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Preface
Dear reader,

This journey started over a year ago—actually, it started a lifetime ago. So many dreams and goals that were set
then came to fruition while working on this MSc Thesis. However, the events that have transpired in the last year
have been vital in throwing challenges down my way and making me grow as I overcame them. Both personal and
professional, what was achieved - also beyond these pages - has left a profound mark on me.

I recall how mid-way through this project; I realized that the lifelong dream of dedicating myself to science and
research could already be checked off the list. But, in my effort to constantly do what I do with purpose and meaning,
I set myself three objectives that I wished to accomplish by the end of my journey. They have been my daily compass
and unwavering support when the storm approached.

Somos enanos a hombros de gigantes.

1. Be helpful to others. Whatever you do is for nought if the sole beneficiary is yourself. We are nothing without
those who preceded us. Our responsibility with them is to keep the effort moving forward. As my first chance
to contribute, my actions were inspired by the potential benefit they could bring to those around me.

Sólo se conoce lo que se ama, y sólo se ama lo que se conoce.
2. It would be trivial to say I entered this journey wanting to learn something new. What is not trivial is facing

the daily challenge with passion and excitement for new horizons. To learn is to grow, but to really learn,
one must do so with love for their learning. Thus, the difference boils down to the attitude with which we face
our learning journey and our life. Love what you do, and it will do you well.

Pon en tu vida todo aquello que te traiga Verdad, Belleza, Valor y Bondad.
3. When things are done well, they naturally bring one closer to these four virtues. This is especially true when

actions are guided by the previous two objectives and not by the simple wish to attain virtue. Kept close to my
heart, VBVB is why I wish my work to excel. Although grading matters, it matters less than creating work
that resonates with my values. When the latter is accomplished, truth, beauty, value and kindness naturally
elevate oneself and its work. This is, in my view, the key to lifelong success.

Only time will tell if what was set as a goal is achieved, but I feel good about this because of everyone who came
along for the ride making an impact. They gave me the strength, courage, and passion to pursue what I pursue and
how I pursue it. I would really like to appreciate the support by extending my thanks to:

• My supervisors, Vasso and Josh, this project would not have existed without your insight. You gave me real
examples of what it means to dedicate your life to science and to others. Thank you for always keeping it up.

• The whole TBE and IZM team. You gave me the space to try and fail while pushing me to be better and making
me grow. Having developed a sense of belonging, I am sure I could not have accomplished my objectives
without you. Thank you for welcoming me into your family.

• Reals, Jumbo, Lunchdate & Berlin friends, and Gilipaeles. This chapter of my life could be summarised in
two: electrodes and you. I would be lost without you. The fun would be lost. The memories would not be worth
remembering. The purpose and meaning behind this would be halved at best. I love you all to bits. I can only
hope for a life filled with you and everything that follows. Thank you for all the many things.

• Dad and Mom, everything I do is only possible because of your support. You are the true giants, and a son
can only dream of raising the bar even higher. Thank you once again.

• Those I lost while carrying out this project: Abuela, Nena and Colly. Your love and advice have gone wherever
I have since your departure. Wherever you are, this success is as much yours as it is mine. Thank you.

• Paula, words aren’t needed to express what we both know: that I love you and that the thought of carrying out
this monumental task without your support belongs in the realm of dreams. Thank you for being a part of this.

With my heart settled on the work done and my eyes locked on the horizon,
Pablo de Anta Dardagan

Madrid, April 2024
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I Abstract
Characterizing electrodes for neural interfaces is an
essential step of the prototyping and manufacturing
process. Sample performance can be modelled
by conducting electrochemical measurements
such as Electrochemical Impedance Spectroscopy,
Cyclic Voltammetry, Voltage Transients and Noise
characterization, providing insights for future use
scenarios. However, parameters, techniques, and
scientific reporting of results often fall short of a
complete characterization and do not adhere to
any standard. A platform for accurate, reliable,
and standardized electrode characterization was
conceived to overcome these obstacles. It allows
complete electrochemical characterization while
providing a modular 3D-printed solution to securing
the electrodes above the beaker. Additional param-
eters, such as electromagnetic isolation and control
of the medium, are also accounted for. A complete
characterization study of ENEPIG electrodes was
carried out to validate the setup. Manufactured as
circuit boards, not electrodes, several aspects of
their electrochemical performance were lacking -
mainly their survivability to the stress applied by
the tests carried out. Testing parameters had to
be determined to minimize structural damage while
maximizing performance, akin to what would be
desirable in a clinical setting. Sensing characteriza-
tion experiments identified a double-layer electrode
structure and revealed that smaller electrodes
exhibit capacitive behaviour in bandwidths one
order of magnitude wider than larger ones. Stimula-
tion characterization experiments ascertained that
charge surface distribution would predominantly
accumulate along the perimeter of the electrode. In
conjunction with surface characterization, results
indicate the flat surface of the electrodes prevents
charge from being stored and injected optimally. Ul-
timately, the performance of the ENEPIG electrodes
was measured with the injection-to-storage ratio at
10%, significantly inferior to other Au electrodes
reported in the literature and utilized in vivo. As re-
sults accurately represented the sample population,
characterization was deemed successful - validating
the experimentation setup developed for this project.

II Introduction
According to the Global Burden of Disease study, there
were nearly 10 million deaths related to neurological dis-
orders in 2019, costing 210 million disability-adjusted life
years (DALYs) and showing a significant increase com-
pared to data from 1990 [1, 2]. Two approaches exist to
address this: pharmaceutical and bioelectronic solutions.

Although pharmaceuticals have been used for over a cen-
tury, they are known for provoking undesired effects and
lacking specificity [3, 4, 5, 6, 7]. Meanwhile, bioelectron-
ics aims to close this gap by having significantly fewer
side effects and high site-specificity at the cost of inva-
siveness [8, 9].

Neural interfaces are bioelectronic devices that can
read changes in neural activity and modulate it through
their active elements. Using these two modes, they can
effectively record neural activity and provide therapy by
activating or inhibiting neural networks - in a process
known as neuromodulation [8]. Most neural interfaces
interact with neural tissue in the electrical domain. This
is achieved via electrodes implemented using various
materials (usually metals, although some other materials
such as conductive polymers are possible), which act
as electrochemical transducers [10]. Changes in the
chemical environment of an electrode may be reflected
in the electrical domain and vice-versa. Their ability
to perform this transduction determines how well they
can record neural signals or safely inject charge to elicit
a neural response [11, 12]. As neurological disease
challenges are met with active efforts to create better
neural interfaces, improving electrode performance is at
the centre of the efforts of the scientific community.

Before in vivo use, the quality of the electrode must
be characterized. That is to say, figures of merit indica-
tive of required performance criteria must be selected and
measured. For characterization to be valid, it must be
performed accurately, reflecting the use case and suffi-
ciently reproducible to enable broad comparison between
a range of samples measured in different laboratories
[13, 14]. There are many challenges to achieving such
tests, including equipment accuracy, test sample design
and selecting test parameters [11, 15]. Comprehending
and overcoming these challenges is the basis of perform-
ing a correct sample characterization.

When reading through literature (both old and new),
there is no consensus around electrode characterization
for neural implants. Precisely because of the challenge
in trying to unify characterization practices, several
guideline-type papers for adequate electrode charac-
terization have been published, with notable examples
from Cogan et al. in 2008 and Boehler et al. in 2022
[10, 11, 13, 15, 16, 17]. Despite these efforts, factors
such as different measurement setups, a vast range
of test parameters, and poor scientific reporting have
prevented electrochemical electrode characterization
from reaching any standard. Even some of the most
reported metrics, like the Impedance value at 1 kHz (Z
@ 1 kHz), are under heavy scrutiny due to the limited
information they provide [13]. Thus, there is still a strong
need to establish good characterization practices and
how they should be performed.

Inspired by the above, we developed a testing plat-
form for standardized and reliable electrode characteri-
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zation tailored to neural interfaces. It features modules
to perform electrochemical impedance spectroscopy
(EIS), cyclic voltammetry (CV), voltage transients (VTs)
and noise measurements in phosphate-buffered saline
(PBS) solution at a controlled temperature. It can extract
parameters such as electrode impedance (Z), charge
storage capacity (CSC), and charge injection capacity
(CIC). It was designed following the guidelines pro-
posed by relevant literature, [11, 13, 15] and then tested
by characterizing printed circuit board (PCB) electroless
nickel electroless palladium immersion gold (ENEPIG)
electrode samples of different sizes. These samples
were manufactured as regular PCBs, not meant to be
used as electrodes. Because of this, aspects such as
manufacturing reliability, survivability or electrochemical
performance do not match those of commonly used elec-
trode materials. This non-ideal behaviour was also used
to test the integrity and validity of the setup itself, as tests
should reflect sample-type peculiarities while still exhibit-
ing shared trends. Data plotting and analysis steps were
also included to further look into the behaviour trends
of these unusual electrodes and determine if the setup
measurements accurately represented the samples.

III Methods
A summary of all the characterization tests carried out in
this project can be found in Figure 1.

1. Electrode Characterization Setup
A dedicated setup was built to characterize electrodes in
a repeatable configuration, replacing the previous unre-
liable and troublesome setup (Appendix C.1). Repeata-
bility matters to ensure reliable characterization results
that can be compared across our measurements and is a
necessary step for developing a standardized character-
ization method. Additionally, comparing measurements
to literature was a priority, which demanded control of:

• Electromagnetic isolation. Electrochemical mea-
surements are susceptible to interference by exter-
nal electromagnetic sources [18]. Specifically, 50
Hz power line interference (PLI) was an issue due to
other equipment near the setup being used [19, 20].
The setup was efficiently isolated using a grounded
Faraday cage, removing external interferences.

• Testing medium. The condition of the medium di-
rectly influences the kinematics of the electrochem-
ical reactions occurring. Thus, it must achieve con-
ditions similar to in vivo environments and do so re-
liably. Several parameters influence the medium:

◦ Medium Temperature. As the human body
has a rather constant temperature of 37° C
[21], testing conditions mimic this by employ-
ing a thermostat heating up a double-glass

walled beaker and a thermometer immersed
in the testing medium.

◦ Medium concentration and pH play a very
large role in determining reaction kinematics
[22]. PBS solution is recommended because
even if the specific in vivo electrolyte is not
replicated, the ionic composition and conduc-
tivity are sufficiently close to provide accurate
and reproducible measurement data [11, 13].
Carl-Roth ROTI©Fair PBS 7.4 (pH of 7.4, 0.1
M ) dissolving tablets were used.

◦ O2 degassing. Otherwise known as sparging,
an inert gas (N2) is bubbled through a liquid
(PBS) to remove a reactive species (O2) it con-
tains [23, 24, 25]. Sparging O2 for electrode
characterization matters because tissue con-
centration of O2 is lower than in PBS at ambi-
ent conditions [13, 26]. Accurate characteriza-
tion should account for it by sparging O2.

Figure 2 encompasses all the components used in the
setup, including a thermostat with a double-glass walled
beaker, a N2 probe for sparging O2, a custommodular 3D-
printed electrode holder and a Faraday cage with ports
for all the connections. Several 3D-printed pieces were
designed to adapt to different sample types and use sce-
narios, building on the modular design. Schematics are
in Appendix C, from C.11 to C.27.

To ensure the setup was prepared in a standard, safe
and efficient manner, the electrode characterization test-
ing platform protocol was written and followed for all the
experiments in this thesis (Appendix E.1). It is also in-
tended to guide future users and ensure their measure-
ments are reliable.

Before testing for data acquisition, the Solartron
Modulab XM+ was calibrated. The test cell with an
ideal electrode circuit (Appendix C.5) was connected
to both the Modulab XM+ and a separate impedance
analyzer (Keyence Insight). EIS tests were performed on
both instruments, maximizing their respective frequency
ranges: 0.1 to 100 kHz for the Modulab XM+ and 20
to 100 kHz for the Keyence. The test cell circuit was
modelled in LT Spice, and its EIS was simulated.

Additional test parameters on how each electrode
type can be most accurately characterized were deter-
mined before data acquisition.

The ultimate goal of characterization is to predict the
performance of an electrode in its final setting (often clin-
ical, in vivo). Therefore, in vitro testing parameters must
reflect that too. To optimize performance, electrode types
are operated within their Water Window (WW), and they
should be characterized and compared accordingly. The
WW is defined as the voltage range where water electrol-
ysis does not occur for a particular electrode type. It is
used to define a voltage window for the safe operation of
the electrode (within the WW bounds). It was determined
according to the indications fromBoehler et al. [13]. Each
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Figure 1: Summary figure of the main characterization tests carried out in this thesis. Surface Characterization concerns evaluating the
surface of the electrode through imaging techniques. Sensing Characterization aims to define the capabilities of an electrode to detect field
oscillation in its environment. Noise Characterization applies to both the measurement setup and samples, as they should have their basal

noise level measured. Stimulation Characterization studies the capabilities of an electrode to store & inject charge.

bound of the WW needs individual testing, so two cyclic
voltammogramswere needed. In a single voltammogram,
the sample was driven from 0 V to ± 1.5 V, past the
required voltage to hydrolyze water molecules, driving
an irreversible reaction. By observing when this reac-
tion shows in the voltammogram as a peak [17, 27, 28],
the maximum bound value for the safe operation of the
electrode was determined. Ideally, reactions happen re-
versibly when an electrode operates within its WW, so its
electrochemical structural integrity should remain intact
[11, 17, 29, 30]. This is important both for characteriza-
tion purposes and biocompatibility issues.

VT tests aim to determine the maximum charge in-
jected safely by an electrode. A charge-balanced bipha-
sic pulse is applied through a current stimulator PCB, and
the maximum polarization reached, either at the cathodic
or anodic ends, is determined [31]. The asymmetry ratio
between the currents for the cathodic and anodic pulses
is a crucial parameter determining how much charge is
injected. Depending on the type of electrode tested, Co-

gan et al. proved it is possible to maximize the charge
injected safely by an electrode by tweaking the asymme-
try ratio of the pulses [32, 33, 34]. Ratios of 1:1, 1:2,
1:4 and 1:8 were tested while keeping the pulses charge-
balanced and within the WW of the electrode. The max-
imum injected current was compared for each ratio and
which WW bound (cathodic or anodic) was first reached.
Acquiring data from VT tests was then conducted using
the chosen ratio to compare CIC results.

Electrochemical noise characterization was achieved
by measuring the noise signal of each category. The
noise signal introduced by samples or instruments was
characterized by its power spectrum density (PSD) and
its root mean square voltage (V RMS). The PSD of a noise
signal indicates the power of the noise signal across the
frequency spectrum it is used in [35], while the V RMS of
a noise signal (AC) gives an estimate of the equivalent
voltage in DC that is required to produce the same power
effect [36].
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To measure the noise a sample introduces, it is nec-
essary to know the noise contributions of the rest of the
setup: the measurement instrument, the reference elec-
trode used during testing and common equipment such
as cables, adapters or ports. The following 3-step noise
characterization method described by Gabran et al. was
followed [37].

1. Instrumentation Noise. Defined as V ni, by short-
circuiting the front end of the amplifier, the noise
voltage of the instrumentation can be recorded.

2. Reference System Noise. Defined as V rsn, it is
measured by employing two identical reference
electrodes. Two Pt flag foil electrodes were man-
ufactured in-house, with a total active surface
area of 1.2x1.2 cm. Figure C.10 shows images
of the manufacturing electrodes. Due to their
large active area and identical build, the noise
contributions of each Pt electrode (V np) should
be the same. Following Equation 1, the individual
noise contributions of one reference electrode can
be determined.

3. Microelectrode System Noise. Defined as V msn,
it is the total noise sum of the instrumentation noise
V ni, the contribution of a single reference electrode
V np and the noise contribution of themicroelectrode
of interest (V nµ). Thus, following Equation 2, it is
possible to characterize the noise signal of a sam-
ple electrode by identifying all the individual contri-
butions in the measurement of the system.

V rsn = V ni + 2V np (1)

V msn = V ni + V np + V nµ (2)
Once steps 1. and 2. were performed, different

electrode samples were characterized in a single mea-
surement. Swapping the microelectrode sample tested
in step 3. does not affect prior results for V ni and V np, as
noise contributions are independent [37, 38].

