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Abstract

The electrochemical performance of eight commercially available bioelectrodes for elec-
trophysiological measurements was systematically evaluated in isotonic saline solution.
The studied bioelectrodes included sintered Ag/AgCl pellet, cup and ring, an Ag/AgCl
multipin, tin (Sn) ring and disc, a gold cup, and a stainless-steel needle. Open circuit po-
tential (OCP) and drift rate, electrochemical impedance spectroscopy (EIS), and electro-
chemical noise (ECN) measurements were performed to assess interfacial stability, im-
pedance behavior, and generated noise in time and frequency domains. Scanning electron
microscopy (SEM) and Energy-dispersive X-ray spectroscopy (EDS) were used to study
the morphology and chemical composition of the bioelectrodes. Ag/AgCl-based bioelec-
trodes exhibited the highest OCP stability and potential reproducibility, lowest imped-
ance, and electrochemical noise, attributed to the fast and reversible Ag/AgCl electro-
chemical equilibrium, and high area related to roughness and porosity. EIS analysis
showed predominantly low-resistance charge-transfer behavior and high capacitance for
Ag/AgCl bioelectrodes, while tin, gold, and stainless-steel bioelectrodes displayed higher
impedance and mixed capacitive/resistive responses associated with passive oxide films
and slower interfacial kinetics. Tin, gold, and stainless-steel bioelectrodes also presented
substantially higher low-frequency noise and OCP drift rate. Among all tested bioelec-
trodes, sintered Ag/AgCl bioelectrodes demonstrated the most favorable electrochemical
characteristics for electrophysiological signal acquisition, particularly for low-amplitude
and low-frequency biosignals.

Keywords: bioelectrodes; electrophysiological signals; electrochemical impedance
spectroscopy; electrochemical noise

1. Introduction

Electrophysiological potentials are generated by neural activity in the human body
and can be measured at the tissue or body surface. They provide the foundation for clini-
cal diagnostics, neurotechnology, biomedical research, and human-machine interaction
applications [1,2]. These signals reflect the electrical activity of neuronal cell groups in real
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time, providing a direct window into physiological function, enabling monitoring of e.g.,
the brain, heart, muscles, or ocular systems. Clinically, electrophysiological measure-
ments support a wide range of applications. In neurology, electroencephalography (EEG)
is used to diagnose epilepsy and sleep disorders, as well as to develop brain-computer
interfaces [3]. In cardiology, electrocardiography (ECG) is essential for detecting arrhyth-
mias and myocardial ischemia. Similarly, electromyography (EMG) supports the diagno-
sis of neuromuscular disorders, prosthetic limb control, and rehabilitation monitoring,
while electrooculography (EOG) is used for eye-movement analysis and sleep stage clas-
sification [2]. Each of these signals differs in amplitude and frequency characteristics, see
Table 1, but they all rely on the same underlying biophysical principles of ionic current
flow and volume conduction [1,2]. More recently, advances in wearable technologies have
expanded the use of bioelectrodes toward continuous, ubiquitous, and remote monitor-
ing, enabling applications in personalized healthcare, fitness tracking, and long-term
physiological assessment [4].

At the cellular level, electrophysiological potentials arise from ionic gradients across
cell membranes. The synchronized activity of large populations of excitable cells produces
extracellular field potentials that propagate through biological tissues and can be detected
with appropriate bioelectrodes, either invasively or non-invasively on the body surface.
As a result, surface-recorded signals represent the spatial and temporal average of the
signals from a large number of underlying sources [2].

Table 1. Electrophysiological signal characteristics.

Technique Typical Amplitude/pV Frequency Range/Hz
EEG 2-100 DC to >1000
ECG 1000-10,000 0.05 to 100
EMG 50-5000 2 to 500
EOG 50-5000 DC to 10

Electrophysiological potentials provide a real-time assessment of functional activity
in related tissues. However, accurate recording requires careful selection of the bioelec-
trode material, control of the bioelectrode-tissue interface properties, particularly imped-
ance and intrinsic noise, and appropriate amplifier design [3,5]. This is essential, especially
when the signals have amplitudes in the microvolt range and/or include frequency com-
ponents extending down to DC. In the case of non-invasive bioelectrodes, a gel is often
used to optimize the signal conduction at the bioelectrode/tissue interface [6,7].

Bioelectrical signals (biopotentials) are acquired by transducing ionic charge
transport within biological tissues into electronic conduction in the measurement system.
This process occurs at the bioelectrode-tissue interface, where the bioelectrode enables
electrochemical coupling for signal transfer. Consequently, the bioelectrode-tissue inter-
face must facilitate efficient and accurate ionic-to-electronic transduction by maintaining
low interfacial impedance and minimizing susceptibility to external electrical noise.

