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ABSTRACT

The electrochemical impedance of a novel dry electroencephalogram (EEG) electrode after surface modification (i.e., sputtered
with gold, coated with ZnO nanowires) is investigated in this study. To avoid the discomfort caused by repetitive testing on
human, a skin-mimic sandwich structure, comprised of a highly porous polyester fabric membrane and two thin silicone films, is
fabricated as a test bed. Electrochemical impedance spectroscopy (EIS) measurements are conducted to further understand the
properties of the electrode-electrolyte interface when the electrode is installed on this test bed. An equivalent circuit model with a
constant phase element (CPE) is used to fit the EIS data. Our results show that the modeled EIS data are in good agreement with
the experimental data. It has also been found that the charge transfer resistance decreases from 349 Ω cm2 for the bare electrode
to 256 Ω cm2 for the gold-coated electrode and further decreases to 167 Ω cm2 for the gold coated short ZnO nanowire electrode.
The lower impedance value will definitely help improve the signal when such electrode is used to record electrophysiological data.
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1. INTRODUCTION

Dry electrode for bio-potential measurement has attracted
increasing research attention in recent years. When using
such electrode, no skin preparation or gel is required before
its installation, which makes long-term biopotential (e.g.,
EEG) monitoring more comfortable for the patients. In re-
cent years, different types of dry electrodes, such as poly-
mer foam electrode, solid-gel electrode, textile electrode,
pin-shaped metallic electrode have been developed.[1–17] To
evaluate the performance of these electrodes, comparing
the spontaneous EEG signals (e.g., the alpha wave) or the
evoked potential acquired by the dry electrodes and conven-
tional Ag/AgCl electrodes qualitatively or quantitatively is
a common approach.[2–4, 11–13] However, the signal quality

is not only affected by the electrode itself, but also the ac-
quisition components of the EEG system. Electrode-skin
contact impedance, therefore, has been used as an indicator
to compare the electrode performance. For dry electrodes,
usually the impedance is much higher than the wet electrode
because no electrolyte is applied at the electrode-skin inter-
face. Coating or processing of the electrode surface has been
adopted to lower the impedance and/or improve the biocom-
patibility. Silver nanowire grown on the surface of poly-
dimethylsiloxane (PDMS) has been demonstrated to form a
highly conductive interface.[14] Titanium/Titanium Nitride or
carbon nanotube has also been used to coat electrodes.[15–17]

Electrodes made of silver-coated polymer bristles have been
proposed and shown to be more conductive, flexible and
comfortable.[7] Our group has developed a novel dry EEG
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electrode made of stainless steel. It has microteeth around
its bottom rim to fix itself on the scalp.[18, 19] We have found
that its contact impedance is pretty high, especially at the
low frequency region. Then we sputtered gold on the sur-
face of the electrode teeth and observed significant reduced
impedance.[20] However, only two subjects were tested in our
previous work. To avoid variance in the impedance measure-
ment caused by individual differences and reduce discomfort
of subjects caused by repeated electrode testing, we designed
a film to simulate the structure of human skin and used it
as a test bed in this work. We also tested the electrode with
different coating including gold, and ZnO nanowires. To fur-
ther investigate the physically meaningful properties of the
electrode-skin interface, we used an equivalent circuit model
to fit the measured Electrochemical Impedance Spectroscopy
(EIS) data.[21] In this model, a constant phase element (CPE),
instead of ideal capacitor, was adopted to simulate the double-
layer capacitive behavior of the electrode-skin interface. Our
experimental results show that the simulation data using such
model are in good agreement with the experimental EIS data.

2. METHODS
2.1 Electrode design and fabrication
The electrode used in this study is called skin screw electrode
previously developed by our team.[18, 19] This electrode has a
cylinder shape (about 10 mm in diameter), with microteeth
around its bottom rim. These teeth help the electrode fix
on the surface of the skin after penetrating the top layer of
the scalp. So this electrode can be applied and removed
very quickly without any requirement of skin preparation or
gel/paste. Stainless steel is the material used to make the
electrode for good hardness and flexibility (see Figure 1).