2. Sample Design and Manufacturing
To test and validate the characterization setup, a batch
of 15 sample PCBs with ENEPIG openings of different
sizes was ordered from Würth Elektronik. Of the 15 sam-
ples, two had their openings destroyed during manufac-
turing; five were used to determine testing parameters
before the sample study; seven were characterized with
EIS, CV and VT testing, and one sample was used for
noise characterization. The six circular opening sizes
were designed to go from the smallest diameter possi-
ble for the tooling employed (200 µm) to 900 µm - diame-
ters larger than 1mm would not be considered microelec-
trodes. Opening diameters were evenly spaced out in the
log scale between these two openings. The total progres-
sion of theoretical opening sizes was set to be 200, 270,

370, 500, 670 and 900 µm. The Gerber file design used
in manufacturing the samples is in Appendix D.1.

As PCBs, openings were manufactured to be used as
soldering pads, not electrodes. Thus, ENEPIG was the
only available material for the openings, which is consid-
ered a gold-standard material to solder on. ENEPIG con-
tacts consist of three thin metal layers stacked on one
another on top of a substrate with Cu wiring. Standard
ENEPIG plating starts at the bottom Ni layer (3 - 6 µm
thick), followed by the Pd mid layer (0.05 - 0.30 µm thick)
and finished with a Au layer as its surface finish (≈0.30
µm thick) [39, 40, 41]. Regardless of their thin profile, they
are regarded as strong contacts for soldering and wire
bonding partly due to their flat surface profile [42, 43, 44].

3. Surface Characterization
Circular openings with different diameters were designed
for the electrodes, leading to different geometric surface
areas (GSA). Although the GSA for the electrodes
should be the same for each size category, various fab-
rication techniques and variations within each process
made their opening sizes different. Optical microscopy
was performed on all samples to determine their opening
size and establish their estimated surface area (ESA).
The ESA value for each sample then replaced their GSA
when producing characterization results dependent on
the opening area [11, 13].

Additional surface characterization was performed us-
ing a Leica DC8 Interferometer. Both confocal and inter-
ferometry imaging were carried out to study the surface
topology of electrodes before and after their electrochem-
ical characterization. Blue light was used, with selected
intensities between 10% and 11%.

4. Electrochemical Characterization
Three electrochemical measurements (ECM) were
performed for each sample microelectrode: EIS, CV and
VTs. To best simulate the human internal environment
[11, 13, 15], tests were carried out in PBS at 37º C. For
EIS and CV, a three-electrode setup is needed. The
setup is comprised of the sample working electrode
(WE), an in-house built large Pt foil flag counter elec-
trode (CE) for minimum impedance contribution, and a
glassy-carbon tube Ag/AgCl reference electrode (RE)
from Mettler Toledo. The three electrodes, held in place
by the electrode holder, can be seen in Figure 2E and
Appendix C.15. VTs only require a WE and a CE, as the
oscilloscope provides the reference (Figure 2B).

EIS tests measured impedance changes across the
WE-CE pair against the RE using the Modulab XM+ ECS
testing platform by Ametek, with its proprietary Femto Am-
meter module (Fig. 2A). Frequency sweeps were set to
the whole bandwidth of the instrument (0.1 Hz to 100
kHz), with a V RMS of 10 mV at each point, considered a
standard value for this test [13, 45, 46]. A total of 20 points
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per decade were measured and spaced evenly on the fre-
quency log scale. Tests were repeated thrice, and results
were later averaged for each studied sample. It allowed
us to gain statistical information on the possible measure-
ment variations in absolute impedance and phase angle
(|Z| and θ) for a single sample.

EIS results were then plotted as Bode plots with the
average values and deviation spectrum using a dedicated
Matlab code (Appendix B.1). Their Z @ 1 kHz and cutoff
frequency (f cutoff) were extracted as figures of merit, as
they are considered standard metrics to report EIS tests -
yet also criticized for misuse [13, 47, 48, 49]. Additionally,
the real and imaginary components of |Z| (ReZ and ImZ)
were plotted in Nyquist plots. Analysis of features in these
graphs, such as maxima, minima and slopes, led to ex-
tracting values for their equivalent circuit components -
further details on the method used can be found under
Appendix D.12. Circuit models were built from these com-
ponents, closely following relevant literature on the topic
[16, 50, 51, 52, 53, 54, 55].

CV measures the current output between the WE-CE
pair as a sweeping voltage is applied using the Modulab
XM+ ECS (Femto Ammeter module, Ametek) (Fig 2A).
The WW determined the cycle bounds, which were previ-
ously measured (Fig 3C & D). Cycle after cycle, the sur-
face of the electrode activates until theoretically settling in
a stable cycle path [17, 56]. As this cycle is employed for
extracting figures of merit to characterize the sample, cri-
teria for stability need to be established. A Matlab code
was written to analyze the difference between the mini-
mum and maximum values between each pair of consec-
utive cycles in a CV (this and the entire CV Matlab code
may be found in Appendix B.4). For a cycle to be deemed
stable, the selected difference between the minima and
maxima must be less than 0.5% of the previous values.

Each sample was also tested with three different scan
rates: 50 mV/s, 200 mV/s and 500 mV/s. When a sam-
ple electrode is swept at a slower rate, it is more able
to recruit structures in its surface with lower exposure to
the medium, as chemical species have a longer time to
interact at the interface of the electrode [13, 28, 57, 58].
Employing several rates is helpful to gain information on
the surface features of a sample and whether its perfor-
mance varies according to the stimulation protocol em-
ployed [11, 28, 29, 30].

The stable cycle at each scan rate for every sample
is then used to obtain the charge storage capacity
(CSC, [mC/cm2]) of the electrode. The total charge
stored in that cycle is determined by integrating the
area enclosed by the CV curve. As charge is especially
relevant to electrodes employed under stimulation pro-
tocols, the cathodic contribution may be prioritized over
other charge metrics [11, 13, 17]. Hence, the cathodic
charge storage capacity (CSCcath, [mC/cm2]) can also
be calculated by taking the integral of only the cathodic
section of the curve (negative current in our convention).

Besides charge quantification, current density peaks
were evaluated to study EC reactions happening at the
interface [17, 27, 59, 60]. The voltages at which reaction
peaks occur (V r) were used to identify the reactions. In
contrast, their width was used to assess the kinetics of
the electrochemical species during the EC process.

To quantify the injected charge in a VT test, the
maximum CIC achieved while ensuring safe stimulation
(within WW bounds) was determined by measuring the
access voltage (V a) using a custom PCB and a Tektronix
MDO34 oscilloscope. The PCB is an improvement on
another previous PCB for a voltage-controlled current
source (VCCS) [61, 62], adding better signal stability,
portability, and tuning capabilities to accommodate
samples with a more extensive range of impedances.
The diagram of this PCB may be found in Appendix C.30
and C.31. Controlled via Python code (Appendix B.5),
the arbitrary function generator (AFG) of the MDO34
sent biphasic voltage pulses to the VCCS PCB. The
VCCS PCB then delivered the same pulse profile to
the WE-CE pair but as a current pulse. Parameters
were set in-code, with a cathodic lead pulse, a pulse
asymmetry ratio of 1:4, a cathodic pulse duration of
200 µs and an interphase delay of 20 µs being kept
constant for all tests. These parameter values have
become standard for VT characterization practices as
they represent standard clinical electrode stimulation
protocols [11, 33, 34, 63, 64, 65, 66, 67].

V a is defined as the immediate shift in voltage ob-
served in an electrode as a current pulse is applied. It is
a result of the ohmic drop resistance (Ri) of the electrode,
expressed in Equation 3 [11]. VTs were carried out by
increasing the current pulse amplitude until V a reached
the value of either the cathodic or anodic WW bound (fur-
ther information on the actual procedure followed may be
found in Appendix E.1) [13, 68].

V a = ic ∗Ri (3)

Determining whether V a had reached its safe max-
imum was achieved by inspecting the output transient
with the measurement tools of the oscilloscope [69, 70].
The same measurement procedure, described in the
Electrode Characterization Protocol (Appendix E.1), was
followed for all tests to ensure data was comparable
despite the manual procedure. Then, data was exported
with the Python code and further analyzed with a com-
plementary Matlab code (Appendix B.6) where the CIC
of the electrode was calculated as in Equation 4.

CIC = (ipulse ∗ tpulse)/ESA = Qinj/ESA (4)

The charge injected (Qinj, [mC]), calculated by multi-
plying the current pulse amplitude reached by the pulse
time, was divided by the ESA, resulting in charge injec-
tion capacity per unit area [mC/cm2].
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Figure 2: Electrode Characterization setups used for the different tests conducted in this thesis. Pictures of the complete set of required
equipment are found in Appendix C, from C.2 to C.9. Common elements include the thermostat and double-glass walled beaker for temperature
control, a N2 probe for O2 sparging of the medium, a Faraday cage for electromagnetic isolation, the PBS medium with a pH of 7.4 and the

computer for data acquisition. A - Electrode Characterization setup diagram used with the Modulab XM+ testing platform to perform EIS and CV
tests. A three-electrode setup comprised of a WE, CE and RE is needed. B - Electrode Characterization setup diagram used with the MOD34
Oscilloscope and the voltage-controlled current source (VCCS) PCB to perform VT tests. The MDO34 receives signal data from the computer
and then relays it with its arbitrary function generator output to the VCCS PCB. A WE and CE are needed, while the MDO34 provides the

reference. C - Electrode Characterization setup diagram used with the Amplifier+ADC pair to perform noise characterization tests. The diagram
shows the second step of noise characterization, where the reference system noise is measured. The two Pt foil flag electrodes differ from the
CE used in other tests. Because they need to be identical to each other, they were built specifically for noise characterization tests. D - Image
from the outside of the Faraday cage, showing the electrical and N2 port interface of the cage. Crocodile grippers attach to the shielding of the
WE signal cable to electrically ground it to the Faraday cage. Ports for the heated liquid of the thermostat are located at the backside of the cage.
E - Image of the interior of the Faraday cage with the three electrodes setup in the thermoregulated beaker. A thermometer is placed during

warm-up to monitor the medium temperature.
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5. Additional Electrode Characterization
Data Analysis

Additional analysis of the obtained electrode characteri-
zation data was done to understand trends and gather
insight on advanced characterization metrics.

• EIS was performed on each electrode sample 3
times. Results were then averaged to obtain its fig-
ures of merit (Z @ 1 kHz, f cutoff). To obtain results
for each size category, figures of merit and |Z| &
θ curves for 5 samples within that size category of
interest were again averaged. Standard deviation
was also computed across the 5 samples.

◦ Z @ 1 kHz was averaged over the opening
size and PCB sample.

◦ f cutoff values were first identified as either be-
longing to the low- or high-frequency spectrum
and then averaged out per opening size

◦ An average equivalent circuit model of a
double-layer Randles circuit was built by
averaging values for the circuit components
across three models per opening category.

• CSC data from CV tests was analyzed by scan rate,
opening size, and PCB sample.

• CIC data from VTs was averaged over opening
sizes and PCB samples.

To understand the overall stimulation properties
of the electrode, one last metric was introduced: the
injection-to-storage ratio (ISR). Expressed as a ratio
of the injected to stored charge (Equation 5), the ISR
of an electrode was used to understand the stimulating
efficiency of its material surface. Ganji et al. showed how
high-CSC/low-CIC electrodes demand more power for
delivering the same neuromodulation pulse, resulting in
shorter battery lifespans for implantable neural interfaces
[71]. By relating how an electrode stores and then injects
charge through charge capacities, sample geometry
does not influence ISR. Instead, other factors relating to
charge storage and injection, such as electrode material
choice and surface roughening features, are reflected
when using the ISR. ISR was calculated using the CIC
& CSC (at each scan rate) results of each sample, then
averaged over five samples per opening size category.

ISR = CIC/CSC (5)

IV Results

1. Electrode Characterization Setup
Figure 3 and Table 3 show results obtained while testing
the platform to research fundamental aspects required for
the correct characterization of samples.

Figure 3A shows calibration testing of the Modulab
XM+ with its test cell. It showed accurate readings, bet-
ter than the Keyence in the high-frequency spectrum, and
overlapped the LT Spice model measurement.

Figure 3B demonstrates the efficacy of the built
Faraday cage by comparing EIS measurements with
and without using the cage. Removal of the PLI 50 Hz
phase peak can be observed in the caged measurement.
|Z| and θ curves show less disturbance in the lower
frequency spectrum. When measured without the cage,
the |Z| curve tends to show sudden changes in its slope,
but these artefacts disappear when adequately caging
and grounding the setup.

Figures 3C & D show the recorded cycles in CV WW
testing. Red dotted line arrows indicate the hysteresis di-
rection when performing the voltage cycle. Figure 3C is
for the negative bound test. It showed a curve shape char-
acteristic of ENEPIG electrodes with current densities in-
creasing in amplitude as the voltage reaches extreme val-
ues [59]. As it was not helpful for peak identification, addi-
tional tests focusing on studying structural integrity when
testing a sample to different negative bounds (Appendix
D.11) led to choosing -0.6 V as the negative bound for the
WW. Figure 3D is for the positive bound test. The positive
bound of the WW was determined by observing the peak
shown in the graph at +0.4 V. To ensure a safe testing
bound, the bound was set at +0.3 V.

Table 3 indicates the maximum current injection
achieved during VT tests with different pulse asymmetry
ratios. Current is expressed in terms of the maximum
current achieved for the tested sample (PCB 2, 270 µm,
370 µm, 500 µm, 670 µm openings) throughout all tests.
Additionally, the WW bound where V a first maximized its
value for safe injection is noted.

As 1:4 was the smallest ratio with maximized injected
current while only reaching a single bound (easier detec-
tion, safer operation), it was chosen as the VT asymmetry
ratio for all further characterization tests.

2. Surface Characterization
Figure D.2 in Appendix D shows optical microscope im-
ages of the ENEPIG sample electrodes. Images were
taken using Dark Field lighting. Using the microscope im-
ages, the diameter of the electrode openings was mea-
sured and used to determine the ESA of each sample.
Table D.1 in Appendix D collects the average measured
diameter value for each size category and the standard
deviation between all samples.

Figures D.3, D.5 and D.4 in Appendix D show results
from confocal and interferometry imaging used to charac-
terize the surface of the electrodes. The ENEPIG finish
presents roughness features < 1 µm tall and ≈ 10 µm
across, while residues deposited after testing measure 5
to 10 µm in height. Additionally, damages like surface
warping and removal of metal layers are profiled.
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Table 3: CIC asymmetry ratio testing results. At each asymmetry ratio, it was tested whether the sample electrode first reached its cathodic or
anodic WW bound and the relative value of the injected current to the maximum injected current across all ratios tested.

CIC Ratio Current Injected (% of max) Bound Reached
1:1 66.8% Anodic
1:2 100% Anodic & Cathodic
1:4 100% Cathodic
1:8 100% Cathodic

Figure 3: Electrode Characterization platform validation testing. In CV plots, red dotted line arrows indicate the hysteresis direction. A -
Modulab XM+ calibration testing was performed by comparing EIS measurements of the test cell between the Modulab XM+ (green curves), the

Keyence Impedance Analyzer (red curves), and the theoretical EIS curve obtained by simulating the circuit in LT Spice (black curves). |Z|
measurements are plotted with solid lines, while θ is plotted with dashed lines. The test cell circuit may be found in Appendix B C.5. B - Testing
the Faraday cage by performing an EIS with and without the grounded cage shows how the cage can remove PLI at 50 Hz and smooth out |Z|
and θ curves, especially at the lower frequency spectrum. C - CV WW negative bound testing, the sample is swept from 0 V to -1.5 V to 0 V for a

single cycle. D - CV WW positive bound testing, where the sample is swept from 0 V to +1.5 V to 0 V for a single cycle.

3. Electrochemical Characterization
Measurements

Figure 4 and Table 4 show results obtained during elec-
trode characterization of the samples (EIS, CV, VT and
Noise tests). Additional examples of ECM for single sam-
ples are in Appendix D.8, D.9 and D.10.