Major noise contributions are commonly associated with high skin-bioelectrode im-
pedance, often resulting from inadequate hydration of the stratum corneum or poor bio-
electrode—skin coupling [8-11]. Increased impedance —particularly when unbalanced be-
tween bioelectrodes —reduces common-mode rejection, increases susceptibility to electro-
magnetic interference, and exacerbates motion-induced artifacts due to time-varying in-
terface impedance [8,12]. While this problem has been reduced due to advances in ampli-
fication electronics components, it is still evident in clinical practice. Furthermore, me-
chanical deformation of the bioelectrode—skin interface alters polarization potentials and
contact impedance, generating additional voltage fluctuations superimposed on the phys-
iological signal [13,14].
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A bioelectrode must efficiently transduce ionic currents into electronic currents while
introducing minimal distortion, baseline drift, or noise [5,7,11,15]. To achieve this, the bi-
oelectrode should exhibit non-polarizable behavior, enabling fast and reversible electro-
chemical reactions. Additionally, it should maintain a stable half-cell potential to prevent
DC drift, which can contaminate low-frequency signal components and may even saturate
the amplifier. A high double-layer capacitance is also desirable, as it enhances low-fre-
quency stability and reduces sensitivity to potential fluctuations at the bioelectrode-elec-
trolyte interface. Deviations from the ideal behavior may be related to corrosion processes,
slow charge-transfer kinetics, ionic adsorption/desorption at the metal surface, or passive
film formation [16].

In this paper, eight commercially available bioelectrodes, primarily designed for EEG
recording, were electrochemically evaluated in contact with isotonic saline solutions.
However, owing to the diversity of tested materials, these bioelectrodes represent a broad
spectrum of the most commonly used bioelectrode types across electrophysiological
measurements and application scenarios. Ag/AgCl bioelectrodes are considered the gold
standard for electrophysiological signal recording, and are known to provide the best sig-
nal quality, especially for low-frequency signal components [17]. Sn- and gold-coated bi-
oelectrodes are cheaper than Ag/AgCl bioelectrodes and are suitable for most routine elec-
trophysiological exams. Multipin Ag/AgCl bioelectrodes were developed specifically for
dry EEG, and are usually used when rapid application, repetitive application, or avoiding
consumables is a priority. Stainless-steel needle bioelectrodes are used percutaneously for
invasive electrophysiological exams, which is a common application for neonatal EEG
over extended periods like neonatal intensive care. The selected electrode materials and
shapes, therefore, cover the most widely used electrode types and EEG applications to
date.

The novelty of the present work lies in providing a systematic and controlled com-
parison of Ag/AgCl, Sn, gold, and stainless-steel bioelectrodes using a comprehensive
electrochemical characterization protocol. To the authors” knowledge, this is one of the
few studies to directly compare electrode materials under controlled experimental condi-
tions. Beyond confirming the superior performance of Ag/AgCl electrodes, the study
quantifies the extent to which alternative materials differ from Ag/AgCl in parameters
relevant to electrophysiological recordings.

2. Materials and Methods

The studied bioelectrodes were purchased from different medical manufacturers ex-
cept for the Multipin Ag/AgCl bioelectrode, which was produced according to prior work
of some of the present authors on dry bioelectrodes [18,19]. Details for all bioelectrodes
are listed in Table 2. The bioelectrode photos are shown in Figure 1.

Table 2. Studied commercial bioelectrodes.

Material Shape Manufacturer
sintered Ag/AgCl Pellet bioelectrode eemagine Medical Imaging Solutions GmbH, Berlin, Germany
sintered Ag/AgCl Cup bioelectrode BioMed Products Inc., Truckee, CA, USA
sintered Ag/AgCl Ring bioelectrode BioMed Products Inc., Truckee, CA, USA
Ag/AgClon PU Multipin bioelectrode produced according to Fiedler et al. [18]
Sn Ring bioelectrode eemagine Medical Imaging Solutions GmbH, Berlin, Germany
Sn Disc bioelectrode eemagine Medical Imaging Solutions GmbH, Berlin, Germany
Au Cup bioelectrode Natus Medical Inc., Middleton, WI, USA
Stainless-steel = Needle bioelectrode Natus Medical Inc., Middleton, WI, USA
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Figure 1. Macro-images for the studied bioelectrodes: (a) Ag/AgCl pellet, (b) Ag/AgCl cup, (c)
Ag/AgCl ring, (d) Ag/AgCl Multipin, (e) Sn ring, (f) Sn disc, (g) gold cup, and (h) stainless-steel

needle.

2.1. Bioelectrode Samples and Solution Preparation

Five samples of each bioelectrode type were tested for open circuit potential (OCP),
and electrochemical impedance. Three bioelectrode couples were tested for electrochem-
ical noise. The electrical wire connections of the bioelectrodes were cut to a similar length
of about 10-15 cm. In the case of Sn ring bioelectrodes, where the wire connections were
too short, new wires were welded to the original ones, and the electrical connections were
insulated with Araldite™ glue (Huntsman Corporation, Salt Lake, UT, USA). For the
Ag/AgCl multipin bioelectrodes, a 15 cm insulated electrical wire was soldered to the bi-
oelectrode back plate using high-silver-content solder (ChipQuik, Ancaster, ON, Canada),
and the contact was insulated with Araldite™ glue.