Figure 1. The photograph (a) and top-view (b) and
side-view (c) SEM images of a bare screw electrode

2.2 Growth of ZnO nanowire arrays on EEG electrode
surface

The schematics of the process of synthesizing ZnO nanowire
arrays on EEG electrode is illustrated in Figure 2. The elec-
trodes used in the experiment were carefully checked to
make sure that their teeth were intact. The electrodes were
cleaned by acetone and ethanol sonication followed by treat-
ment in an UV/ozone cleaner for 15 min. One electrode
was selected as reference, without further processing. Two

electrodes were seeded by dip coating with 5 mM zinc ac-
etate solution in ethanol followed by thermal decomposition
at 375◦C for 20 min. The seeded electrodes were placed
in an aqueous growth solution containing 0.025 M zinc ni-
trate, 0.0125 M hexamethylenetetramine (HMTA), 0.005
M polyethylenimine (PEI), and 0.35 M ammonium hydrox-
ide at 90◦C. The as-synthesized ZnO nanowire (NW) array
electrodes were then rinsed with deionized water followed
by UV/ozone treatment for 15 min. Finally, gold layers
(200 nm) were deposited on the bare electrode and ZnO NW
array electrodes using magnetron sputtering.

Figure 2. (a) Schematic of the process of preparing ZnO
NW coated dry EEG electrodes. (b) Photographs of a bare
screw electrode, a gold coated electrode, and a ZnO
nanowire coated electrode

2.3 Fabrication of a sandwich structure as test bed
In order to avoid repetitive test on human scalp, an engi-
neered skin-mimic sandwich structure was fabricated to
study the scalp-electrode interface impedance. This sand-
wich structure comprises a highly porous polyester fabric
membrane (typically 3 mm thick) sandwiched between two
thin silicone films (∼200 µm thick). The fabrication pro-
cess is briefly described as follows. For preparation of the
two-part RTV silicone film, 20 g hydroxy-terminated poly-
dimethylsiloxane at a viscosity of 1,800-2,200 cSt, 0.4 g
Tris (2-methoxyethoxy)(vinyl) silane, and 0.03 g Dabco R©
T-12 catalyst were thoroughly mixed for 5 min at room
temperature. 15 g of the as-prepared mixture was applied
onto two polyethylene terephthalate (PET) sheets (20 cm ×
20 cm), and allowed to cure for 2 min. Before the silicone
was completely cured, a 20 cm × 20 cm porous polyester
fabric membrane was sandwiched between the two coated
PET sheets, by bringing two sides of the membrane into con-
tact with the silicone films and applying a moderate pressure
to the PET sheets on the top and bottom of the sandwich
structure. After the silicone films are completely cured, the
two PET sheets were peeled off. The resulted test sandwich
structure was stored in PBS buffer at 4◦C before testing.
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Figure 3. The electrode test sandwich structure to mimics the structure of natural scalp. (a) Schematic illustration of the
test structure consists of a highly porous polyester fabric membrane sandwiched between two flexible silicone films
(∼200 µm thickness). (b) Photograph of this electrode test sandwich structure. (c) Cross-section SEM image of the top
silicone film. (d) Cross-section SEM image of the middle porous polyester membrane in the test sandwich structure. (e)
SEM image of one tooth of the electrode penetrating into the test structure

Figure 3a shows schematic illustration of the test structure
consisting of a highly porous polyester fabric membrane
sandwiched between two flexible silicone films (∼200 µm
thickness each as shown in Figure 3c). The polyester fabric
membrane as a scaffold had an interconnected pore structure
with average pore size of 50 µm (see Figure 3d), which is
also used to retain the buffer solution, whereas the silicone
films are used to seal the buffer solution and provide mechan-
ical support for anchoring the electrode. The cross-sectional
SEM image (see Figure 3e) could confirm reliable and re-
producible penetration of microteeth on the EEG electrode
across the silicone film into the porous membrane during the
placement of EEG electrodes.