Figures 4A & B show Bode plot EIS measurements
averaged over 5 sample measurements for 3 electrode
size categories (200, 500 and 900 µm). The colour-
coded shading of each curve indicates the standard
deviation. Complete graphs plotting the six size cate-

gories may be found in Appendix D.6. Figure 4A shows
|Z| curves, while Figure 4B shows θ curves. Equivalent
circuit models were built following Nyquist plots from EIS
data. The circuits, accompanied by illustrative Nyquist
plots, may be found in Appendix D.14 and D.15. Mea-
surements indicate a double-layer behaviour, expected
in coated materials like ENEPIG [53]. Some samples
present Warburg impedance (ZW) elements at lower
frequencies, indicating a mass transfer process. In one
sample measurement, inductance at low frequencies
indicates the adsorption of species to the sample [16, 54].
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Figure 4: Electrode Characterization testing results. A - Average |Z| (solid lines) obtained per electrode opening size. Only 3 out of 6 opening
size category sizes are shown for clarity. Full graphs in Appendix D.6. Standard deviation across the averaged samples is shown as shading,

with the same colour as the curve to which it belongs. B - Average θ (dashed lines) obtained per electrode opening size. Only 3 out of 6 opening
size category sizes are shown for clarity. Full graphs in Appendix D.6. Standard deviation across the averaged samples is shown as shading,
with the same colour as the curve to which it belongs. C - Example CV obtained from PCB9-370µm. The highlighted cycle in red indicates the
detected stable cycle, which was later used to obtain the CSC of the electrode. The rest of the CV scan cycles are shown in light grey. D -

Comparison of CVs obtained for the same electrode, but at three different testing rates: 500 mV/s in orange, 200 mV/s in blue, and 50 mV/s in
green. E - Example Voltage Transient graph, where both the biphasic current input pulse (orange, right axis) and the output voltage transient
(blue, left axis) are plotted. Added labels indicate the voltage drop associated with V a, both in the cathodic and anodic edges and the resting

voltage offset of the output voltage transient, named V OFFSET, is also indicated. F - Noise characterization of the different size openings following
the 3-step noise characterization procedure. The power spectral densities are plotted over the full frequency spectrum the recording setup could
measure (0.55 Hz to 20 kHz), and the measurement of the noise of the amplifier and one single Pt foil large return electrode are also added.
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Table 4: V RMS obtained from the noise signals for each element and PCB opening size, following the 3-step noise characterization method.

Element V RMS
Amplifier Instrument 1.949 µV

Pt Foil Return Electrode 1.839 µV
ENEPIG 200 µm 349.141 µV
ENEPIG 270 µm 251.262 µV
ENEPIG 370 µm 155.984 µV
ENEPIG 500 µm 91.789 µV
ENEPIG 670 µm 101.321 µV
ENEPIG 900 µm 32.276 µV

Figure 4C shows a CV reference example measure-
ment. The complete 50 cycles of CV performed on the
sample are plotted in light grey, while the cycle detected
as stable is highlighted in dark red. Note that CV cy-
cles occur after the detected stable cycle, as stability was
achieved in cycle 32. The CSC & CSCcath for this cycle
are 30.44 & 21.51 mC/cm2 respectively, and the reaction
peaks for the adsorption and release of H+ and O2- can
be seen at +0.15 V and -0.16 V respectively [17, 27].

Figure 4D shows the highlighted cycles of three CV
measurements of the same electrode obtained at three
different scanning rates. It can be observed how curve
features such as the resting voltage value from -0.6 V to
-0.2 V, or the width of the reaction peak happening at -0.2
V, change with the scan rates. These then translate di-
rectly to the calculated CSC values, with CSC measured
values for 500 mV/s, 200 mV/s & 50 mV/s resulting in
28.25, 20.05 & 13.11 mC/cm2 respectively.

Figure 4E shows a VT measurement plot. Both the
input biphasic current pulse and output voltage transient
response are included. Additional labels indicate the
V OFFSET and the measured V a on both the cathodic and
anodic ends.

Figure 4F shows the whole set of measured noise sig-
nal PSD. Reference measurements needed for the 3-
step noise characterization protocol (Noise contributions
from the amplifier and the Pt foil large return electrode)
and measurements for each size opening category are
plotted. Additionally, Table 4 collects V RMS values for
each noise signal measurement.

4. Additional Electrode Characterization
Data Analysis

Figure 5 collects all the graphs obtained through data
analysis of the electrode characterization tests performed
on the sample population.

Figure 5A shows boxplots of CIC values per elec-
trode opening category. Complimentary to 5A, are 5B &
5C. Figure 5B plots the normalized current over area ratio
in dark red and the normalized perimeter over area ratio
in grey, revealing both normalized ratios follow a similar
trend. Figure 5C plots the normalized average injected
current in dark red versus the normalized average area

opening in grey for each size category.
Figures 5D, E, and F collect boxplots for the CSC

values obtained for each electrode opening at the three
tested scan rates. The sample population used in these
plots is a selection of the entire set, based on results from
5H - complete population graphs in Appendix D.17. Fig-
ure 5D representsCSC data obtained at 500mV/s, figure
5E represents CSC data obtained at 200 mV/s, and fig-
ure 5F represents CSC data obtained at 50 mV/s.

Figures 5G & H show average CSC data, categorized
by different electrode opening sizes (5G) and by the PCB
sample measured (5H). Separate bars illustrate the three
scanning rates used. Although the value progression ob-
served in Figure 5Gmimics those observed in Figures 5D,
E and H, figure 5H shows how CSC data values can vary
from sample to sample. Similarly to 5H, figure 5I shows
how EIS is also affected by which PCB is tested. The
value of Z @ 1 kHz obtained for the six size openings
of each PCB was averaged, producing the average Z
@ 1 kHz per PCB metric. High variation between tested
samples can be observed despite shared parameters and
opening size categories. f cutoff are compiled under the
Appendix Table D.2, while the average double-layer Ran-
dles equivalent circuit models for each opening size are
found in Appendix D.13.

Figure 5J plots the ISR calculated at each size open-
ing for the three scan rates used in the CV tests. The
CSC data is also a selection of the whole population,
with a graph of the entire sample data set available in
Appendix D.16. Across the three rates, the ISR tends
to increase slightly as the opening size decreases and
presents a sudden increase in the 200 µm size category.

V Discussion

1. Electrode Characterization Setup
Results from testing done on the electrode characteriza-
tion setup indicate that measurements are reliable and
that the infrastructure developed improves their accuracy
and reliability.

Calibration of the Modulab XM+ using the test cell (Fig
3A) shows a complete overlap between the theoretical
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Figure 5: Additional data analysis performed on the electrode characterization data. A - Boxplots of the CIC values obtained by electrode
opening. B - Plot comparing the normalized ratios obtained across the different electrode openings for current over area of the opening, and for

the perimeter over area of the opening. C - Plot comparing the normalized values obtained across the different electrode openings for the
average injected current per opening and the average opening area. D - Boxplot of a selection of CSC values obtained per electrode opening at

500 mV/s. E - Boxplot of a selection of CSC values obtained per electrode opening at 200 mV/s. F - Boxplot of a selection of CSC values
obtained per electrode opening at 50 mV/s. G - Average CSC values obtained per electrode opening and scanning rates. H - Average CSC
values were obtained per PCB sample characterized and scanning rate used. I - Average Z @ 1kHz values across opening sizes, per PCB

sample characterized. Values obtained for the individual six openings of each PCB were averaged, producing the average Z @ 1 kHz per PCB
metric. J - ISR average values were obtained at different scanning rates per electrode opening category.
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model and the measurement of the XM+. It even outper-
forms the Keyence Impedance Analyzer in the higher fre-
quency spectrum, as themeasured phase of the Keyence
differs from the model. Coupled with the capability of
the XM+ to measure lower frequencies, the positive re-
sults of the calibration test proved that the XM+ was the
best instrument at our disposal for the setup. If attempt-
ing to calibrate other impedance analyzers, the alterna-
tive method would be building an electrical circuit simu-
lating an electrode (similar to those found in Appendix
C.5, D.13 and D.14) and performing on it impedancemea-
surements. Then, the circuit should be modelled in silico
and its impedance response simulated. One may be sure
their instrumentation is calibrated by studying the overlap
between theoretical and empirical curves.

Testing the efficiency of the Faraday cage yielded pos-
itive results, too (Figure 3B). Not using a grounded cage
would result in the EIS measurement showing several
artefacts. Notably, a peak in θ at 50 Hz would consis-
tently show as a consequence of PLI. θ measurements at
the lower end of the frequencies would also present addi-
tional noise. The |Z| curve presented artefacts, too, mea-
sured as sudden increments that made the final slope
seemingly divide into segments. Testing inside of the
cage and grounding it effectively eliminated all these non-
desired phenomena.

However, other parameters related to electrode char-
acterization could have been better controlled and would
have improved the setup further. O2 sparging was a pro-
cedure step that, although included, was not quantified in
this work. Including a sensor to measure the dissolved
O2 concentration in the PBS media would add an extra
layer of control and accuracy to the experimental platform
[11, 13, 24, 25, 26].

Moving onto sample-related parameters necessary
for characterization, determining the WW was not
achieved solely through the theoretical method. The
test for the positive bound (Figure 3D) showed a peak
in the voltammogram, setting the positive WW bound to
0.3 V. However, the characteristic shape of the negative
WW test voltammogram made it necessary to use other
methods, as no clear peak could be observed (Figure
3C) [59]. Testing was greatly limited by the degradation
of samples during characterization, CV being the most
stressful [11, 17, 29, 30]. Thus, the negative bound was
determined by CV testing the samples for 15 cycles
and observing the survival rate at each tested bound.
Samples were observed under the microscope for
surface defects after the tests. Based on the results
(Appendix D.11), the negative bound was set at -0.6
V. However, selecting a WW that does not adhere to
standard guidelines to determine it raises a few issues
to achieve standard characterization:

1. Not studying the samples with their correct WW
prevents accurate comparisons between sample
types. As samples are intended to maximise their

WW when used in clinical settings, we cannot be
certain the ENEPIG electrodes are operated at
the desired standard conditions. It is impossible
to characterize the ENEPIG electrodes under the
same conditions as other materials (regular Au,
Pt, AIROF). Accurately defining the WW would be
imperative if samples were to be used in clinical
settings, akin to other commercial electrodes.

2. But beyond comparison to other sample types
and standardization, sample degradation mid-test
obstructs carrying out the characterization study. If
solely attempting to characterize ENEPIG samples
and compare results, two factors must be con-
sidered to ensure reliable results: samples must
survive for accurate results, and conditions should
be repeatable between experiments. This is why
the criteria to determine the negative voltage WW
bound through the survivability of the samples
was chosen. By keeping that bound consistent
throughout testing, it was possible to move forward
with the study reliably.

3. If not able to determine the exact bound of the WW,
the chosen bound may fall to either side of it. If the
chosen bound exceeds the WW, water electrolysis
is bound to happen. This would lead to irreversible
charge transfer processes, altering the chemistry of
the medium and damaging the electrode. If the cho-
sen bound is within the WW, irreversible reactions
are much less likely to occur, preserving the struc-
tural integrity of the sample.

Therefore, as samples were never intended to work
as clinical electrodes but rather as a tool to validate the
characterization setup, reliable WW bounds were priori-
tized over accurate ones. Additionally, by choosing sam-
ple survivability as the factor determining the WW bound,
we can assume that the selected bound is within the the-
oretical WW, as no damage from irreversible reactions is
observed. Although characterization results may not be
standard and comparable across electrode types, they
sufficiently adhered to guidelines to proceed with the re-
search and study samples among themselves.

VT asymmetry ratio testing (Table 3) yielded three
ratios that achieved maximum injected current. However,
the smaller ratio achieved the maximum current while
simultaneously reaching both the anodic and cathodic
ends of the WW. With two bounds to account for, the
chances of damaging the sample and exceeding the
window while testing increases [11, 31]. Therefore,
having a single bound to look out for leads to a safer
and more reliable characterization protocol [13]. On the
other hand, to optimize the time profile of the pulse, the
smaller ratio with a single bound reached was chosen
and set for VT characterization: a 1:4 pulse phase ratio.
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2. ENEPIG Sample Characterization
& Analysis

ENEPIG sample characterization results showed com-
mon trends across the tested samples.

EIS tests showed |Z| curves had two main slopes,
corresponding to a double-layer behaviour (Figure 4A).
Across sizes, the first slope started before 1 Hz and ex-
tended from 10 Hz up to 500 Hz in some cases. The sec-
ond slope can be observed to start past the 30 kHz mark.
This double-layer behaviour is also reflected in the θ plots
(Figure 4B), where two peaks at around 10 Hz and around
60 kHz can be observed in all size openings. One criti-
cal remark is that the high-frequency phase peak remains
low in value, in most cases below 45º. Therefore, sam-
ples indicate a predominantly resistive behaviour after the
first slope flattens. Still, a significant issue in studying the
double-layer impedance behaviour of these samples is
that the frequency bandwidth seems not large enough to
show the impedance curves settling at both the low- and
high-frequency end of the spectrum [13]. To study a suffi-
ciently broad impedance spectrum, future work on similar
samples should try to extend the band from 10−2 Hz to 106
Hz.

Another important takeaway from the graphs is the re-
lationship between the observed impedance and the size
of the samples. |Z| curves show higher values as open-
ings get smaller (Figure 4A), with Z @ 1 kHz for the 200
µm opening being over an order of magnitude larger than
for the 900 µm opening (Appendix D.2). Looking at the θ
curves by the opening size, θ values are also higher for
smaller electrodes. The difference is such that not all size
categories get to cross the threshold for f cutoff at 45º the
same amount of times, with some larger sized samples
not having a single f cutoff (Appendix D.2). Another con-
sequence of this is that the second time the phase curve
crosses 45º differs over an order of magnitude between
the larger openings (541 Hz for the 900 µm curve aver-
aged from 5 sample curves) and the smaller openings
(15.2 kHz for the 200 µm curve averaged from 5 sample
curves). This implies that the frequency band in which
samples are in their capacitive domain is over an order of
magnitude wider for smaller openings. Thus, the results
indicate that there is also a relationship between opening
size and the resistive-capacitive behaviour of samples:
larger opening samples behave mostly in the resistive do-
main, while smaller opening samples are prone to exhibit
a stronger capacitive behaviour and a larger bandwidth
- to understand why, it is best to continue by looking at
the Nyquist plots. As capacitive EC reactions allow for re-
versibility while faradaic EC reactions are prone to induce
non-reversible reactions [11, 13, 16], smaller electrodes
from the sample batch would be better suited for safe cell
signal recording despite their higher impedance.

These findings are also reflected in the study of data
through Nyquist plots and their corresponding equivalent

circuits in Appendix D.14. By examining the circuits built
as averages of the other circuits for the same-sized elec-
trodes (Appendix D.13), trends appear to reflect the same
conclusions as above.

• Electrodes are best modelled by a double-layer
Randles circuit, indicating that samples have at
least two contributing materials [16, 50]. Although
the capacitance values between these layers do
not differ much, the resistance difference between
layers goes from one to three orders of magnitude.
Usually, this refers to materials with a coating
layer [55]. This is consistent with the double
slope in the Bode plots and the ENEPIG material
of the samples, as they have a Au finish (lower
impedance), and two layers below made out of Pd
and Ni, known for their higher impedance [72, 73].

• Size is also related to the modelled circuits. Re-
sistances increase significantly with the decrease
in size, reflecting how the impedance curves did,
too. Capacitors decrease slightly with smaller
sizes. The critical factor here is the relationship
between the electron transfer resistance (Rct) and
the double-layer capacitance (Cdl): the ratio of
Rct to Cdl in smaller openings is over an order of
magnitude larger than in larger openings. This
explains why smaller electrodes act in their ca-
pacitive domain in a broader frequency spectrum
[16, 45, 53]. However, why resistance varies
significantly with size while capacitance does not,
remains unanswered. Further testing would be
required to research how and why the relationship
of Rct to size is stronger than that of Cdl.