The test solution was prepared by dissolving 0.90 g sodium chloride (Merck KGaA,
Darmstadt, Germany) per 100 mL of solution. The solution was freshly prepared for each
bioelectrode type and discarded when it presented any signs of precipitates, color or
cloudiness. Before the testing procedure, each sample was first cleaned by ultrasonication
with 2-propanol (Merck KGaA, Darmstadt, Germany) for five minutes. Afterward, it was
thoroughly rinsed with water. Before starting each experiment, each sample was equili-
brated for 10 min in the solution. Finally, all experiments were carried out with the elec-
trochemical cell inside a Faraday cage to minimize interference from external electromag-
netic fields.

2.2. Secondary Electron Microscopy and Energy Dispersive Spectroscopy

The SEM/EDS exam was performed using a High-resolution (Schottky) Environmen-
tal Scanning Electron Microscope with X-Ray Microanalysis and Electron Backscattered
Diffraction analysis: FEI Quanta 400 FEG ESEM/EDAX Genesis X4M (Thermo Fisher Sci-
entific, Waltham, MA, USA). Each sample was examined in 2-3 different regions to con-
firm the consistency of the observed features.

2.3. Open Circuit Potential Measurements

The Open Circuit Potential (OCP) was recorded for each bioelectrode for 3600 s, rel-
ative to an Ag/AgCl reference bioelectrode (XR 300, Radiometer Analytical, Villeurbanne,
France). A Gamry G300 potentiostat/galvanostat (Gamry Instruments, Warminster, PA,
USA) controlled by the Gamry software was used to monitor the electrochemical potential.
The sampling rate was 0.5 Hz. The mean OCP curve and the 95% confidence interval were
calculated for each bioelectrode.

2.4. Electrochemical Impedance Measurements

Prior to electrochemical impedance spectroscopy (EIS), the OCP evolution was mon-
itored to warrant the stability of the system (biolectrode/electrolyte interface), and the sys-
tem was considered stable when AE <60 mV/h.

https://doi.org/10.3390/coatings16070781


https://doi.org/10.3390/coatings16070781

Coatings 2026, 16, 781

5 of 19

Electrochemical impedance spectroscopy (EIS) data was acquired with the Potenti-
ostat/Galvonostat/ZRA (Model Interface 1000, Gamry Instruments, Warminster, USA) in
the potentiostatic mode from 10° to 10! Hz (7 point per decade of frequency, avoiding
multiples/sub-multiples of the network frequency), with a sinusoidal, 5 mV (RMS) signal
amplitude. The DC potential was kept at the OCP during acquisition. An Ag/AgCl (3 M,
XR 300) and a Platinum wire (Radiometer Analytical, Villeurbanne, France) were used as
reference and counter electrodes, respectively. All the EIS results were normalized by the
geometric exposed area of each bioelectrode to the electrolyte, even though the geometric-
area normalization does not account for variations in electrode roughness, porosity, or
electrochemically active surface area. Therefore, using the EIS results normalized by the
geometric area should be interpreted as reflecting the overall electrode-level performance,
including contributions from morphology and mass transport effects, rather than the in-
trinsic activity of individual electrochemically active sites. Thus, the exposed geometric
areas of the Ag/AgCl based bioelectrodes are 0.07, 3.44, 1.78, and 12.66 cm? for pellet, ring,
cup, and multipin bioelectrodes, respectively. Regarding the other bioelectrodes the ex-
posed areas were 1.18, 4.28, 1.83, and 0.17 cm? for Sn ring and disc, gold and stainless-steel
bioelectrodes, respectively.

The EIS experimental data was fitted using Z-view software (version 3.1) and the
fitting quality for all electrodes was evaluated by chi-square (x2) values, being always <10-
3, together with fitted parameters obtained through the used electrical equivalent circuits
(EECs).

2.5. Electrochemical Noise Measurements

Electrochemical potential noise was measured for three pairs of bioelectrodes of each
type, for 15 min at a 1000 Hz sampling frequency. The Gamry Interface 1000 potentiostat
was controlled by the Gamry ESA 410 electrochemical signal analyzer module. The Power
Spectral Density (PSD) was calculated using the ESA 410 software’s PSD calculation func-
tion with a Hanning smoothing window. The RMS value of the noise was calculated after
detrending the data with a 4th-degree polynomial function. Two principal noise measure-
ments were performed: (i) measurement of the respective bioelectrodes noise exposed to
the electrolyte solution, and (ii) noise of the measurement device, achieved by short-cir-
cuiting the equipment’s input cables [7].