2.4 Electrochemical impedance spectroscopy measure-
ment

The electrochemical impedance spectroscopy measurements
were performed in the above sandwich structure by using a
potentiostat (Gamry Reference 600), connected to a three-
electrode setup consisting of the sample as the working elec-
trode (WE), a platinum wire as the counter electrode (RE),
and a solid-state Ag/AgCl reference electrode (see Figure 4).
The solid-state Ag/AgCl reference electrode was obtained by
chemical oxidation of a polished Ag wire in 0.1 M FeCl3 so-
lution for 60 s at room temperature. Potentiostatic EIS tests
were carried out at open circuit potential with ac perturbation
amplitude of 5 mV in the frequency range from 0.1 Hz to
100 KHz. The obtained impedance data were analyzed by
ZSimpWin software and fitted to the appropriate equivalent
circuit models. In order to test the reproducibility of the

results, the experiments were performed ten times. For each
test the electrodes were placed in different positions of the
electrode test sandwich structure, while the distance between
WE and CE was kept at 5 cm and RE was 3 mm away from
WE.

Figure 4. Three-electrode setup for EIS measurement and
electrode location

2.5 Electrochemical impedance spectroscopy analysis
Electrochemical impedance spectroscopy analysis is a pow-
erful tool in evaluating the electrode-skin interface. Several
electrical circuit models have been proposed to fit the EIS
data, such as Warburg model, Fricke model, Randles circuit
model, Geddes and Baker model.[21–23] The simplified Ran-
dles model (see Figure 5a), which is the most commonly
used one, includes a resistance of the electrolyte solution Rs,
and a double layer capacitor Cdl in parallel with a charge
transfer resistance Rct. The two parallel components account
for the non-Faradic and Faradic processes, respectively. A
more complicated Randles model with mixed kinetic and
charge-transfer control was also proposed (see Figure 5b). In
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this model, the impedance of the Faradaic reaction consists
of a charge transfer resistance Rct and a specific electrochem-
ical element of diffusion W, called Warburg element. The
Warburg impedance (W) is resulted from diffusion of ions
from bulk electrolyte to electrode surface, and defined as

W = 1
YW

√
jω

(1)

where YW is the Warburg coefficient, j is the imaginary
unit, ω is the angular frequency. Later, a CPE describing the
double layer capacitance has been used to replace the pure
capacitance Cdl.[24] It reflects the characteristics of a micro-

scopic fractal at blocking electrode-skin interfaces. CPE is
defined as

CPE = 1
Y0(jω)n

(2)

where Y0 is the measured magnitude of CPE, n is a parame-
ter between 0 and 1. For a perfect capacitor, n = 1; while in
the case of n = 0, the impedance represents a resistor. The
value of n reveals the micro structure of the interface. It can
be affected by the roughness, and other inhomogeneities or
relaxation processes of the electrode surface.

Figure 5. Equivalent circuits proposed for analyzing the EIS profiles

Figure 6. Top-view (a, b) and side-view (c, d) SEM images of ZnO NW arrays grown for 1 h on the electrode. The insert
shows a high magnification SEM image

3. RESULTS AND DISCUSSION

3.1 ZnO nanowires coated EEG electrodes

The SEM images of the fabricated ZnO nanowire coated
EEG electrodes are shown in Figure 6. As observed from
the figures, well aligned ZnO NWs uniformly covered the
surface of electrode with a wire density of about 8 × 107

wires/cm2. Each wire is approximately 150-200 nm in diam-
eter.

3.2 Electrochemical impedance spectroscopy

The electrochemical impedance spectroscopy measurements
were carried out with electrodes in our fabricated test sand-
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wich structure, which mimics the natural structure of human
skin. The Bode plots of EIS of the bare electrode, gold-
coated electrode, and gold-coated ZnO NWs electrodes are
shown in Figure 7a. It can be seen that the impedance of the
gold-coated electrode is much lower than the uncoated bare

electrode and the impedances of both gold coated ZnO NWs
electrodes are lower than those of the bare and gold-coated
electrodes at low and medium frequencies. However, the
difference between the two gold-coated ZnO NWs electrodes
with different NW lengths is not significant.

Figure 7. Electrochemical impedance spectroscopy for bare electrode, gold-coated electrode, and gold-coated ZnO NW
electrodes. (a) Bode magnitude, (b) Bode phase, and (c) Nyquist plots. Solid lines are fitting cures to the equivalent circuit
in Figure 5c.

There was a common feature for all Nyquist curves (see Fig-
ure 7c), a distorted capacitive arc in the high- and medium-
frequency region followed by a straight line with a slope
close to 45◦ in the low frequency region. The electrical cir-
cuit model shown in Figure 5c is used to fit the impedance
data and the fitting parameters for all equivalent circuit ele-

ments are summarized in Table 1. In the present fitting, all χ2

values within the order of 10−3 and the error percentages cor-
responding to each component of the equivalent circuit less
than 5% indicate a good fitting with the proposed equivalent
circuits.