• Issues such as not having awide enough bandwidth
also show. As the entire impedance behaviour can-
not be studied, not all circuit components can be
modelled accurately. The lack of lower frequencies
for the second electrode circuit meant an incom-
plete Nyquist plot from which to model. Rct and Cdl
of thesemodels can only be estimated and aremost
likely underestimated.

Nyquist plots and their circuit models become very
useful in illustrating the differences between samples
working as intended and faulty samples [53]. Appendix
D.15 contains some Nyquist plots with their circuit
models of data whose measurement was out of the norm
in one way or another.

• D.15A shows that sample 8-200 behaved like a
double-layer electrode, but the high resistance
and similarities between layers seem to indicate
that the Au surface is not reacting in this process
as it has better performance than other possible
reacting materials [53]. Future work should study
samples exhibiting this behaviour to confirm if the
two layers may have originated from the Pd and Ni
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layers present in ENEPIG finishes or if the Au layer
was damaged.

• D.15B shows other circuits with an inductance ele-
ment. When present at low frequencies, it is asso-
ciated with the adsorption of species to the reactive
surface [16]. More work should be done to identify
these measurements on-site and do surface char-
acterization tests similar to Appendix D.5 to deter-
mine the exact process occurring and study poten-
tial residues before being washed off.

• D.15C, and D show circuits where a Warburg
impedance (ZW) component has been introduced
in the second circuit. ZW represents the difficulty
of mass transport experienced by the ionic species
involved in the redox process, limited by a semi-
infinite linear diffusion process [16]. It appears at
the lower end of the frequency spectrum and is
expressed by its coefficient σ. It was also the case
in D.15D that the frequency spectrum was not low
enough to accurately characterize ZW [54].

The main challenge behind CSC computing of the CV
cycles was determining the cycle to be considered sta-
ble (Figure 4C). The developed algorithm (Appendix B.4)
used an arbitrary threshold criterion (0.5% difference) set
to work with most sample data, but it did not always suc-
ceed. Some of the reasons for this are:

• Some samples did not stabilize at all during the set
amount of cycles

• In some cases, samples would seem to stabilize,
but shortly after, would break apart due to the accu-
mulated stress of the whole characterization proce-
dure [11, 31]. As the algorithm checks a few cycles
ahead of the selected cycle, it may deem it unsta-
ble. This was especially prevalent at the 50 mV/s
test, as it was the last and most stressful (longer)
test performed.

• Other tests did pass the criterion to be determined
as stable, but they would continuously slowly
drift. Thus, stability was not achieved, but it was
detected.

Future versions of the algorithm should be able
to measure the whole curve difference between one
cycle and the other and analyze the overall curve drift
progression to determine whether overall stability was
achieved despite local results.

The comparison of CV tests performed at three differ-
ent scan rates revealed both sample and testing insights
(Figure 4D). The consensus around scan rates is that
slower rates allow for better recruitment of fine surface
structural features, leading to slower rates yielding higher
CSC values [11, 13, 17, 28, 58]. However, if the three
CSC values of the measured curves were compared, the
results would suggest otherwise. Upon further analysis,
two findings helped explain the observations:

1. The sample´s surface is majorly flat, with surface
features measuring < 1 µm in height and ≈10 µm
in length, as shown in several images (Appendix
D.3,D.4). With a 1:10 aspect ratio, they can barely
benefit from slower rates having higher feature
recruitment - ionic species can easily access the
most active surface features despite using fast
scan rates. [11, 17, 74]. So, the amplitude of
the reaction peaks remains similar between scan
rates.

2. As both the scan rate and the electrochemical
kinematics are time-related processes, using faster
scan rates affects kinematics, which can determine
curve features [75, 76].

• Once the sample undergoes several cycles
and the measured cycle stabilizes, fast-rate
scan regions with a near-zero current re-
sponse will still have species incurring minor
reactions.

• As the sample approaches the reaction volt-
age (Vr), a peak shows in the curve. However,
as scan rates increase, the ionic species will
start reacting at voltages further away from the
Vr due to the speed at which Vr is approached.
This leads to wider reaction peaks for faster
rates and narrower peaks for slower rates.

Combining these two effects supports the results ob-
served without contradicting prior literature. As the flat
interface of the sample does not benefit from slower rate
feature recruitment, and the speed of faster rates results
in the area under the curve increasing at certain sections,
the computed CSC increases with the scan rate. If the
surface were to present a more complex 3D geometry,
surface feature recruitment would translate to a higher
amplitude peak [28, 29, 30, 57, 58]. Then, the curve area
to scan rate progression would be similar to what is re-
ported in the literature for more complex electrodes.

Noise characterization showed a strong trend be-
tween larger openings linked to lower noise levels,
except for the 500 & 670 µm openings. Their VRMS val-
ues (Table 4) indicate that 500 µm has lower noise than
670 µm. This is the opposite of what is expected and
what can be observed in the rest of the measurements
[35, 38]. Two important observations are made:

1. When observing the PSD (Figure 4F), it is clear that
the 670 µm noise measurement presents a higher
variance. Additionally, its curve tends to overlap the
500 µm noise PSD curve. These results indicate
that the faulty measurement should be from the 670
µm, not the 500 µm opening.

2. Noise characterization measurements were per-
formed only once per electrode opening size.

Given these two observations, it is hypothesized that the
noise measurement for the 670 µm was faulty for some
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reason, like high environment noise or unreliable manu-
facturing. A new measurement would be required to as-
sess if the VRMS value for this size category is, in fact,
smaller. Nevertheless, as it is only a single data entry
identified to be erroneous, the expected trend of noise
decreasing for larger size openings would still hold.

Moving on to the analysis of the whole sample pop-
ulation, the main obstacle throughout the study of the
samples was their low manufacturing reliability. As the
PCB manufacturer never intended to make electrodes,
aspects such as opening edge profile, opening area, or
sample survivability to electrode testing varied consider-
ably between similar samples. These combined factors
resulted in sample performance differing vastly from sam-
ple to sample. Further data from Figures 5H & I proves
how PCBs, in principle identically manufactured, can vary
significantly in their performance. Calculating the aver-
age value for the CSC or the Z @ 1 kHz obtained across
all openings shows how performance in a characteriza-
tion test can be consistently relatively high or low com-
pared to the whole population. Thus, the low manufactur-
ing reliability of the samples is one of the main factors be-
hind data variance when trying to evaluate trends across
similar electrodes (opening sizes).

The first trend of interest is that CIC seems to
increase as size opening decreases (Fig 5A). However,
upon further analysis of the CIC-related metrics, we can
see that:

• The normalized ratio between the current injected
and the area of the opening (CIC) closely follows
the same trend as the normalized ratio between the
perimeter and the area of the opening (Figure 5B).

• If solely the charge injected is observed (not the
charge capacity), it is clear that larger openings do
inject more charge (Figure 5C).

It thus seems that what we can observe in Figure 5A is
the result of dividing the total charge injected by electrode
area (smaller areas yield higher CIC if charge remains
constant) and the documented phenomenon of charge
distribution heterogeneity [11, 33, 63, 77, 78]. As charge
accumulates on sharp surface features (edges, spikes)
rather than on the bulk of it, and as these electrodes are
primarily flat, CIC closely follows the same relationship
as the one between the perimeter to the area of the open-
ing. Results seem to indicate that Qinj in the sample elec-
trodes would happen mainly at their edges.

When studying CSC results across the sample popu-
lation (Figures 5D, E & F), it must be mentioned that the
high electrochemical stress of the CV test [11, 17, 28, 29,
30], the low survivability of the samples (Appendix D.11),
and the lack of reliability in achieving and then detecting
a stable cycle, led to initial results lacking any significant
trend. To clean the data, a selection of entries based
on which PCB the electrode belonged to (Figure 5H) and
whether the sample achieved stability was made. Equiv-

alent graphs to Fig 5D, E & F but obtained with the entire
data population can be seen in Appendix D.17.

Studying the boxplots, CSC increases as the opening
size gets smaller. Figure 5G illustrates this trend using
averages at each opening size category and scan rate.
However, there are two important remarks:

1. At the smallest opening size (200 µm), CSC seems
to drop drastically.

2. Other small opening sizes (270, 370 µm) also
present a high variance between the measured
results.

Again, the reason behind these remarks is the lack
of manufacturing reliability of the samples. According
to the manufacturer, 200 µm was the smallest possible
dimension their drilling tool could manage. Further ev-
idenced by the irregularity of the edges of these open-
ings (Appendix D.2), it backs why the reliability at 200
µm is low. Thus, as CV is a stressful electrochemical test,
poorly manufactured electrodes can be expected to per-
form poorly. Regarding the 270 & 370 µm openings, as
their scale is not pushing the tooling limits, reliability im-
provesmarginally - with issues like edge smoothness and
opening size variation still present. As sizes get larger,
sample variations such as edge smoothness and open-
ing size become relatively minor to the whole electrode,
reducing their effect on performance. Due to the relation-
ship of the scale of the electrode with manufacturing reli-
ability issues, CSC results for the smaller sizes present a
very high variability - with 200 µm not being able to func-
tion correctly at all.

The ISR was calculated to obtain additional insights
into the performance of the electrodes; however, as
a metric resulting from the CIC and CSC, issues
mentioned before limited the usefulness of these results.
CIC and CSC trends must be understood to under-
stand the plots adequately. While the CIC follows an
increasing trend as the opening sizes get smaller, CSC
results lack any trends because they are strongly related
to sample manufacturing issues. Therefore, inconsis-
tencies across the ISR results are better understood by
analyzing CSC results. The same sample selection for
CSC figures is also made here - the graph with the entire
sample data population is in Appendix D.16.

1. At 200 µm, the ISR suddenly increases. Although
CIC is at its highest at 200 µm, the sudden rise
is an effect of the abnormally low CSC recordings
at 200 µm. As previously discussed, this effect is
attributed to manufacturing issues rather than an
accurate measurement of their CV. Were 200 µm
openings manufactured reliably, their CV measure-
ments would theoretically be in trend with the rest
of the size categories, leading to similar ISR results
across opening sizes.
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2. It can be observed that faster scan rates yield
smaller ratios, as CSC values are higher for these
samples.

3. For other opening sizes, the ISR remains relatively
constant, with a slight increase as opening sizes de-
crease for a given scan rate.

ISR seems to be a property intrinsic to the material
and surface of the electrode, as suggested by theory
- further experimentation with other surface materials
is needed to claim it properly. The minor increase
observed as sizes decrease could be because charge
injecting is more strongly affected by current distribution
heterogeneity (e.g., perimeter-to-area ratio). In contrast,
the storage of charge activates the bulk of the surface -
more so at slower rates [23]. This also reaches similar
conclusions to the findings of Ganji et al. [71], where
if we wanted to significantly increase the ISR without
changing the material, increasing surface roughness
would be the way. Increasing the number of features in
the activated surface of an electrode due to its heteroge-
neous current distribution heavily benefits injecting over
storing charge ratio. Compared to other studies with
Au electrodes (no surface modifications), the ENEPIG
electrodes performed poorly, with an ISR of below 10%.
In contrast, studies from Ganji et al. and from Du et al.
reported values of 30% and 100% respectively [71, 79].

Further tests should be conducted to study and com-
pare ENEPIG samples to other types of Au electrodes
(Sputtered, Plated, Fuzzy). As surfaces roughen, CSC
will also see a reversal in the trend of faster rates with
higher values than slower ones. This would then reflect
on other metrics, such as ISR. Understanding how these
trends relate to surface roughness and what scan rate is
better suited to characterize the sample should also be
studied.

VI Conclusion
As a project revolving around EC characterization, the
scope was double: to successfully build a characteriza-
tion setup that was reliable, accurate, and standard in per-
forming commonmeasurements and test it by performing
a characterization study on subpar ENEPIG samples to
highlight the capabilities of the setup, ensuring its mea-
surements can accurately represent the samples.

Reliability was achieved by building a dedicated
characterization setup capable of quickly adapting to
many possible samples while offering adequate testing
conditions and by developing a user guide protocol to
ensure procedures such as setup, parameter selection
and one-time experiments (WW testing) are performed
correctly. By also aiding upcoming users of the setup in
following the same testing guidelines while still accom-
modating their needs, future measurements should be
trustworthy despite a lack of user experience. It was

also ensured that the measurements produced were
accurate, performing calibration measurements on the
setup instrumentation and other necessary equipment
such as the shielding effect of the Faraday cage. Fur-
thermore, published guideline papers such as Cogan
et al. 2008, Boehler et al. 2022 and Schiavone et al.
2020 were closely followed to create a setup that would
produce standard characterization measurements, giv-
ing control over setting conditions (medium temperature,
O2 sparging), selecting testing parameters accordingly
and performing initial tests to determine the optimum
characterization test for each sample type.

A characterization study of ENEPIG electrodes was
done to validate the setup. Manufactured as PCBs
with no intent of working as electrodes, their perfor-
mance, survivability and reliability were sub-par to that
of microfabricated electrodes found in the literature.
Nevertheless, as characterization is the method of
measuring such aspects, meaningful conclusions were
reached. The characteristic layered structure of ENEPIG
was identified and modelled through EIS while still
indicating a trend between observed impedance and
the size opening of the sample. Due to the high EC
stress applied, the study of the stimulating capabilities
of the samples revealed issues with sample survivability
and the reliability of the manufacturing process. After
performing a smaller population study without data from
outlier PCBs, characterization results were related di-
rectly to surface and fabrication features. In the end, the
stimulation efficiency of ENEPIG (10%) was evaluated
as highly inferior to that of commonly used non-modified
Au electrodes (30%-100%). The study was also helpful
in indicating how EC performance could be improved
by incorporating surface modifications if these samples
were to be still used.

By carrying out complete characterization testing on
the samples, it was possible to characterize them on an in-
dividual level and still identify issues showing on a popula-
tion level. Were these samples to work as electrodes, the
tests performed would have evidenced their inadequacy
to the in vivo environment and the exigence of therapy
protocols in neural interfaces. These results mirror what
was expected from ENEPIG openings that were never
meant to be employed under such conditions, indicating
a successful characterization procedure.
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VII Future Work
Throughout this project, several issues that should be further improved were identified. They range from issues
concerning the design of the characterization setup to how the samples were made, how the characterization ex-
periments were carried out, and how the analysis of these results was conveyed. These improvements aim to gain
more information about the samples by directly generating more data from them or studying similar electrodes that
will provide additional results.

Although the setup allows performing O2 sparging by flowing N2 gas through the PBS, there is noway to quantify
this process. Incorporating an O2 sensor into the setup could quantify the partial pressure of the gas dissolved in the
PBS solution. This way, adequate medium conditions, reflective of the in vivo tissue environment, could be monitored
during the preparation and warm-up of the setup. Characterization tests shall only be started once dissolved O2 levels
mimic in vivo conditions to represent future performance better. An important consideration is that the sensor should
be self-powered through a battery. This would avoid additional issues with porting through the Faraday cage and
minimize electromagnetic interference.

An obstacle throughout the project was the ENEPIG samples and their low reliability in testing. Manufactured
as openings meant to be soldered on, the electrochemical stress induced by characterization testing (especially
CV) would often irreversibly damage the openings, and the reliability of crucial features, such as the opening edge,
was subpar. This is not the case with other electrodes manufactured according to their purpose, such as pure Au
electroplated circular opening electrodes. Additionally, throughout the literature research, no team used ENEPIG
as the finishing material for their Au-based electrodes. As Au is only used as a coating layer, it is expected to
have low survivability, while the other metal layers underneath (Pd and Ni) hamper its electrochemical performance
[39]. ENEPIG surface finish also cannot present a high degree of surface roughness features to increase its charge-
injecting performance, as it is intended to be used as a solder connecting pad. For all these reasons, further validation
of the characterization setup would be possible if other Au-based samples were characterized. Fewer reliability
issues during testing would be expected, and the similar yet different electrodes would provide exciting results to
compare to.

Regarding the characterization testing process, a few issues related to the several experiments have been iden-
tified.