3. Results and Discussion
3.1. SEM Analysis
3.1.1 Ag/AgCl pellet, Ag/AgCl ring and Ag/AgCl cup

These bioelectrodes exhibited comparable microstructural features and chemical
compositions. Their production involves sintering, i.e., compacting and thermally consoli-
dating silver powder, or a blend of silver and silver chloride powders, within a mold de-
fining the targeted bioelectrode shape [15]. Figure 2 shows the bioelectrode’s surfaces to-
gether with EDS spectra. The secondary electron (SE) images show a quite smooth and
porous surface, and the back-scattered electron (BSE) images present grey brighter (Z2)
and darker grey (Z1) areas corresponding to AgCl and Ag, respectively.

https://doi.org/10.3390/coatings16070781


https://doi.org/10.3390/coatings16070781

Coatings 2026, 16, 781

6 of 19

Bioelectrodes Surfaces

z1

H
H

Ag/AgCl pellet

T T T [E ¥
N
N
2 >
H (3

s
s

i

5
:
E
5
s
£
H

I T
N
I
§ 2]
¥ >l
&

5
H
¥
b
&
H
2

Ag/AgClring

s
9
B
B
¥
b
H
§

T T
AN
N
o)
= - &

:
0o
23

Ag/AgCl cup

H

B
&
E
=
@
oD
<
»
<

g H g 3 &
| L \il
(e}
!
&

090 200 310 420 530
Energy - keV.

Figure 2. SE/BSE SEM images of the Ag/AgCl pellet, Ag/AgCl ring and Ag/AgCl cup bioelectrodes
surfaces together with EDS spectra obtained in the marked zones.

3.1.2 Ag/AgCl Multipin

Multipin bioelectrodes are fabricated by first depositing silver via electroless plating,
followed by chemical oxidation of the silver in the presence of chloride ions [20]. The mor-
phological examination of a single pin sectioned from the electrode revealed a highly ir-
regular surface composed of aggregated micrometer-scale silver particles, with occasional
cracks and pores. The inset in Figure 3a shows signs of wear from repeated use, and the
surface composition indicates a homogeneous AgCl coating (Figure 3b).
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19 Ag
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Figure 3. (a) SE/BSE SEM images of the Ag/AgCl multipin bioelectrodes surface and (b) respective
EDS spectrum of the overall chemical composition.

3.1.3 Snring

The surface characteristics of the Sn ring bioelectrode are presented in Figure 4, high-
lighting the rough morphology resulting from the fabrication process (Figure 4a). The BSE
micrograph reveals distinct darker areas. EDS performed on brighter areas (Z1) showed
the presence of mainly Sn, while the darker regions consistently detected lead (Pb) (Z2),
along with substantial oxygen levels, suggesting an increased concentration of metallic
oxide species, either from Sn or Pb (Figure 4b).

(b)

Figure 4. Analysis of the ring Sn bioelectrode: (a) SE/SEM topography and BSE micrograph with
highlighted EDS analysis zones; (b) EDS spectra of marked regions (Z1 and Z2).

3.1.4 Sn disc

The Sn disc bioelectrode did not exhibit the distinct regions identified in the Sn ring.
Likewise, the chemical analysis did not detect the presence of Pb, Figure 5b.

(@) (b)

05 -

Figure 5. Analysis of the Sn disc bioelectrode: (a) SE/SEM images of the surface topography and BSE
micrographs and (b) EDS spectra of the overall area of the inset area.

3.1.5 Gold cup

SEM of the gold bioelectrode showed a topography characterized by inherent irreg-
ularities arising from the manufacturing process, as shown in the SE/SEM image in Figure
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6a. Intentional scratching presented in the SE/BSE SEM image in Figure 6b exposed an
underlying Ag substrate, confirming that a thin gold coating was deposited on the sub-
strate, see EDS spectra of regions Z1 and Z2 marked in Figure 6c.

(@) (b) (o)

Figure 6. Analysis of the gold cup bioelectrode: (a) SE SEM image of topography, (b) SE/BSE SEM
images with the scratch uncovering the presence of the Ag substrate and highlighted with the
marked zones for (c) EDS analysis of regions Z1 and Z2.

3.1.6 Stainless-steel needle

The SEM image showed the presence of a smooth surface, and the chemical compo-
sition identified the presence of chromium, iron, nickel, and silicon, all usually associated
with the composition of stainless-steel, Figure 7.

(@) (b)

090 200 310 420 530 640 750
Energy - keV.

Figure 7. Analysis of the stainless-steel needle bioelectrode surface: (a) SE/SEM image of surface
topography and (b) EDS spectrum of the overall area of the inset image.

3.2. Open Circuit Potential

The OCP is a key parameter that reflects the electrochemical interaction between a
metal and the electrolyte or tissue. Temporal variations in OCP suggest interfacial modi-
fications, such as the growth of a passive layer, corrosion processes, or ionic adsorp-
tion/desorption. Significant OCP drift can adversely affect physiological signal acquisition,
hindering the detection of low-frequency potential fluctuations and ultimately leading to
amplifier input saturation [21]. An isotonic saline solution was used to simulate the body
fluids. Even if it does not fully reproduce the complexity of the electrode-skin interface
found in electrophysiological recordings, it enables the intrinsic electrochemical behavior
of the bioelectrode materials to be evaluated under simplified, but controlled and repro-
ducible conditions. The use of a saline solution eliminates subject-to-subject variability
and minimizes skin-related influences, enabling a direct comparison of the electrochemi-
cal characteristics.

