated on 2 inch diameter Pyrex wafers
using metal deposition and photolithography
techniques. Initially, the wafers were cleaned and a thin
layer of chromium (Cr) and gold (Au) were thermally
evaporated onto the wafers. Subsequently, the
electrode traces and its contact pads were
lithographically defined using positive photoresist and
then the Cr and Au layers were selectively removed by
wet etching process to define the metal patterns on the
substrate. Finally, a second lithography step was
performed to apply another photosensitive polymer
(SU8) layer as passivation coating over the metal
electrodes. In this step, only the electrode sensors and
contact pads were exposed to make contact with the
electrolyte as shown in Figure 5. The photoresist was
hard baked to impart stability and inertness to the
polymer. The wafers were then diced into single
devices for subsequent packaging and measurements.
Finally the individual device was fixed in a printed
circuit board and electrical connections were taken
from device to external equipment using thin metal
wires and then cloning cylinders were aligned and
attached to serve as electrolyte reservoir around the
three electrode system by using PDMS as glue.
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Figure 5: Microphotograph of a three-electrode device.
3.2. Enzyme Solution Preparation

Five different types of enzymes such as human
fibroblast collagenase, glucose oxidase (GOD) from

Aspergillus niger, lysozyme from egg white, human
pepsin, and horse radish peroxidase (HRP) were taken
for the present study. One percent solution of enzyme
in PBS has been used as the biochemical sample to
perform the impedance measurement.

3.3. Impedance Measurement

The electrical impedance measurement of different
enzyme solutions was carried out using computer
controlled electrochemical work station SP 150 (Bio-
Logic, France) by connecting the fabricated device
directly to the system. All the measurements were
performed with actuation voltage of 10mv and
frequency range from 100Hz to 1 MHz with 51 sample
points in between in a logarithmic scale. All the
measurements were repeated for ten times and then
averaged to get the impedance value for each
frequency. The present electrochemical workstation
has an inbuilt facility to reduce the noise margin of the
measured impedance data through software
interpretation. The Nyquist data was obtained from the
devices of four designs and subsequently exported to
ZsimpWin software for further analysis for equivalent
circuit simulation.

3.4. Equivalent Circuit Simulation

The impedance data found from practical
experimentation was imported to ZsimpWin (Version
3.10) to validate the real world experiment. The
modeling was performed by iterative process by
considering an equivalent circuit that resembles the
electrode/electrolyte environment. In this process chi-
square (;(2) value for the entire model plays a
significant role to validate the simulation results. Also
the electrochemical theories and the Boukamp
suggestion help to choose the components in such a
way, that addition of each component should reduce )(2
value by one-order of magnitude [15]. The )(2 value of
the order of 1.5E-3 or below was acceptable for a given
model [16].

4. RESULTS AND DISCUSSIONS

Figure 6 represents the Bode plot of different
enzymes measured by fabricated microelectrode based
ECIS devices along with the equivalent circuit. It is
observed from the Figure 6 that with increase of
frequency the impedance value decreases steadily up
to 100 kHz and then it saturates for all the enzymes.
The phase angle decreases up to 1 kHz and then
increases up to 1 MHz. However the Warburg
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impedance is absent in the experimental data set due
to use of 100Hz to 1 MHz frequency range and gold
microelectrodes  [17-19]. Thus the measured
impedance data of electrolytic solution of different
enzymes were then simulated to ZSimpWin software to
validate the impedance data by using equivalent circuit
model of Stern model as well as the Extended Stern
model without Warburg impedance. The extracted
values of electrical equivalent parameters with relative
standard error (e %) of different enzymes along with
the )(2 values are listed in Table 1.

Continuous Line: Experimental Data
Points: ZsimpWin Simulated Data
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Figure 6: Bode plot of various enzymes with the equivalent
circuit.

From the above table it is evident that the )(2 value
is at least 3 orders less for equivalent circuit using CPE
model as compared to Stern model for all the different
enzymatic solutions. Also the percentage of error is

more in case of equivalent circuit describing Stern
model. This result validates the extended Stern model
in which the double layer capacitance is replaced by
CPE in the electrical double layer between electrode
and electrolyte interface throughout the frequency
range. This result is attributed due to the presence of
disulphide groups and cysteines in all the enzymes [20-
24] that forms covalent coupling replacing ionic
bonding with the gold electrodes surface. Moreover
minute chemical adsorption also takes place on the
electrode surface due to presence of various adsorbing
groups. Thus along with ionic bonds, covalent bonds
and Van der Waals bonds are also present in EDL
which helps to replace double layer capacitance by
constant phase element.

5. CONCLUSIONS

In this paper a theoretical approach of Extended
Stern model is formulated for electrode/electrolyte
interface. In the existing Stern model electrical double
layer behaves like a capacitor due to limited charge
mobility within it and the electrolytes behaves as
resistor. In case of extended Stern model, the modified
double layer capacitance is replaced by constant phase
element to represent covalent coupling as well as
chemical adsorption taking place at the electrode
surface for any biological systems. Also the
experimental realization of this assumption of Extended
Stern model showed expected result obtained from
equivalent circuit simulation. However several more
experiments are needed to study the surface chemistry
of electrode/electrolyte interface for biochemical and

Table 1: Electrical Equivalent Parameters of the Impedance Data for Various Enzymes with Relative Standard Error
(e %)
barameters Pepsin Collagenase Lysozyme GOD HRP
Data e% Data e% Data e% Data e% Data e%
Stern Model [R(CR) Equivalent Circuit]
Rs(Q) 3080 3.15 2523 3.24 2218 3.41 2001 493 1831 4.09
CS(FS”'l) 6.4E-10 1.97 8E-10 2.04 9E-10 2.20 1.07E-9 3.13 1.24E-9 2.75
Rcr (Q) 6.06E6 17.01 4.90E6 17.75 2.42E6 12.01 1.30E17 9.26E11 9.92E5 9.19
xzvalue 1.41E-2 1.51E-2 1.71E-2 3.56E-2 2.50E-2
Extended Stern Model [R(QR) Equivalent Circuit]
Rs(Q) 2868 0.21 2342 0.15 2045 0.08 1840 0.09 1643 0.19
Qd|(Fs”'1) 1.15E-9 0.52 1.4E-9 0.36 1.8E-9 0.20 2.09E-9 0.21 2.94E-9 0.48
Nai 0.94 0.05 0.94 0.03 0.93 0.02 0.93 0.02 0.91 0.05
Rcr (Q) 1.21E7 2.67 1.05E7 2.01 3.80E6 0.51 3.42E6 0.52 1.37E6 0.64
xzvalue 5.32E-5 2.55E-5 7.80E-6 7.81E-6 3.97E-5
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biological

samples to strengthen the concept of

Extended Stern Model.
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