• A major setback in characterizing the samples while representing ideal in vivo conditions was determining the
WW of the ENEPIG electrodes. Coupled with their low survivability to the stress applied by CV, determining
the negative WW bound according to the proposed methodology from literature [11, 13] was impossible. As the
voltammogram was not different from other reported CV scans on ENEPIG electrodes [59], and the standard
profile of the curve in the negative voltage domain does not suffice for water hydrolysis detection, an alterna-
tive needs to be developed. Current alternatives are to either incorporate a sensor to measure when water
hydrolysis happens or manufacture ENEPIG samples with a higher electrochemical stress resistance to avoid
breaking down from the test and measure surface chemical changes due to irreversible reactions.

• When modelling electrodes with EIS measurements, a common setback to accurate models came from the
bandwidth of the test being a few orders of magnitude short. As multiple layers play a part in the elec-
trochemical process, the features of the layers that are not exposed only show at the lowest frequency end.
Incrementing the testing bandwidth from 10−2 to 106 Hz may result in more accurate models, leading to a better
understanding of the contribution of the covered metal layers.

• Additional research into the relationship of Rct & Cdl to size is needed. It is already understood that these
factors vary with the opening size and do so differently. However, no current explanation exists for why or
how the opening area affects more Rct than Cdl. EIS testing of electrodes with equal surface area but other
structural differences (different opening geometry, different ENEPIG layer thickness profiles, raised versus
recessed profiles) may show changes in the current observed trend. Once significant differences are observed
between these factors, another size study would be required to understand how they change differently with
size, leading to potentially answering why this happens.

• Calculating the CSC for each sample was only as good as the process of determining the CV cycle where
stability was achieved. One way to improve this process would be to have samples that stabilize instead of
breaking down mid-test. As enhancing the samples has already been mentioned, the alternative would be to
refine the algorithm further to detect stable cycles. Adding features such as evaluating the whole scan before
measuring differences between cycles could help identify samples that do not achieve proper stability. Stability
detection could be further improved by making the difference criteria adaptable to the specific values of the
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measurement cycles. Lastly, with a sufficiently large pool of CV data, an artificial intelligence model could be
trained in stable cycle detection.

• As previously reported in the literature, the biggest challenge in obtaining accurate VT test results lies in ac-
curate detection and extraction of V a. Done manually for this project, V a extraction could be automated in
code for higher reliability across different samples tested. An iterative loop where pulse current amplitude is
increased step by step while edge detection thresholding is performed to measure V a is proposed.

• Although integration with the previous suggestion is complex under the current setup configuration, it would
benefit VTs if a third electrode were used for an actual 3-electrode setup configuration. Currently, the
MDO34 oscilloscope provides the reference against which to measure. More reliable and accurate measure-
ments could be achieved if an Ag/AgCl RE electrode could be incorporated into the VT setup. However, as the
current configuration does not allow using the third electrode, it would change how the experiment is carried
out and could prevent incorporating automated V a extraction.

Lastly, the characterization sample population study could also be improved in a few ways.

• To identify stronger trends in CSC values across opening sizes, having a higher statistical power could
be useful to identify outlier samples better. Coupled with the previously proposed sample improvements,
testing more PCBs would make trends more significant. If outlier samples are an oddity, a vast number of
similar results would make it easier to discard samples that do not represent the population. In the case of
samples presenting high variance across all samples, they would not be deemed outliers anymore and should
be included in the analysis.

• Although theory seems to indicate that ISR should be a property directly related to surface-finish and material
used, additional sample types should be studied to add evidence to this claim. Studying other Au-based
electrodes with different surface finishes would be helpful in determining how various features affect the ISR. In
the case of having a repeatable surface finish (flat, jagged structures, deposited nanoparticles), testing different
materials with the same finish would also be required. Little research has been done on this metric, yet it seems
it could revolutionize how stimulating electrodes are understood and reported.



A Literature Review
Document A.1: Literature Review conducted on Electrode Characterization techniques, emphasising Au electrodes
and standardization.

Title: Characterization of Gold Electrodes for Neural Interfaces - Test Settings and Standardization.

Figure A.1: Literature Review on Electrode Characterization researched before conducting this MSc Thesis
research project. It focuses on the three main electrochemical characterization techniques used for electrodes in
neural interfaces: Electrochemical Impedance Spectroscopy, Cyclic Voltammetry and Voltage Transients. It also
pays close attention to issues in standardizing these measurements and focuses on reported metrics in previous

literature for Au electrodes.
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1 INTRODUCTION TO ELECTRODE CHARACTERIZATION

1.1 MOTIVATION

According to the Global Burden of Disease study of 2022, around 10 million deaths related to neurological dis-
orders were recorded in 2019. 6.5 million were attributed to stroke, while 2 million were related to Alzheimer’s,
dementia, epilepsy, and Parkinson’s disease. The human cost these disorders (migraine here is included too)
have in terms of disability-adjusted life years (DALYs) reached 210 million DALYs, and when comparing these
results to data from 1990 it becomes clear that the burden they hold on the world population is only growing
[1, 2]. To be able to diagnose these conditions accurately, early, and potentially treat them, we rely on drugs
and/or neural interfaces. Drugs have been used for over a century, and although they are easier to deliver to the
patient, they have many drawbacks. Due to their chemical nature, drugs are less capable of targeting specif-
ically the desired site, reducing their therapeutic potential - sometimes even having a difficult time reaching
their destination. While travelling through the whole system of the patient, they can also induce many side
effects that can range from minor annoyances to severe conditions [3–5]. Conditioned by both each patient’s
physiology and other drug-drug interactions, the complexity behind effective and harmless drug therapy has
pushed researchers to look for alternatives [6, 7]. Neural interfaces, also named in comparison to traditional
drugs as "electroceuticals", are essentially medical devices that use electricity to tap into the neural tissue of
patients for diagnosis and therapeutical purposes. The advantage of these devices is that it is possible to pro-
vide therapy in a targeted manner, with some local side effects and near no systemic side effects [8]. Of course,
the main drawback of said devices is that they require surgical implantation, but the overall lesser impact they
have on a patient has kept the researcher´s interest high. Although many options are available, the default
method neural interfaces have of interacting with tissue is through electrodes [9]. Improving these electrodes
has become one of the main areas of research for improving neural interfaces, with the hope of addressing the
growing concern of neurological disorders.

Yet, when it comes to electrode research and development, it is often found in modern literature that not
all research teams conduct full testing of electrode prototypes. Tests also often lack appropriate parameter
settings that enable results to be translatable to future clinical applications [10]. And when it comes to finally
reporting said data, it can be omitted or reduced to the point where it is not useful to the whole scientific com-
munity trying to tackle the pressing issue. By not carrying out testing and reporting appropriately, scientific
progress is hindered: teams may find out at a later stage that their electrode is not suitable for patients and
overall progress is staggered.

This literature review aims to collect all the available information and recommendations on how to per-
form testing and characterization for electrodes in neural implants. Additional focus on Au as an electrode
material will be given at the end of each test section, due to its versatility, availability, biocompatibility, and
relevance in novel, flexible electrodes. As the current electrode material being experimented on by the team of
Technologies for Bioelectronics at the Fraunhofer IZM in Berlin; this review serves the purpose of highlighting
good and bad practices in electrode testing and reporting, showcasing additional uses behind said tests, and
establishing the groundwork for standardizing these practices.

1.2 THEORETICAL BACKGROUND FOR NEURAL INTERFACES

OVERVIEW OF NEURAL TISSUE

Since humans were able to observe neural tissue on the microscopic scale, thanks to Santiago Ramón y Cajal
using a modified Golgi stain in 1887, neural tissue has been a subject of intense study. Yet, it seems to hold the
answers to some of today’s biggest challenges in the medical field, such as Parkinson’s disease, schizophrenia,
neuropathic pain, depression, OCD, and all neurodegenerative diseases [11, 12]. Coupled with its high com-
plexity, it has pushed researchers to develop new and improved technologies to better study this tissue [13].
Although other tissues may be easily understood through visual methods in order to assess their structure,
neural tissue’s function lies in its excitability.

Neurons are capable of communicating with one another through the so-called "action potentials": a fast
and discrete membrane depolarization caused by a change in the concentration ratio of chemical species in
the extra-cellular and intra-cellular medium [14, 15]. It is precisely such excitable nature of the tissue that
must be researched and understood to unlock future potential diagnoses and therapies. But in order to study
the activity of neurons, researchers need to be able to detect the electrochemical impulses used in cell-to-
cell communication (other methods besides electrodes include functional magnetic resonance imaging and



1. INTRODUCTION TO ELECTRODE CHARACTERIZATION 2

focused ultrasound(fMRI, FUS)), and then stimulate said cells in a way that elicits an appropriate biological
response [16, 17]. As neurons communicate through the exchange of chemicals in their medium, altering
concentration values for local species such as Na+ and K+, a tool capable of detecting changes in chemical
concentration is needed [15, 16].

The high frequency at which neurons fire, the low amplitude and high background noise of said signals,
and the number of individual signal sources that can be encountered in a section of tissue, call for a precise,
fast, and robust method to keep up with the biological tissue [11, 17]. To date, the best domain to work with
such signals is the electrical domain, where with the help of computers it is possible to acquire, process, and
generate signals at a scale comparable to that of neural tissue.

NEURAL IMPLANTS

In order to study how neural tissue behaves and provoke it with desired responses, researchers have at their
disposal several technologies, but not all have the same purpose. At larger scales (tissue, general brain activ-
ity), the use of magnetic resonance imaging (MRI) and electroencephalogram (EEG) allows clinicians to study
the neural anatomical and physiological state of patients. However, these techniques still struggle when it
comes to treating and diagnosing at the microscopic and cellular levels. At this scale, the standard technology
has become neural implants. Although they may differ from one another, they all share the common ability
to transduce information back and forth from the chemical domain of cell communication to the electrical
domain where humans can have control and process information [13, 16, 17]. As they need to be directly in
contact with the living tissue, and because they also serve as the interface between tissue and man-made ma-
chine, neural implants are also called neural interfaces. Both names can be used interchangeably for most
matters, although the former refers to the whole physical device and its components, while the latter can be
used in context to refer to the portion of the neural implant that is directly in contact with the tissue.

As with any implant, neural implants are designed to minimize eliciting undesired responses when they
come in contact with tissue. This becomes even more important when it is considered that although device
testing and some therapies may be run in acute settings, research and therapies almost always have a chronic
goal in mind [17]. Being able to acquire information from neural tissue for prolonged periods of time with
minimal interference in their natural processes is the ideal scenario for any neural implant [18]. This serves
as well as the main challenge driving current research and manufacturing efforts: to perform better in the
electrochemical domain, leading to increased diagnosis and therapeutic capabilities; to do so in the safest
and least intrusive way; and to achieve high efficiency leading to longer time spans where the device may be
implanted in a patient [11].

Although each neural implant may have a different design, as active implantable biomedical devices (AIB-
MDs), most of them share standard components. These would be the stimulation circuit, the recording circuit,
a communications module, a system control unit, and power management, represented in Figure 1 [19].

The stimulation circuit is responsible for transforming the charge from the power source into usable
charge by the stimulating elements (electrodes or ultrasound transducers, for example). It usually requires
its own control circuit in order to deliver charge in a controlled and precise manner. The stimulation circuit
and its stimulation elements are critical for the correct function of an AIBMD, and they will be the subject
further discussed in this review [19].

As active devices are capable of modifying their output based on the change in their surroundings, they
require a closed-loop design. Closed-loop designs need a recording circuit to have inputs of their surround-
ings, which can then be used to modify a certain output. They usually require amplifiers and some kind of
analogue-to-digital converter (ADC) in order to acquire external biological signals and transform them into
usable information. To sense the physiological signal, they often rely on the same elements as the stimulation
circuits as long as they have both stimulating and sensing capabilities, like electrodes [19].

Communication modules are also essential to send data back and forth between the AIBMD and the ex-
ternal world. In the case of implants, wireless solutions are preferred to avoid patients undergoing constant
intrusive procedures in order to acquire data and modify possible therapy protocols. This means that ele-
ments such as data encoders, decoders, and radio frequency emitters and receivers are standard requirements
for AIBMDs [19].

As with any electronic device, the system control unit is essential for the correct functioning of the device.
It regulates all of the operations carried out and performs most of the calculations necessary. It is responsible
for the adequate closed-loop stimulation protocol, data processing, and general function of the implant [19].
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Figure 1: Schematic of the standard components needed to build an active implantable biomedical device. Adapted from [19]

Finally, the power management unit is needed for any standalone device. Additional circuitry for efficient
use of the energy available and to minimize losses is added in order to have long-lasting implants, capable of
operating autonomously for several years [19].

All these components play an important role in the neural implant’s function and are carefully designed
to work optimally with one another. This work will focus on understanding what makes a neural implant have
good recording and stimulating elements and how these can be measured.

ELECTRODES

There are a few options when it comes to interfacing elements of neural implants, but electrodes became the
field’s standard decades ago due to their simple action mechanism. Electrodes are a type of transducer, capable
of exchanging electrical charge for ionic chemical species. Thus, they are able to detect chemical concentration
variations in the cellular media and transform these changes into a measurable electrical current. They can
also stimulate cells, as when a current profile is applied to them, they will generate a proportional amount
of ionic species capable of exciting neurons [9, 10, 17]. This phenomenon of back-and-forth electrochemical
communication between electrodes and cells is known as the electrode-tissue interface and is the basis for
neural recording and stimulation.

Usually, electrodes are made out of metals (Au, Pt, Ag, TiN) that are capable of this electrochemical trans-
duction at their surface - although other material types such as conductive polymers or graphene have been
found to also work well [9]. Different electrode types perform differently in the electrochemical domain, open-
ing the door for researchers to figure out which type has the best properties for certain scenarios. Understand-
ing how a certain electrode behaves at the electrode-tissue interface has been for a long time a heavy topic of
research, as the need for better devices implies the need for better electrodes.
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WHAT MAKES A "GOOD" ELECTRODE?
Because electrodes are the elements of neural implants providing them with function, efforts of researchers to
improve electrodes are focused on their performance. Specifically, the electrochemical properties of electrodes
which govern the interaction with tissue. Yet, it is important to note first that the requirements for recording
and stimulating electrodes are not the same.

Recording electrodes need to be able to pick up the physiological signals from their environment, while
still not being affected by the background noise present in living tissue. An electrode´s levels of thermal noise
in a certain setting will be directly proportional to the minimum measurable modulus of the surrounding sig-
nals. This capability is expressed in electrical terms with the concept of impedance, i.e.: the resistance experi-
enced by the electrode to record physiological signals at a certain frequency [9, 10, 20]. Electrodes displaying
very high impedance will struggle to detect low-amplitude activity over their noise baseline, rendering them
incapable of signal recording. It is also important to know how the impedance changes across the measured
frequency spectrum because it will produce in the recording electrode a filter-like behaviour. Suppose the
recording electrode presents elevated impedance at the frequency range of interest, or it significantly distorts
the sensed signal across its spectrum. In that case, it may not be usable for adequate signal recording [9, 10].

Stimulating electrodes aim to inject charge into the tissue they are in contact with. How much charge
are they able to inject safely during a duty cycle, how does the charge distribute across the electrode’s surface
and how efficient are they when delivering the charge are some of the main characteristics to look out for in
stimulating electrodes. Good stimulating electrodes should have wide potential operating windows for their
safe operation while still injecting as much charge as possible with optimal energy efficiency [9, 10].

Still, due to the intrinsic link between the form and function of electrode materials, the capabilities of
a specific electrode are conditioned by its design and manufacturing process. Hence, although the charac-
teristics of an electrode that researchers ultimately care about are electrochemical, how they are improved is
through experimenting with the material, structures, device design, and test parameters.

TESTING AN ELECTRODE’S PERFORMANCE

As the manufacturing process of an electrode is linked with its later performance (which can also not be accu-
rately predicted beforehand) testing electrodes is essential [9]. The objective of said tests should be more than
simply evaluating performance, but rather to do so in a way that makes results translatable to real, clinical
scenarios. This can be challenging as initial experimentation should always start in-vitro, where conditions
are vastly different from the final in-vivo setting. Thus, test parameters should be tailored to better reflect final
use scenarios [10]. The practice of testing and defining an electrode’s capabilities (either in-vitro or in-vivo) to
be able to predict its performance for future uses is known as characterization.