Figure 8 shows the average OCP value (left axis) and drift rate (right axis), with the
shaded regions representing the standard deviation of five samples. It can be concluded
that the Ag/AgCl bioelectrodes display the best reproducibility and the lowest drift rates
(<2 uV/s) among all bioelectrodes. This behavior is attributed to the stable electrochemical
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equilibrium established between metallic silver, chloride ions, and the AgCl layer at the
electrode surface, according to Equation (1):

Ag+Clm & AgCl + e~ 1)

This reaction is characterized by a high exchange current density, which stabilizes
the interfacial potential near its equilibrium value and minimizes sensitivity to small cur-
rent perturbations [21]. Nevertheless, some differences in reproducibility were observed
among the Ag/AgCl bioelectrodes, likely related to differences in fabrication processes. In
the Ag/AgCl multipin bioelectrode (Figure 8d), the silver layer is deposited by electroless
plating, followed by chemical chlorination to form the AgCl layer [18,19]. In contrast, the
thermo-electrolytically manufactured bioelectrodes commonly used in commercial sys-
tems (Figures 8a—c) exhibit a porous sintered Ag/AgCl structure [12,15,17,22]. Minor dif-
ferences among the sintered Ag/AgCl bioelectrodes may additionally arise from varia-
tions in geometry and surface microstructure [23].

For the Sn bioelectrodes (Figure 8e,f), the OCP stability was inferior to that of the
Ag/AgCl bioelectrodes, particularly for the Sn disc, as evidenced by the significantly
larger potential fluctuations, with the average OCPs in the range reported in the literature
under similar conditions [24]. The lower OCP stability of Sn bioelectrodes has also been
reported by Tallgren et al. [21]. It is caused by the gradual oxidation of Sn according to
reaction Equations (2) and (3) with the formation of a porous oxide film:

Sn+20H™ - Sn0 + H,0 + e~ (2)

Sn+ 40H™ - Sn0, 2H,0 + 4e~ (3
or the formation of an oxychloride Sn compounds, according to reaction Equation (4)
Sn+OH™ +ClI” + H,0 - SnOHCL.H,0 + 2e” 4)

The higher drift rate (5-25 uV/s) and lower reproducibility among bioelectrodes ob-
served in the OCP for the Sn/chloride systems may be attributed to the formation of a
blocking oxide film, followed by its permeation by the solution, or to the appearance of
localized corrosion spots on the bioelectrode surface, possibly related to the presence of
chloride. It is also important to note that the electrochemical behaviors of Sn ring and Sn
disc bioelectrodes are quite different, with the Sn disc bioelectrodes displaying a higher
OCP variability and offset than Sn ring bioelectrodes, Figure 8e,f. EDS analysis of the Sn
ring bioelectrodes revealed Pb, O, and Cl, which may correspond to the formation of Pb
oxychloride deposits. The micro-galvanic effect between Pb-rich phases (cathode) and the
surrounding Sn matrix (anode) may accelerate the oxidation of Sn and promote the for-
mation of a more stable mixed potential, less sensitive to tin oxide changes, which can
contribute to improved OCP stability. To note that the average OCP of the Sn-ring bioe-
lectrodes is more cathodic than the OCP of the S-disc, further supporting a mixed potential
mechanism on the electrochemical behavior of these bioelectrodes. Sn-based bioelectrodes
are straightforward to manufacture, exhibit sufficient mechanical durability to withstand
repeated cleaning cycles, and represent a cost-effective alternative to Ag/AgCl systems
[15].

The gold cup and stainless-steel needle bioelectrodes (Figures 8g,h) displayed signif-
icantly higher OCP drift rate and offset than the other bioelectrodes, reaching 20 uV/s for
gold and 100 uV/s for stainless-steel. This behavior is attributed to the absence of a pre-
dominant faradaic process at the bioelectrode/solution interface and to their lower effec-
tive interfacial area. Consequently, the interfacial potential is primarily governed by the
charging and discharging of the electrical double layer and slow adsorption/desorption
processes. In the case of stainless-steel, a compact, insulating, passive film forms on the
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Figure 8. OCP of the bioelectrodes: (a) Ag/AgCl pellet, (b) Ag/AgCl ring, (c) Ag/AgCl cup, (d) Mul-
tipin Ag/AgCl, (e) Sn ring, (f) Sn disc, (g) Gold cup, and (h) stainless steel needle bioelectrodes,
respectively. The black area represents the standard deviation for five bioelectrode samples.

3.3. Electrochemical Impedance Measurements

Electrochemical impedance spectroscopy (EIS) is a valuable technique for assessing
the suitability of metallic electrode materials for electrophysiological signal acquisition, as
it characterizes the electrical behavior of the electrode-conductive medium interface over
a broad frequency range. EIS provides information on the resistive, capacitive, and, in
some cases, inductive contributions to the impedance as a function of frequency. By fitting
the impedance spectra with appropriate equivalent electrical circuit (EEC) models, it is
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possible to associate the impedance response with electrochemical phenomena occurring
at the interface, such as charge-transfer resistance, double-layer capacitance, and diffu-
sion-related processes.