Table 1. Electrochemical parameters for the equivalent circuit elements obtained by fitting experimental impedance data in
Figure 7

 

 

Sample Rs (Ω cm2) 
CPE 

Rct (Ω cm2) Yw (S s0.5 cm-2) 
Y0 (S sn cm-2) n 

Bare 8.06 ± 0.89 (2.43 ± 0.36) × 10-4 0.55 ± 0.06 349 ± 41 (2.10 ± 0.39) × 10-3 
Gold-coated  7.84 ± 0.61 (3.19 ± 0.15) × 10-4 0.59 ± 0.03 256 ± 20 (3.42 ± 0.26) × 10-3 
Gold-coated ZnO NWs-20 min 6.97 ± 0.52 (2.48 ± 0.19) × 10-4 0.72 ± 0.04 167 ± 18 (6.33 ± 0.45) × 10-3 
Gold-coated ZnO NWs-1 h 7.29 ± 0.72 (3.03 ± 0.31) × 10-4 0.69 ± 0.07 228 ± 35 (7.97 ± 0.75) × 10-3 

 

It has been found that the charge transfer resistance (Rct)
decreases from its initial value of 349 Ω cm2 for the bare
electrode to 256 Ω cm2 for the gold-coated electrode and
further decreases to 167 Ω cm2 for the gold-coated short
ZnO NWs electrode. This indicates that the decoration
of the bare electrode surface with ZnO NW arrays facili-
tates electrolyte ions transfer from the solution to the elec-
trode. In general, the rough and porous structured electrode
would effectively accelerate electrolyte diffusion and charge
transfer.[25] However, Rct increased from 167 Ω cm2 to
228 Ω cm2 as increasing the length of the ZnO NW arrays
due to the poorer accessibility of the ions to the electrode.
The high-density long semiconducting ZnO NW arrays on
the electrode can cause the charge transfer rate slow down.
The values of n in CPE of these EEG electrodes have also a

significant deviation from the pure capacitive behavior of the
electrodes due to the high surface heterogeneity.

We have also conducted the impedance spectroscopy on two
human subjects under the approval of the Institutional Re-
view Board (IRB) at the University of Pittsburgh. Two elec-
trodes (i.e., a bare electrode and a gold-coated electrode)
were placed side-by-side on the scalp at two different lo-
cations (no hair site F3, and hair site C3). The ZnO NWs
electrode was not tested due to the potential concerns about
its biocompatibility. A conventional EEG disc electrode
was placed on the forehead as the counter electrode. No
skin preparation was conducted for all these electrodes. The
impedance data were collected in the frequency range be-
tween 1 and 10 KHz at 5 mV RMS. Figure 8 shows a typical
Bode magnitude plot for one subject. The impedances of the

48 ISSN 2377-9381 E-ISSN 2377-939X



www.sciedupress.com/jbei Journal of Biomedical Engineering and Informatics 2017, Vol. 3, No. 1

bare and gold-coated electrodes show similar trends as in the
previous experiment with our test bed, with a much lower

impedance for the gold-coated electrode.

Figure 8. Bode magnitude for bare electrode, gold-coated electrode, and disc electrode installed on human scalp

4. CONCLUSION

A novel screw dry electrode has been developed for EEG
measurements, on which ZnO nanowire arrays with di-
ameters in the range of 100-200 nm are synthesized via
a simple wet chemical method. The nanowires are well-
aligned and strongly attached to the microteeth of the elec-
trode. A sandwich structure testing platform, designed to
mimic structures of scalp skin, was successfully fabricated to
serve as an efficient and cost-effective alternative to the hu-
man testing to study the skin-electrode interface impedance.
The electrochemical impedance spectra show that the short

ZnO nanowire coated electrode provide lower electrode-skin
impedance due to large surface areas and excellent charge
transfer compared to the bare electrode and gold coated elec-
trode. The developed dry electrode prototype can be readily
applicable to high quality EEG measurements without any
uncomfortable preparation for clinical and research applica-
tions.
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