Special attention must be paid to the test setup itself: adequate protocol, test conditions, and parameter
setting are necessary to perform good tests. Because results should be comparable despite the complexity
of the test, these precautions are necessary to ensure the test’s repeatability and reliability of the obtained
measurements [10, 20]. Therefore good characterization practices entail both obtaining useful information
about a sample electrode and doing so in the most standardized manner.

Due to their inherent risk factor and performance requirements, as long as electrodes have been manufac-
tured for neural interfaces, there has been a need to characterize them. Characterizing an electrode has proven
to be a useful practice for a field that has seen constant innovation in materials, approaches, and designs over
almost 50 years [21, 22]. It has opened the door to comparing different electrodes and choosing optimal con-
figurations and designs, without having to test on patients. It also has allowed the field to move forward by
giving researchers the ability to identify which areas of a certain electrode may need improvement. Decades
of iterative electrode manufacturing, characterization, and clinical implementation have made it clear that
developing more accurate and representative characterization methods will lead to a deeper understanding of
electrodes and their potential, further pushing the boundaries of neuroscience [10].
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1.3 TYPES OF CHARACTERIZATION

Being able to determine the functional properties of an electrode in a controlled setting that mimics real-life
use cases, before having to actually use it, is essential to the present and future of neuroscience. These stud-
ies propel electrode manufacturing forward and enable new materials and manufacturing techniques to be
considered in practice due to their improvement over the previous standard. As such, these controlled experi-
ments aim to gain information on the key properties that make an electrode better or worse. Characterization
can be subdivided into three main types: Electrochemical (EC) Characterization, Surface Characterization,
and Mechanical Characterization

ELECTROCHEMICAL CHARACTERIZATION

Electrochemical Measurements (ECM) are used to test the performance of the electrode under working con-
ditions. By observing the electrode’s output in the electrical domain, it is possible to determine and quantify
what are the thresholds for its safe stimulation of surrounding tissue, how efficient it is delivering charge, or
the impedance it will have when recording neural signals [23, 24]. These characteristics of an electrode di-
rectly relate to how useful and capable it is in recording and stimulating neural tissue. Heavy research goes
into these tests as they are the ones determining whether a novel electrode will have a therapeutical advantage
over another one.

SURFACE CHARACTERIZATION

Surface Characterization refers to the use of a diverse set of tools intended to obtain information from the most
external layer of an electrode. Microscopes and other imaging instruments such as Atomic Force Microscopy
(AFM) are used in order to gain insight into the micro- and nano-structure of the electrode. Example images
of a Au electrode can be found in Figure 2. Besides imaging, chemical tests such as X-ray Photoelectron Spec-
troscopy (XPS), Auger Electron Spectroscopy (AES) or Secondary Ion Mass Spectroscopy (SIMS) may be carried
out to identify the individual species present on a sample´s surface. As the electrode’s surface is the only active
portion in direct contact with the tissue, and electrode activity is a process happening uniquely at the interface,
surface studies are a fundamental part of electrode characterization. By examining its integrity, surface fea-
tures, composition, or the existence of defects, researchers are able to assess the quality of the manufacturing
process of both simple deposited metal layers or complex nano-structures[25–27].

MECHANICAL CHARACTERIZATION

Mechanical Characterization looks into the mechanical properties of an electrode. As the electrodes come in
direct contact with the body, adequate mechanical performance is needed to avoid damage to both electrodes
and tissue, especially with repeated uses or special use scenarios like peripheral nerve cuffs [28]. Current
interests in miniaturizing technologies to make them implantable means that a full-on study of the device’s
mechanical behavior is needed for optimal biocompatibility and reliability. Additionally, flexible electrodes
require new characterization tests to determine their integrity and flexible capabilities, while for electrodes
coated in other 3D materials - especially those with conductive polymers like PEDOTs - a delamination test is
needed to study the adhesion of the coating [29].

Yet, although these types of characterization may seem independent, they are intrinsically linked [9, 27].
Surface features will translate to changes in performance in the EC domain, and questions about why a certain
electrode under-performs or improves a similar one may only be answered after examining them visually and
mechanically. Hence, for a complete characterization of an electrode, all are needed as they complement each
other. Yet, the current challenge in the field of electrode characterization, and the one that is trying to be ad-
dressed in this review is that of EC characterization. This is mainly due to the fact that not only do these tests
give the most crucial information to assess whether an electrode improves upon a previous one, but the com-
plexity in parameters of such experiments makes EC characterization a non-standardized practice [10, 20].
Not all teams perform the same tests, nor in the same manner, making results difficult to compare and build
upon.
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Figure 2: Surface Characterization techniques for a Au circular opening electrode. Techniques used are A: Optical Microscopy, B:
Interferometry, C: Dark Field Microscopy, D: Scanning Electron Microscopy.

1.4 ELECTROCHEMICAL CHARACTERIZATION OF ELECTRODES

The following section will be an overview of the most commonly used techniques and equipment involved
in electrochemical characterization for neural interface electrodes: electrochemical impedance spectroscopy,
cyclic voltammetry, and voltage transients. Additionally, as the ultimate application of this review is character-
izing Au electrodes, the specific behaviour of Au in these tests will be further explored. Relevant research was
studied, and values for the reported figures of merit were extracted from the text or, in the absence of literal
values, figures.

Although these three tests are performed differently, they do share common factors that are worth ex-
ploring before looking into each specific test. In all cases, the fundamental aspect of an electrochemical test
involves applying some current or potential from our electrode of interest, commonly referred to as a Work-
ing Electrode (WE), to a Counter Electrode (CE). This CE is usually chosen to be of good conducting material
that is also inert to avoid interfering with the electrolyte kinetics. This is why materials like Pt or graphite are
preferred to others like Cu. Additionally, CE’s are made with a much larger dimension than the WE to avoid
it being a source of impedance in the test [10]. Besides these two electrodes, it is also common to use a third
Reference Electrode (RE) to measure against, giving measurements higher repeatability and reliability. Using
Ag/AgCl electrodes as the RE has become a very widespread practice, which has the added benefit of making
results from different groups more comparable - yet many other possible RE electrode materials are possible.
Hence, this setup is referred to as a 3-Electrode Setup and is standard practice for EC experiments [9]. Note it
is also standard to always report the full electrode setup when sharing findings, as results are strongly linked
to them.

The other main common factor across all of the tests of interest is that of the medium through which
tests are run. In-vitro tests are the easiest to perform, but it is key that the conditions of the medium can be
somewhat translatable to future in vivo environments. Although living tissue is characterized by having many
chemical species in different concentrations, they do not seem as relevant when testing for the immediate EC
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performance at the electrode’s interface for short-term time spans [10]. As this is the scale of most scenarios for
these tests, a phosphate-buffered saline (PBS) solution is deemed suitable. A common range for the solution’s
pH, trying to mimic an in vivo environment, is between 7.2 to 7.4 [30–33]. For longer-term testing, the medium
should better mimic that of living tissue, as species like carbonate ions or nutrients are absent in PBS. Alterna-
tive solutions, such as extracellular fluid (ECF) contain these factors that have been shown to have an effect on
electrode performance due to protein adsorption and electrode biofouling [34]. Additionally, tissue anisotropy
can also be overlooked when testing in vitro [35]. This all leads to an increased interest in performing these
ECM in vivo instead of in vitro. But the change in medium has several drawbacks besides getting approval for
in vivo testing. For instance, it is usually not possible to include a RE in the experiment setup [10], limiting the
control precision of the WE’s potential. This makes taking measurements regarding the sensing capabilities of
the WE (such as EIS) a major challenge. And for stimulation tests, in-vivo experiments also hold risks related
to stimulating tissue over the safety thresholds [36]. As the goal of ECM for stimulation capabilities is often to
find this threshold, it is quite possible to reach harmful potentials during electrode characterization in vivo.
These limitations, coupled with the need to still carry out in vivo recordings, have pushed researchers to de-
velop alternatives such as growing living cells on top of the electrodes [37, 38]. As each test presents different
challenges when trying to be carried out in vivo, the practice of in vivo ECM will be evaluated separately within
each test.

2 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY

Electrochemical impedance spectroscopy (EIS) is an EC measurement test where the impedance and phase
angle response of an electrode of interest is measured across a frequency range. As the impedance is a result of
the electrochemical kinetics at the electrode’s interface, it is also a measure of the electrolyte itself. To be able
to characterize an electrode with EIS and later compare measurements, it is imperative to fix the medium con-
ditions (pH, concentration, positioning, temperature). EIS is mostly used as a test to describe the capabilities
of electrodes that will be used for recording applications.

2.1 PERFORMING EIS
To conduct the test, a sinusoidal potential or current is applied to the WE over a frequency range - usually
for neural interfaces, it ranges from 0.1 Hz to 100 kHz [9]. In order to estimate the electrode impedance, a
comparison between the input excitation value and the measured output of the circuit is needed. From that
data, both amplitude and phase (|Z |,ϕ) for the electrode’s impedance can be calculated following

|Z | =
√

Re{Z }2 + Im{Z }2 (1)

ϕ= ar ct an(Im{Z }/Re{Z }) (2)

where Re{Z } and Im{Z } refer to the corresponding real and imaginary components. As the excitation used
to measure impedance is small in magnitude, the impedance response of the electrode remains linear for
each frequency point, as seen in Figure 3. For EIS, the root mean square of the voltage is most commonly
set to 10mV, and values higher than 100mV are discouraged [10], as the linear relationship disappears. Doing
this across a window of frequencies produces a spectrum of impedances, describing the electrode’s recording
capabilities.

Other secondary test parameters can be tweaked based on the setup available, such as the number of
frequency points measured, or over how many cycles of measurement the final impedance value is averaged
after. These aim to produce more robust results but do not change the fundamental aspect of how is the test
performed. For instance, Bret et al. recommend cycling 5 times at each frequency point for better measure-
ments [40].
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Figure 3: Graph depicting the linear relationship between current and potential for calculating impedance over low magnitude
sinusoidal excitation. Adapted from [39].

2.2 REPORTING OF EIS DATA

EIS results can be shared in literature in many different ways, yet they all aim to depict the general behaviour
across the whole frequency range measured. The results of EIS are typically presented in three separate ways.

BODE PLOTS: ABSOLUTE IMPEDANCE AND PHASE ANGLE

The most common and straightforward method plots impedance in two separate graphs, one for the absolute
value of the impedance, usually plotted in a logarithmic scale, and another for the phase angle. This is known
as a Bode plot. Figure 4 depicts a standard Bode plot for a single Au electrode with both variables in a com-
bined graph. Impedance starts high at lower frequencies, decreasing as frequency increases in a linear fashion
when plotted in a logarithmic scale, and staying rather constant after a certain frequency value (in Figure 4
around 10 kHz). Due to the capacitive behaviour of the electrode-tissue interface, the phase angle is measured
to be negative in value across the whole frequency spectrum. It is common to change the sign of this com-
ponent to make it positive. Standard phase angle recordings are a result of the interplay between the resistive
and capacitive contributions in the standard impedance curve described previously. The expected profile of
such phase angle will start in the predominantly resistive behaviour region if the measured frequencies are
low enough. As intermediate frequencies are reached, a shift to predominantly capacitive behaviour will be
represented by a decrease in phase angle, eventually plateauing close to -90º and rising back as it approaches
the high-frequency region. Lastly, as the electrode will have a predominantly resistive behaviour in the high-
frequency region, phase angle values will approach 0º. Most importantly, when measured from low enough
frequencies, it is expected that the phase angle shall cross the -45º threshold twice, indicating the changes of
behaviour in the electrode (more on this in section 2.4). Evaluating the magnitude of the impedance element
at a certain frequency or the shape of the phase curve can be useful for direct comparisons between electrodes.
More so, these graphs are usually presented together with the figure of merit of the electrode’s impedance at
1kHz - or in some cases, substituted by it. Although not perfectly representative of the electrode’s performance
for actual neural activity recordings [10], it has become the standard value to be shared and used as a reference
for a certain electrode type.

Another possibility is to normalize this impedance by the unit area of the electrode, typically expressed in
Ω∗cm2. Normalization allows researchers to express the impedance as a function of area, opening the door to
comparing differently sized electrodes. Although it is common in most tests to normalize by dividing by area,
this is not the case for impedance. Instead, normalized impedance is calculated by multiplying by the area and
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the reasoning for such calculation lies in the definition of impedance itself. Impedance is defined as

Z = δV /δI (3)

where dV represents the immediate change in voltage and d I the immediate change in current (Equation 3).
To normalize impedance, the current is substituted by current density (J ), effectively dividing current by area
as

J = I /A (4)

If we then want to calculate the normalized impedance (Z ′), we write equation 4 into equation 3, as

Z ′ = δV /δJ = δV /(δI /A) (5)

Z ′ = Z ∗ A (6)

Thus, to obtain directly the normalized impedance it can be done by following equation 6, where the impedance
is multiplied by the geometric surface area of the electrode [41]. By normalizing EIS data, it is possible to com-
pare electrodes manufactured in different sizes and with different techniques.

Figure 4: Graph showing EIS for an electrode by plotting its absolute impedance and its phase angle components.

NYQUIST PLOTS: REAL AND IMAGINARY COMPONENTS OF IMPEDANCE

An alternative method to view EIS data would be to combine impedance and phase angle data into a single
Nyquist plot, with the X-axis being the real part, and the Y-axis being the imaginary part of the impedance
measurement. These values can be obtained in a variety of ways, from the measurement setup directly, to
transforming from the polar format expressed before ( Z and Phase Angle ϕ) to its rectangular counterparts
(namely, ReZ and ImZ) as shown in

Re{Z } = |Z |∗ cos(ϕ) (7)

Im{Z } = |Z |∗ si n(ϕ) (8)

The benefit of the Nyquist plot is that the real part of the impedance is directly related to the resistive behaviour
of the electrode, while the imaginary part reflects the capacitance behaviour. The combined contribution of
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both charge transfer methods gives electrodes a characteristic shape to their Nyquist plot: a semicircle. As the
relationship between real and imaginary counterparts of impedance is related to the resistive and capacitance
charge transfer methods; points where the imaginary component is at a minimum will display impedance
solely from the real component. Similarly, when the plot reaches maximum values in the imaginary axis, it is
indicative that the contribution of the capacitive behaviour is at its maximum. By observing features of the
Nyquist plot we can directly extract values for a simple model of the electrode, as indicated in Figure 5 from
Brett et al.’s paper [40]. Cell resistance (RΩ) indicates the resistance component of the medium the electrode
is immersed in and can be obtained by observing the minima of the semicircle at very high frequencies (lower
values for real and imaginary components). The electron transfer resistance (Rct) is another key component
of an electrode’s model and reflects the resistance electrons encounter when transferring over the interface
boundary. It can be obtained by considering that the minima of the semicircle corresponding to a higher
value for the real impedance is a sum of both resistive components. Double-layer capacitance (Cdl) is a result
of the electrolyte and the charged electrode interface acting as two separated and charged layers, effectively
behaving as a capacitor able to store and effectively transfer charge. By observing the maxima of the imaginary
impedance component, we can deduce the Cdl following equation 9.

ωRctC dl = 1 (9)

The ability to determine values for elements of the model of the electrode at a single glance, makes Nyquist
plots a useful tool to give more detailed information about the electrode [42]. Similarly to impedance modulus
and phase angle plots, Nyquist plots can be used to assess how modifications of the electrode affect perfor-
mance, but their presentation of the real and imaginary parts of the impedance makes them redundant for
simple characterization purposes. When not trying to simply display impedance measurements, the presence
of Nyquist plots is used to build electrode models from the information contained in them [43, 44].