A high-quality bioelectrode for electrophysiological recordings should exhibit low
impedance, high capacitance, and low polarization. Indeed, a low charge-transfer re-
sistance reduces susceptibility to electromagnetic interference and motion artifacts, and a
high interfacial capacitance is also desirable since it reduces low-frequency impedance
and attenuates polarization-induced voltage fluctuations.

3.3.1. Ag/AgCl Based Bioelectrodes

The EIS spectra, presented as Bode diagrams for the Ag/AgCl-based bioelectrodes is
shown in Figure 9 and EECs used to fit the EIS data are shown in Figure 10, while the
fitting results are summarized in Table 3. Two types of EECs were proposed to describe
the Ag/AgCl-electrolyte interface, accounting for the different microstructures of the bi-
oelectrodes. In the Ag/AgCl pellet, cup, and disc bioelectrodes, the porous structure orig-
inates from the sintering of Ag/AgCl powders, whereas in the multipin bioelectrode it
results from the silver electroless plating and electrochemical chlorination of the Ag sur-
face (Figures 2 and 3) [25].

According to Figure 10, CPE: represents the capacitive behavior of the compact coat-
ing layer while the R2/CPE:z branch describes the resistive/capacitive behavior associated
with the Ag/AgCl interfacial reaction given by Equation (1), occurring at the innermost
surface. Ri corresponds to the resistance encountered by ions as they move through the
porous structure, and Rs represents the electrolyte resistance, Figure 10. The two EECs
differ in whether a diffusion-related element accounting for ion transport in the deeper
regions of the complex porous structure is included, depending on the bioelectrode archi-
tecture. Tjon et al. [26]and Polk et al. [20] proposed alternative EECs for the Ag/AgCl-
electrolyte interface; however, these EECs did not provide satisfactory fits to the present
experimental results, eventually because the AgCl coatings were produced by different
methods.

All Ag/AgCl bioelectrodes display low impedance values (100-300 Q-cm?) and a rel-
atively smooth phase response in the low-frequency region, both of which are indications
of a good bioelectrode performance, Figure 9. The presence of a diffusion-related element
in the pellet and multipin bioelectrodes, Table 3, indicates limitations in ionic transport at
the electrode—electrolyte interface, likely associated with deep, narrow pores, Figures 2
and 3.

The multipin architecture is specifically designed to penetrate the hair layer and es-
tablish stable contact with the scalp. The core of the bioelectrode is composed of flexible
thermoplastic polyurethane (TPU) coated with an electrochemically formed AgCl layer.
This bioelectrode exhibits a capacitance approximately 30 times higher than that of the
sintered bioelectrodes (Table 3), which may be attributed to the surface microstructure
and pseudo-Faradic processes. This high charge-storage capacity will “absorb” small po-
tential variations, contributing to bioelectrode stability. The CPE exponent (“n”) values,
ranging from 0.7 to 0.8, indicate non-ideal capacitive behavior associated with significant
interfacial heterogeneity, roughness, porosity, and distributed electrochemical time con-
stants.
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Figure 9. EIS spectra in the form of Bode diagrams for (a) Ag/AgCl pellet, (b) Ag/AgCl ring, (c)
Ag/AgCl cup, and (d) Ag/AgCl multipin bioelectrodes (scattered —experimental data, straight
line —fitted data, l — |ZI, and [] —phase angle).

(a) Electrolyte Electrolyte

(b)

Electrolyte ; Electrolyte

Figure 10. Schematic representation of the bioelectrode/electrolyte interface and corresponding
EECs for the (a) pellet and multipin Ag/AgCl bioelectrodes, and (b) ring and cup Ag/AgCl bioelec-

trodes.
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Table 3. Electrochemical parameters obtained from the proposed EECs for Ag/AgCl based bioelec-

trodes.
R1 R CPE: CPE2 Ws-R
(Qcm?) (Qcm?) (x10°Ss"cm?) <10°Ssrem?) T (Qemd) WeT WP ha
Ag/AgCl pellet 19.18 61.02 1.01 0.79 4.07 0.72 81.30 53.40 051 <102
Ag/AgClring 183.02 510.01 1.26 0.74 8.66 0.69 - - - <1072
Ag/AgCl cup 139.61 411.00 1.58 0.74 3.37 0.80 - - - <1072
Ag/AgCl multipin  136.60 138.50 29.95 0.73 15.81 0.74 107.86 136.60 0.55 <103

3.3.2. Sn, Gold and Stainless-Steel Bioelectrodes

Although stainless-steel needle (invasive) bioelectrodes and surface (non-invasive)
bioelectrodes are both used for bioelectrical signal acquisition, their fundamentally differ-
ent interfaces (invasive vs. non-invasive) introduce differences in impedance, spatial se-
lectivity, and signal transmission pathways. Therefore, the comparison presented in this
study should be interpreted with consideration of these methodological differences.

The EIS spectra in the form of Bode diagrams for Sn, gold, and stainless-steel bioe-
lectrodes in contact with saline solutions are reported in Figure 11, together with the EECs
used to fit the date reported in Figure 12. The optimized EECs parameters are reported in
Table 4.