Figure 5: Illustration of how basic elements of the simple electrode model can be extracted from the Nyquist plot of an electrode
undergoing an EIS characterization test. RΩ: cell resistance, Rct: electron transfer resistance, Cdl: double-layer capacitance Adapted

from [40]

BUILDING EQUIVALENT CIRCUIT MODELS

The third way to compile the information gathered from an EIS test would be to model an equivalent circuit
of the electrode, with fitting impedance elements. By representing an electrode with an ideal electric circuit
model, it is possible to represent the electrode’s behavior simply. Obtaining a simple model is usually a sim-
ple task that can be carried out by available software or by plotting out the Nyquist plot of the electrode, as
mentioned before and illustrated in Figure 5 [43].
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The most simple electrode model, consisting of a resistor for the cell’s resistance, in series with a resistor
with the electron transfer resistance in parallel with a capacitor for the double-layer capacitance, can be fitted
to almost all electrode EIS data. And all it needs to be built is contained in its Nyquist plot. But as the electrode
and its interface interaction become more complex, it can be difficult to represent all the different elements at
play [40].

It is also important to take into account that these models still present themselves as black-box models
that may not take into account all the parameters involved in the EC reaction, missing out independent el-
ements, or grouping under one component many individual sources [43]. It is possible to arrive at different
models that both provide a correct fit, making it difficult for researchers to decide which one is the correct one.
Figure 6 shows 4 equivalent circuits Lempka et al. built to model an electrode’s EIS behaviour [45]. All of them
are valid but with varying degrees of error and robustness. This is in summary why, when it comes to using it
as the way to characterize EIS results, there are many critiques to its solo use [46, 47]. It "does not provide a
complete analysis of data" [48].

Still, there is one particular scenario where equivalent circuit modelling provides insight that previous
methods do not: circuit design. By knowing the equivalent circuit model of the electrode, it is possible to make
an informed approximation for representing the electrode in circuit design schematics. In these scenarios,
modelling electrodes is necessary to understand the system’s requirements for optimal performance and de-
sign accordingly. But even then, there may be marginal benefits to obtaining high-precision models, at the
price of increasing complexity.

Figure 6: Examples of four Equivalent Circuits developed to fit the same electrode EIS data. C – capacitance, CPE – constant phase
element, e – electrode, ec – extracellular, enc – encapsulation, m – membrane, R – resistance, t – tissue. ∞ – infinite frequency, ∆ –

difference between a parameter at DC and at infinite frequency. Adapted from [49]

2.3 PERFORMING EIS ON LIVING TISSUE

The use of EIS as a means to characterize electrode-to-tissue performance is broad, but it serves a slightly
larger purpose than characterization performed in a prepared medium - like PBS. Taking EIS measurements of
in vivo environments to characterize the isolated electrode’s performance would be very complex, as many fac-
tors come into play when trying to replicate the three-electrode setup common to an electrolytic cell described
previously in this section. Instead, EIS has two main uses when applied to living tissue: directly comparing
performance between electrodes and using it to characterize the electrode-tissue interface. Taking impedance
measurements of cellular recordings (in vitro extracellular, or in vivo) with developed electrodes to see which
ones pick up a better signal has become a widespread practice [37, 50] (although it is discussed in section
2.4 that lower impedance does not always equate to better performance). Still, it is challenging to obtain ac-
curate recordings of living tissue. Specifically for in vitro extracellular recordings, one of the most common
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approaches to solve this challenge is growing culture cells directly on top of the electrode itself. These exper-
iment setups are still conditioned by the electrode’s material, surface, and other interface properties as they
condition cell growth [38].

On the other hand, EIS has seen more use as a tool to characterize the electrode-tissue interface at any
given time. By modelling EIS behavior before, throughout, and some time after implantation, Lempka et al.
were able to use this data to determine the interfacial state of the electrode from electrochemical data [45]. This
allowed clinicians and researchers to determine the encapsulation rate of the electrode due to the foreign body
response of the host. Further progress has been made to determine other scenarios such as cell differentiation,
proliferation, recognition, and death based on impedance measurement shifts[49, 51].

2.4 ISSUES WITH EIS
Even after using EIS for decades, being a standard test to conduct electrode characterization, there is still
ongoing debate about some of its fundamental aspects.

SELECTING AN IDEAL REPORT FORMAT

The ways of representing EIS data have varying utilities depending on their scenario, which has made it dif-
ficult for researchers to settle on one single method. For EC electrode characterization and possible compar-
isons, Bode plots showing absolute impedance and angle have become the standard among researchers, with a
secondary interest in showing an equivalent circuit model to be able to quantify performance using traditional
circuit components. This is because displaying impedance in an absolute manner better reflects the outcome
when using the said electrode for recording: it should be able to pick up better or worse the signals in the sur-
rounding medium without filtering them excessively; while phase provides insight into the governing charge
transfer mechanism (Faradaic or Capacitive) at a certain frequency. The additional urge in academia to share
information in a useful condensed manner made absolute impedance plots the preferred reporting format
for electrode manufacturers. On the other hand, when trying to solve problems arising from circuit design,
it is more common to observe the use of Nyquist plots and a strong interest in developing accurate electrode
models. This preference change happens due to the same prioritization in condensing useful information:
electrical circuit components convey more usable information for circuit designers.

IMPEDANCE AT 1KHZ AS A FIGURE OF MERIT

The use of the impedance at 1 kHz as a figure of merit for EIS is done for practical purposes, but also as it
is also commonly shared when reporting EIS data from other instruments, such as batteries [52]. Yet, for
biological purposes, the signal spectrum is mostly lower than 1 kHz [53]. A collection of biological signals,
and their corresponding recording frequency spectrum, are presented in Table 1 [54, 55]. This means that
the impedance profile of an electrode works as a filter of sorts across the whole frequency spectrum, as the
difference in impedance between high frequencies and low frequencies can be of several orders of magnitude.
Because of this, Boehler et al. recommend shifting from the figure of Z1kHz to the cutoff frequency (fcutoff).
fcutoff can be defined for electrodes as the frequency, starting from high-frequencies as they have pass-band
behaviour, at which the phase angle is -45º (Fig 7). This point is also coincidentally the point at which the
electrode transitions from a predominantly resistive behaviour to a predominantly capacitive one, signalling
the shift to a predominantly non-linear distortion in the recorded signals [10]. Hence, this figure of merit can
better convey what signal environment is the recording electrode good for.

IMPEDANCE AND IMPROVED NEURAL ACTIVITY RECORDINGS

There are also substantial critiques of the assumption that better impedance response equals better recordings
in vivo. There is a sound basis for this idea, as impedance is intrinsically linked with the electrode’s signal-noise
ratio (SNR). This is because, at the recording electrode site, the contribution to noise is solely thermal noise
(νn)[56]. Thermal noise is directly related to impedance, as shown in equation 10, where k represents the
Boltzmann constant, T the temperature in Kelvin degrees, and ∆ f the bandwidth.

νn =
√

4kT∆ f Re{Z } (10)

Equation 10 shows that it is possible to obtain high SNR recordings when the recording electrode’s impedance
is low. Yet, recent studies have shown that differences in impedance may not translate directly to better record-
ings. In a study with polytrodes by Neto et al. [57], it was observed that having better impedance electrodes
did not relate to neural recordings having a higher SNR ratio. To explain this counter-intuitive phenomenon,
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Table 1: Table containing some of the most relevant biological signals and their corresponding frequency range in Hz at
which they can be recorded. Adapted from [54, 55]

Type of Signal Frequency Range (Hz)
Blood Pressure 0-60

Electroretinogram 0-50
Electrocardiogram 0.1-250
Electromyogram 20-1k

Electroneurogram 250-5k
Delta Brain Waves 0.1-3.5
Theta Brain Waves 4-8
Alfa Brain Waves 8-12
Beta Brain Waves 12-30

Gamma Brain Waves 30-90

Table 2: Table collecting available normalized impedance values from the literature for bare Au electrodes. Adapted from
[30, 33, 37, 38, 58–60]

Electrode Description Z’ @ 1 KHz (Ω∗ cm2) Author
20 µm radius sputtered Au 10.1 Martin et al., 2002
Compact Au electrode tip 6.84 Seker et al., 2010

30µm diameter bare Au 0.11 Kim et al., 2015
Bare Au electrode 0.88 Kim et al., 2017

Planar circular Au electrode 3 Won et al., 2018
Planar Au electrode 0.3 Won et al., 2018
Planar Au electrode 1.4 Won et al., 2018

10 µm radius raised bare Au 6.28 Wolfrum et al., 2021
100 µm radius raised bare Au 9.42 Wolfrum et al., 2021

1,25mm radius bare Au electrode 15 Gryszel et al., 2022
50x50µm bare Au electrode 10 Gryszel et al., 2022

the research team argues that thermal noise (related to impedance in Eq 10) will have little contribution to the
overall recording, as the neural signals would elicit higher amplitude recordings at the electrode when origi-
nating from proximal neurons than the contribution of thermal noise. Improving impedance further would
not report significant benefits to these recordings, at the cost of more complex electrodes [57].

These points illustrate that despite EIS being a widespread technique for characterization, there are still
aspects that are not being taken into account when conducting tests. More importantly, it is how this data is
reported and the weight that researchers give to the results that are missing the context of clinical application.

2.5 EIS OF AU ELECTRODES

Reported values for bare Au electrodes - consisting of a simple Au layer interface - may vary due to electrode
size, so results are normalized by multiplying by the electrode’s area. We compiled relevant literature and
calculated the normalized impedance by extracting data from the text and figures presented, summarized in
Table 2. Normalized Z at 1kHz for bare Au electrodes present on average a value of 5.76Ωcm2 [30, 33, 37, 38, 58–
60], spanning over two orders of magnitude, from 0.11Ωcm2 [37] up to 15Ωcm2 [59].

Additionally, researchers have tried to improve Au’s performance by modifying its surface to improve its
ESA/GSA ratio. Techniques such as making "Fuzzy Au", attaching Au nanoparticles, or etching the Ag of a thick
Au-Ag layer to obtain a nanoporous Au electrode are some of them, summarized in Table 3. In general terms,
these modifications seem to improve the Normalized Z at 1kHz by one order of magnitude, with the calculated
average normalized Impedance at 0.47Ωcm2, minima at 0.09Ωcm2 [37], and maxima at 1.24Ωcm2 [60]. Utiliz-
ing surface modifying techniques allows for giving Au-based electrodes similar performance to other materials
favoured in the field, such as modified platinum or some conducting polymers [37, 38, 61–65].
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Figure 7: Bode plot of an EIS measurement, indicating where the cutoff frequency would be located, both from the 45°
point and the intersection of resistive and capacitive regions. Adapted from [10].

3 CYCLIC VOLTAMMETRY

Cyclic Voltammetry (CV) is an EC measurement test where the current response of an electrode of interest is
measured as we apply a voltage potential in steps, cyclically sweeping across a voltage window at a constant
sweep rate. CV is used to determine what kind of electrochemical reactions happen at the electrode’s sur-
face within certain voltage ranges and, most commonly reported, quantify the amount of charge available in
the electrode for injection during stimulation applications. Other information, such as identifying the elec-
trochemical reactions happening, their reversibility, and the electrode’s stability after stimulation, can also be
obtained from CV [9].

3.1 PERFORMING CV
To perform a CV test, a 3-electrode setup is required. The voltage is swept back and forth from each of the volt-
age window’s extremes, across the electrode pair WE|CE, while the RE|WE pair is used to measure the current
response. If only two electrodes were employed, as the WE needs to be under stimulation in pair with another
electrode, it would not be possible to accurately measure its current response. Thus, the RE|WE pair must
study the current response to the applied voltage [29]. Voltage is used as a driving force for the electrochemical
reactions that happen at the electrode’s surface. Sweeping the potential (V/s) across a potential window drives
different, characteristic redox chemical reactions. The kinetics of these reactions are related directly to the
current response, which is measured [29]. Hence, it is possible to identify the redox reaction happening at the
electrode’s surface and determine the amount of electrochemical charge the electrode was holding through-
out an entire cycle. It is important to note that the current will be the result of both faradaic and capacitive
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Table 3: Table collecting available normalized impedance values from the literature for modified Au electrodes. Adapted
from [30, 37, 58–60]

Electrode Description Z’ @ 1 KHz (Ω∗ cm2) Author
Fuzzy Au 20 µm radius 1.24 Martin et al., 2002

Au with 304 nm Au nanoparticles 0.24 Seker et al., 2010
Au with 112 nm Au nanoparticles 0.56 Seker et al., 2010

Au nanoparticles on Au 0.09 Kim et al., 2015
Au with Au nanorods 0.46 Won et al., 2018

50x50 µm Au with nanoparticles 0.2 Gryszel et al., 2022
50x50 µm nanoporous Au 0.5 Gryszel et al., 2022

reactions. Capacitive current, defined as

i c =C dl ∗δv/δt (11)

is constant for any process with a constant potential change (δv/δt ), so it will yield a constant positive or neg-
ative current in the respective anodic or cathodic sweep. Capacitive processes are the ideal charge transfer
methods for neural interfaces because they do not introduce chemical species in the environment or them-
selves [66]. On the other hand, faradaic reactions depend directly on the potential at which they occur, mean-
ing they will change with it. As the potential reaches that of an electrochemical reaction (Vr), and when the
reaction is limited by kinetics, the current response will rapidly increase as the reaction equilibrium potential
is reached. As the potential moves away from Vr, the current response decreases [10]. This behaviour results in
chemical reactions appearing as peaks in the voltammogram. As such, it is easy to determine whether an elec-
trode is behaving as intended by examining the peaks present and the voltages they happened at. If they align
with the expected redox reactions for that certain type of material, the adequate performance of an electrode
can be assessed [29].

It is also worth noting that in altered mediums, as reaction kinetics change, so can the current response.
For instance, degassed mediums aim to reduce the amount of 02 dissolved in the medium. Limiting the elec-
tron transfer kinetics will require a larger potential (in absolute value) for the reaction to occur, shifting the
current peak. In this case, at the potential region for O2’s adsorption, mass transfer kinetics (governed by dif-
fusion) may surpass electron transfer kinetics, leading to an irreversible charge transfer process [29]. Media
with an excessively high concentration of a species should not affect the reversibility of the reaction as kinetics
for electron transfer surpass those of mass transfer. The current response shall happen at a similar potential
to that of a medium with ideal species concentration, but the peak’s width and amplitude may grow as species
are more available to react.

3.2 ELECTRODE CHARACTERIZATION WITH CV
When it comes to characterizing an electrode, CV does so in two distinct ways: the first is that it allows iden-
tifying which electrochemical reactions are happening at the electrode’s surface, and the second is that it can
quantify the charge available for stimulation.

IDENTIFYING EC REACTIONS

Identifying electrochemical reactions through peaks in the voltammogram curve can be a complex topic, as
one needs to understand all the chemical species in the process and at which potential they are expected to
happen [9, 29]. But as they are related directly to the electrode material, they are available in the literature
and should not vary between different electrodes made of the same material. So the common approach is
usually that of using the presence of these reactions as a qualitative indicator of the electrode (i.e.: whether
it is behaving as expected for that material). Thus, by observing roughly the curve’s morphology one can dif-
ferentiate electrode types. Figure 8 showcases how curves for three different electrodes can be very different
despite keeping other parameters constant across tests. Still, as minor changes in the electrode can produce
shifts in the curve and its signature peaks, observing faradaic reaction peaks should not be used lightly. For
further insight, all possible species and electrochemical processes should be taken into account when justi-
fying a behaviour. This hints at the other main challenge when trying to identify reactions in an unknown
or novel electrode. A study of the full range of electrochemical reactions happening throughout the tested
window should accompany every new electrode type, as it may not be possible to rely on past references. Con-
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sidering the influence of the capacitive charge transfer versus the faradaic charge transfer processes is also key
to understanding the expected shape of such peaks [10, 67].

Figure 8: CV measurement of three distinct electrode types, in PBS at a rate of 20 mV/s. The numbers indicate
characteristic faradaic reactions for the Pt electrode: 1 indicates Pt oxidation, 2 indicates Pt reduction, 3 indicates H atom

plating and 4 indicates H atom stripping. Adapted from [9].