According to Figure 12, CPE: corresponds to the capacitive behavior of the metal in-
terface (gold), or to the non-porous areas of the oxides (Sn and stainless-steel), CPEz/R2
represents the capacitive and resistive behavior of the Faradic processes occurring within
the pores, and R: corresponds to the electrolyte resistance within the pores in Sn bioelec-
trodes. The resistance values Ri and Rz are clearly higher than those for the Ag/AgCl-
based bioelectrodes, which may be related to deeper/narrower pores (Ri) and a higher
resistance to charge transfer (Rz).
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Figure 11. EIS spectra in the form of Bode diagrams for (a) Sn ring, (b) Sn disc, (c) gold cup, and (d)
stainless-steel needle bioelectrodes together with the respective EECs used for fitting the experi-

mental data (scattered —experimental data, straight line—fitted data , l — |Z!, and [] —phase an-
gle).
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Figure 12. Schematic representation of the bioelectrode/electrolyte interface and corresponding

EECs for the Sn ring, Sn cup, gold, and stainless-steel needle bioelectrodes.

Table 4. Electrochemical parameters obtained from the proposed EECs for Sn, Gold, and Stainless-

steel bioelectrodes.

R1 (x103Q cm?) R2 (x10° Q cm?) CPE1 (x105Ss"cm?) ni1 CPE:(x10°Ss"cm™?) n2 X2

Sn ring
Sn disc
Gold cup
Stainless-steel needle

1.75 1.16 1.11 0.80 3.17 0.81 <1073
108.26 21.52 0.19 0.81 0.18 0.84 <103
6.11 1.63 3.85 0.80 3.67 0.75 <1073
638.48 — 1.74 0.86 - - <10

Furthermore, the presence of Pb in the Sn ring bioelectrode fundamentally influences
its corrosion kinetics by creating microgalvanic cells within the metal matrix, as stated in
Section 3.2. Because Pb and Sn have slightly different standard bioelectrode potentials, Pb
tends to act as a cathode, while the surrounding Sn matrix functions as an anode and
undergoes preferential dissolution (see Figure 4). This internal galvanic interaction accel-
erates the overall degradation of the bioelectrode in Cl-rich saline environments, resulting
in higher corrosion current densities than in pure Sn.

In an EIS profile, this behavior typically manifests as a decrease in charge-transfer
resistance (R, Table 4), indicating that the electrochemical reactions at the interface occur
more rapidly [27]. On the other hand, Pb-rich phases disrupt the natural passive oxide
film (SnO/SnO2) that typically protects Sn surfaces [28]. These disruptions create structural
discontinuities in the protective layer, which serve as entry points for aggressive chloride
ions, allowing active corrosion to initiate. Unlike the uniform passive layer found on pure
Sn, the corrosion products formed in the presence of Pb are often more porous and less
stable, preventing the bioelectrode from maintaining a high-resistance barrier.
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The EIS behavior of the gold cup bioelectrode is best described by the proposed hi-
erarchical EEC because microscopic defects in the gold coating expose the underlying sil-
ver substrate, Figure 12, creating a dual-layer interface where both materials contribute to
the overall electrochemical response.

The stainless-steel needle bioelectrode is fitted with a significantly simpler EEC,
known as a modified Randles circuit, where an Rs is in series with a pair Ri//CPE;, Figure
12. A single loop where the current splits between a resistive path (R:) and a capacitive
path (CPE1). The physical significance of this EEC indicates that the stainless-steel needle
forms a much more uniform protective film on the bioelectrode surface, lacking the multi-
layered or deep-pore complexity that requires a nested EEC.

All in all, the Ag/AgCl-based bioelectrodes display resistance values two orders of
magnitude lower and capacitance values two orders of magnitude higher than their Sn,
gold, and stainless-steel counterparts, both of which contribute to better signal-recording
performance, especially in the DC and low-frequency range.

3.4. Electrochemical Noise Measurements

The electrochemical reactions and adsorption phenomena at the bioelectrode—elec-
trolyte interface produce fluctuations in the interfacial potential, generating electrical
noise that can interfere with the accurate recording of electrophysiological signals. The
electrochemical noise (ECN) technique is based on the analysis of small (uV range) voltage
and/or current fluctuations recorded in open circuit conditions [29].

The average RMS noise values recorded for three couples of each bioelectrode type
are plotted in Figure 13. The “Gamry short” represents the noise measured when the
equipment’s terminals are short-circuited. It can be concluded that the Ag/AgCl bioelec-
trode types exhibit the lowest noise levels (5-12 puV). No statistical differences were de-
tected between the “Gamry short” and the Ag/AgCl bioelectrodes ECN, according to the
one-way ANOVA test (p > 0.05). The Sn, gold, and stainless-steel bioelectrodes display
noise values 1-2 orders of magnitude higher, with the Sn bioelectrodes displaying the
highest values, 306 uV and 637 uV, and the gold cup, and stainless-steel needle bioelec-
trodes displaying average noise values of 198 pV and 311 uV, respectively. No statistical
differences were perceived between the ECN of these electrodes (p > 0.05). On the other
hand, significant differences were found among the Ag/AgCl group and the Sn, gold,
stainless-steel groups (p < 0.05).

1000

100

Vims)

n

ns

Noise (

Figure 13. RMS values of ECN for three couples of each bioelectrode type. The bars represent the
standard deviation. Statistical significance was assessed using one-way ANOVA test: asterisk and

“no significance” (ns) indicate statistical significance (*: p < 0.05 and ns: p > 0.05, respectively).

The same ECN results are presented in the frequency domain as Power Spectral Den-
sities (PSD) in Figure 14. All PSD curves display the same shape, characterized by a low,
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constant noise of 10-3-10-> V2/Hz from 10 Hz-100 Hz, followed by an increase of noise
according with a 1/f« function [6,7] for frequencies below ~10 Hz. The higher ECN ob-
served for the Sn, gold, and stainless-steel bioelectrodes is consistent with the higher OCP
variability and drift rate of these bioelectrodes and the EIS results, as noise has been
shown to increase with electrochemical potential instability and interfacial impedance
[29,30]. The results confirm that the Ag/AgCl bioelectrodes exhibit the lowest PSD in the
<10 Hz region, making them the most suitable for low-frequency and DC recording of
electrophysiological signals.

However, the excellent performance of Ag/AgCl electrodes cannot be attributed to
the Ag/AgCl equilibrium solely. Although the excellent reversibility and high exchange
current of Ag/AgCl redox couple plays a fundamental role in stabilizing the interfacial
potential and reducing drift, the bioelectrode microstructure is also important. Surface
roughness and porosity increase the electrochemically active area, leading to a higher in-
terfacial capacitance, lower impedance, and reduced total current. All in all, the overall
performance of Ag/AgCl electrodes arises from the interplay between the intrinsic elec-
trochemical properties of the Ag/AgCl equilibrium and the structural characteristics of
the bioelectrode, including roughness, porosity, and effective surface area.

It is also important to note that a 15-min recording duration enables reliable assess-
ment of electrode stability at frequencies down to approximately 0.01 Hz (100 s per cycle),
which corresponds to the lowest frequency represented in the spectra. This frequency
range encompasses most conventional EEG and DC-EEG recordings. However, the char-
acterization of ultra-slow phenomena, such as the slowest cortical potential and long-term
electrode drift, would require longer ECN acquisition times.
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Figure 14. Power Spectral density as a function of frequency (Hz) of the bioelectrode couples: (a)
Ag/AgCl pellets, (b) Ag/AgCl ring, (c) Ag/AgCl cup, (d) Ag/AgCl multipin, (e) Sn ring, (f) Sn disc,
(g) gold cup, and (h) Stainless steel needle.
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4. Conclusions

The electrochemical behavior of eight commercially available bioelectrodes for elec-
trophysiological recordings was evaluated in isotonic saline solution using OCP, EIS, and
ECN measurements, complemented with SEM/EDS analysis. The results demonstrated
that the electrochemical performance of the bioelectrodes is strongly dependent on the
nature of the bioelectrode/electrolyte interface, particularly the interfacial electrochemical
reactions, surface morphology, and oxide film characteristics.

Ag/AgCl-based bioelectrodes exhibited the best overall electrochemical performance,
characterized by excellent OCP stability, low interfacial impedance, high capacitance val-
ues, and low ECN, particularly at low frequencies.

Sintered Ag/AgCl bioelectrodes, particularly the pellet and ring configurations, dis-
played the lowest noise levels and the most stable low-frequency behavior, making them
especially suitable for the accurate recording of low-amplitude and low-frequency bio-
signals.

In contrast, Sn, gold, and stainless-steel bioelectrodes presented higher impedance,
larger potential drift, and significantly increased low-frequency noise. Their electrochem-
ical behavior was dominated by passive oxide films, slower charge-transfer kinetics, and
interfacial heterogeneity, which compromise signal stability and increase susceptibility to
baseline fluctuations. The stainless-steel needle bioelectrode exhibited highly capacitive
behavior associated with a compact passive film, while Sn bioelectrodes showed evidence
of unstable oxide formation and corrosion processes.

Overall, from the point of view of the bioelectrode/isotonic solution interface, and
excluding the influence of the skin contact, the results confirm that Ag/AgCl bioelectrodes
remain the most suitable choice for high-fidelity electrophysiological recordings with wet
and semi-dry electrodes, particularly in applications requiring low noise, stable DC be-
havior, and accurate acquisition of low-frequency physiological signals.
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Abbreviations

The following abbreviations are used in this manuscript:

BSE Back-scattered electrons
ECG Electrocardiography
ECN Electrochemical noise
EDS Energy-dispersive X-ray spectroscopy
EEC Equivalent electrical circuit
EEG Electroencephalography
EIS Electrical Impedance Spectroscopy
EMG Electromyography
EOG Electrooculography
OCP Open Circuit Potential
PSD Power Spectral Density
RMS Root-Mean-Square
SE Secondary electrons
SEM Scanning Electron Microscopy
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