QUANTIFYING AVAILABLE CHARGE

Quantifying available charge is the most reported use of CV for electrode characterization. To do this, Charge
Storage Capacity (CSC), expressed usually in mC/cm2, is computed from the integral of the voltammogram
curve. It represents the amount of charge available at the interface per geometric unit area. Most commonly,
as the charge that is of interest is that which is available for stimulation, it is also expressed through Cathodic
Charge Storage Capacity (CSCcath), defined as the total amount of charge per geometric unit area while oper-
ating the cathodic region, resulting in negative values for the current response. By computing the time integral
of only the negative portion of the CV curve, shown in Figure 9, CSCcath can be calculated. CSCcath can be
useful to compare different electrodes’ performance, as it solely presents a quantifiable amount of charge per
unit area. It is thus the most reported metric from CV tests, sometimes reducing the whole test to it. But using
it as a standalone value, even if it is the only comparable metric, is an incomplete description of the electrode’s
capabilities [10]. The need to check for the curve’s morphology as an indicator of the adequate performance of
the electrode, and the high susceptibility of numerical metrics to the parameters used in CV demand that the
full test information must be disclosed, discussed in section 3.3.
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Figure 9: CV curve of an activated iridium oxide film (AIROF) electrode with the cathodic contribution highlighted in blue.
By computing its integral, it can be known that this electrode has a CSCcath of 23mCcm-2. Adapted from [9].

3.3 KEY PARAMETERS IN CV
Besides the specific reactions characteristic of the measured electrode type and the set-up used in measuring
it, CV is known for being heavily influenced by the test parameters chosen. Three key parameters in CV will be
discussed: the potential window, the number of cycles performed, and the potential sweep rate.

SWEEPING POTENTIAL WINDOW

The potential window is the range of voltage values across which the electrode will be swept back and forth.
When testing for neural interfaces, the objective is to find the optimum performance while remaining safe
for the body and its tissues. When the voltage reaches the necessary potential to initiate water hydrolysis, as
water in tissue breaks down and reactive species are liberated, it is almost certain that non-reversible damage
is happening [9]. That is why it is common practice to set the limits of the CV window to those within the
window of water hydrolysis for each type of electrode. The specificity of this process implies that each type of
electrode should be tested to figure out its water window values [10] -later discussed in this section. Reference
values can indeed be found in the literature for different materials. Still, the moment surface modifications are
introduced, or the manufacturing process prevents the electrode from being ideal, the water window will be
different. To determine the water window, it is possible to run a CV test well outside of the window and then
study the resulting curve. As the potential of the test reaches the Vr necessary for water hydrolysis, the faradaic
reaction will begin, greatly increasing the current response. As the reactant (H2O) is widely available, kinetics
do not limit the reaction, and the observed peak is expected to be very large in comparison to those of other
chemical species [10]. This can be observed in the voltammogram obtained. The test should also be ideally
split into two separate runs, wherein in each test only one side of the water window is tested, as can be seen in
Figure 10. As the purpose of the experiment is to provoke non-reversible reactions at the electrode´s surface,
only one boundary may be tested at a time. By the time the second boundary would be tested in the same run,
the electrode´s surface would have been modified in a non-reversible way leading to an output different from
other electrodes that have only been subjected to reversible reactions. Additionally, it is for this same reason
the test may only require one cycle. Any subsequent cycles would not provide representative data. Thus, the
water window for testing and future tissue stimulation is then determined as the potential values from the first
cycle of each boundary test before any faradaic behaviour is observed [68].
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Figure 10: CV obtained for a Pt electrode at 100mV/s in PBS. The black line shows a test run within the water window, while
the dashed blue line extends its range into the anodic direction, and the dashed red line extends its range into the

cathodic direction. Adapted from [68]

NUMBER OF CYCLES

The number of cycles a CV test will have is a parameter that may seem trivial at first, but it should be tailored
to each electrode type and test. When the CV test begins, not all of the electrode’s surface features may be
activated, resulting in a changing output through its cycles. This phenomenon can result in the output current
lacking features (such as peaks from faradaic exchanges), showing a diminished response and charge storage
capacity; or the total opposite, with reactions appearing only in the first cycles thus giving a false impression
on the electrode’s performance if they were used for the final characterization [69]. Figure 11 shows how a ZnO
film has very different voltammograms between cycles one and twenty. The longer the exposure of the WE to
an input voltage, the higher the chance that it will reach its steady-state response. This matters because, under
clinical use, the prolonged stimulation and use of the electrode will drive its performance to a state close to its
steady state. Yet, based on the properties of the electrode, it may reach such a state after a different number of
cycles [29]. This is relevant because to characterize electrode properties (the presence of EC reactions, amount
of charge stored), it should be done with the steady-state response. It is easy to determine when such a state
is reached, as the response will stop drifting cycle after cycle as illustrated in Figure 12. This behaviour also
implies that it is heavily recommended that the cycle used for data retrieval is one of the latest ones possible
[10]. As long as no non-reversible reactions were happening (again, it is critical to first select an appropriate
water window), later cycles display an electrode performance closer to its steady state. Moreover, choosing
an appropriate number of cycles can also be done based on the purpose of the CV test. By choosing a small
number of cycles, it is possible to study how fast a certain electrode falls into its steady-state response; while an
optimum number of cycles would be meant to study the CV response of the electrode [29]. Understanding how
fast an electrode reaches its steady state can be very useful for research purposes, as not only time can be saved,
but excessive electrochemical stress due to additional cycles can be avoided. Alternatively, long-term tests
where the electrode goes through more voltammetry cycles than needed to reach the steady state (e.g.: >1000
cycles) are also used to electrochemically stress the electrode to then study how prolonged performance affects
it, akin to other ageing tests [9]. But as repeating cycles introduce stress, they may damage the electrode’s
integrity, affecting its performance and shifting its steady-state response away from what it was before the test.
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Figure 11: CV obtained for a ZnO film in K2SO4 (0.5 M) at 20mV/s. The voltammetry curve for the first obtained cycle is
plotted in black, while for the twentieth cycle, it is plotted in red. Adapted from [69]

SWEEP RATE

Sweep rate is probably the parameter with the biggest impact on the measured response. It is directly pro-
portional to the capacitive current response (δv/δt in Equation 11) and it determines what features of the
electrode’s surface are recruited when testing for CV. Slower rates allow for finer structures to participate in
the charge exchange process [9]- for instance, the grooves of jagged structures or smaller pores in a 3D porous
interface. On the other hand, high rates will only recruit features that are more directly exposed to the reac-
tant - such as the tip of a jagged structure, or the external layer of a 3D porous interface. This phenomenon
can show changes in the performance of an electrode’s CV of up to 2 orders of magnitude [9]. It is thus very
relevant when it comes to comparing CV results, as the benefits in charge storage of fine structures can only
appear at slower rates. Yet, these structures may only also play a role during stimulation to living tissue if the
stimulation parameters also allow for their recruitment, such as a slow AC wave stimulation profile [10]. Only
a few applications can benefit from this profile, such as EEG stimulation of slower cortical activity like Delta,
Theta, and Alpha waves (Values can be found in Table 1) [70], and some specific Vagus Nerve applications [71].
That is why, to find some common ground, most efforts to review CV as an electrode characterization method
report using average values from 50mV/s to 100mV/s [68]. It is encouraged that different sweep rates are used
in testing and consequently reported to study the performance of the electrode as different surface features
are recruited.

It is now clear why parameters in CV can have such a big impact on the final measurement: these three
core parameters are all linked with each other at very fundamental electrochemical levels. If a reaction occurs,
how big of a current response it can generate, and how much of the electrode participates in said reaction
are all conditioned by the aforementioned parameters. Therefore there should be an effort to standardize the
parameters to be able to compare results. Yet, they would still differ based on electrode material (different
water windows), their surface modifications (different appropriate scan rates, different water windows), or
the purpose behind the test (all parameters can change accordingly). Hence, when reading results from the
literature, it is key to be aware of the test parameters they followed and their differential effect on the results
measured.
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Figure 12: Full CV measurement for an Au electrode immersed in PBS, scanned at 50mV/s. The red line shows the whole 50
cycles, while the blue line remarks the second to last cycle, chosen for further analysis.

3.4 ADDITIONAL USES OF CV
CV has been used in additional experiments to reveal its full potential as an EC characterization tool. These
efforts have revealed further properties of the test that have allowed us to understand additional uses of CV
while also contextualizing its limitations.

ELECTROCHEMICAL STRESSING

CV, in contrast to VTs and especially EIS, is a technique that can apply a lot of stress to the electrode, as it de-
mands continuous operation across the chosen safety window. Moreover, this stress grows proportionally with
the number of cycles involved in the test. Such is the case that CV tests can be designed with this phenomenon
in mind, and exploit it to test the reliability of manufactured electrodes before and after prolonged use [9]. Al-
though it is not a substitute for long-term ageing tests, it can also provide information on the evolution of the
electrode as it undergoes continuous operation [72, 73]. How well can it endure a certain operation window,
and for how many cycles before it starts to show signs of stress (wear, warping, surface damages, surface depo-
sitions, changes in colour or finish), are aspects that can be tested for failure by prolonging a CV test. It is also
worth mentioning its counter-effect: if the desire is to preserve an electrode as much as possible throughout
testing, it should be a priority to determine the minimum number of cycles to reach the steady-state response
without incurring excessive cycles.

VARYING SWEEP RATE AS A PREDICTOR FOR THE ELECTRODE-TISSUE INTERFACE

Further exploiting the relationship between ageing electrodes and CV, Cogan et al. came up with using fast
sweeping rate CV tests as predictors for the evolving electrode-tissue interface [9]. When an electrode is im-
planted, it will always elicit a foreign body response in the host. This will lead to the encapsulation of the
electrode with fibrotic tissue, isolating the electrode from its surroundings. As the electrode is encapsulated,
it is more difficult for finer structures at the interface to be active during stimulation. Similarly, as the sweep
rate is increased, finer structures cannot be recruited for the CV test. Thus, it has been found that running
faster sweep rates can provide voltammogram curves similar to those obtained after exposure in vivo. Addi-
tionally, when running comparative tests at the same rate, but before and after implantation, different changes
in the CV curve can be observed, illustrated in Figure 13. If testing with slow sweeping rates, electrolytes that
may have leaked under the insulation layers will participate in the reaction, showing an increased curve area.
On the other hand, if testing with fast sweeping rates, as the electrode becomes encapsulated by scar tissue,
the main features of the electrode will have increased isolation, decreasing the curve area [9]. These results
illustrate the intricate relationship between sweep rate, activation of finer structures, and electrode fibrotic
encapsulation caused by the host’s foreign-body response.
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Figure 13: Comparison of CV curves obtained at different scan rates (50mV/s and 50,000mV/s) for an AIROF electrode after
being implanted for a day and after 6 weeks in a cat’s cortex. Adapted from [9].

3.5 ISSUES WITH CV

CSC AND ITS TRANSLATION TO TISSUE STIMULATION PERFORMANCE

Lastly, there has also been an effort to report that CSC can quickly become a misleading metric because it does
not reflect the actual charge used during in vivo stimulation [68]. This occurs mainly because of the foreign
body response encapsulation of the electrode and because the stimulation parameters used in vivo may not
resemble at all those used in the CV test: it is of no use to test with slow sweep rates if the electrode will
stimulate at higher injection rates. Moreover, in the case of intricate 3D interface geometries, it would be rare
to have an electrode implanted and achieve a fully activated interface. Differences in medium composition
can also play a role in enhancing or inhibiting non-reversible faradaic reactions that may or may not happen
in vivo. This is why it is common for CSC estimations to be higher than the actual in vivo measurements that
were taken [74].

3.6 CV OF AU ELECTRODES

Looking closer at the behaviour of Au electrodes in CV, there are some common aspects found in the litera-
ture that are worth mentioning. The first is the common Water Window versus an Ag|AgCl RE reported for
Au electrodes. Each study selects its own window, but most commonly the range is within -0.6V ± 0.2V and
0.6V ±0.2V [9, 75–77]. Commonly, voltammograms of Au exhibit two regions within their water window with
Faradaic reactions involved: the adsorption of O2 occurs at 0.2V, most notably during the anodic sweep; and
the adsorption and release of H+ occurring between the -0.4V and -0.2V range [67]. Their CSC values average
0.53 mC/cm2 [75–77].
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4 VOLTAGE TRANSIENTS

Voltage Transients (VTs) are an EC measurement test where the voltage excursions of an electrode of interest
are measured as we stimulate the electrode with a current pulse. VTs are used to determine the amount of
charge an electrode can inject while operating within a certain voltage window. The challenge lies in maximiz-
ing the electrode’s polarization while staying within the water window for safe, optimum electrical stimulation.

4.1 PERFORMING VTS

To perform the test, a 3 electrode setup and a current stimulator are needed. The current stimulator will send
pulses over the WE|CE pair, while the output voltage is measured with the WE|RE pair. Pulse amplitude is in-
creased with the test cycles until the maximum potential excursions are reached. These maximum potential
excursions have for maximum value those of the water window edges. If the voltage excursion that reaches
a water window limit occurs in the cathodic region of operation, it is named maximum cathodic potential
excursion or E mc. If the voltage excursion that reaches a water window limit occurs in the anodic region of
operation, it is named maximum anodic potential excursion or E ma. The current input that led to these maxi-
mum potential excursions is used to define the goal metric of VTs: charge injected per pulse Q inj.

ELECTROCHEMICAL CONTRIBUTORS TO THE VT PULSE PROFILE

There are several independent contributors to the overall output measured voltage, and that play a role in dif-
ferent instances of the simulation pulse. As the pulse is initiated, there will be an immediate voltage response,
associated with the resistive behavior of the electrode. This voltage drop is known as the Ohmic Voltage Drop,
it is the main contributor to the access voltage (V acc) and is defined as

V acc = i cR i (12)

where ic is the current amplitude for the pulse, Ri is the resistance of the electrolyte, and Va is defined as the
near-immediate change in voltage at the onset of the pulse, or right after it ends. Following the immediate
drop, time-dependent components begin to play a role, driving the electrode’s polarization further. This be-
haviour can be either represented by individual components or simply as the electrode-electrolyte potential
shift (∆E p), which will determine the maximum potential excursions (Emc, Ema) based on where the interpulse
potential (Eipp) was resting before stimulation. Individual components with a time dependency are the activa-
tion overpotential ηa, the concentration overpotential ηc, and the shift in the electrode’s equilibrium potential
∆E o). ηa refers to the drop in voltage necessary to maintain the current flow, provided by the redox reactions
happening at the interface. ηc refers to the voltage drop caused by the chemical species concentration gra-
dient that appears once redox reactions begin to occur: as it is an interface process, concentration values for
each species change as they are closer or further away from the interface [9]. Putting everything together, the
voltage transient can be defined as

∆V = i cR i +ηa +ηc +∆E o (13)

It is important to note that it is the result of time-dependent terms and others that are not, giving the voltage
transient its characteristic profile. Yet, not all terms have the same time dependence: ηa and ∆E o are the
only contributors to the electrode-electrolyte interface polarization change over time, while ηc will not change
throughout a pulse due to reaction kinetics and general quick pulse duration [9]. A voltage transient for a
biphasic, cathodic-first pulse is illustrated in Figure 14. To analyze the actual charge injected in a cycle (Qinj),
∆E p is also considered to be the difference between the total voltage excursion, ∆V , and the access voltage
Vacc. As such, Emc could be determined following the equation

E mc = E ipp +∆E pc = E ipp + (∆V c −V acc) (14)

E ma = E ipp +∆E pa = E ipp + (∆V a −V acc) (15)

Ema would be calculated in the same way, but using the ∆V of the anodic pulse instead.
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Figure 14: VT response of an AIROF electrode for a biphasic symmetric cathodic-first current pulse. Adapted from [9].

CHARGE BALANCED PULSES

In the context of neural stimulation, one of the main concerns with stimulation pulses is that they remain
charge-balanced. This means that any processes caused by the charge injected in the first phase, are reversed
by the second pulse or some other mechanism. Avoiding doing so may result in species accumulating pulse
after pulse, making the electrode’s VT drift and even causing damage to both tissue and electrode. The key
to ensuring charge balancing is to avoid faradaic processes which may require different activation conditions
in the second phase to be reversed, or may simply cause damage [78]. As faradaic processes depend on the
chemical species present, they are conditioned by the electrode-electrolyte composition. Yet, the faradaic
process of water hydrolysis (Equations 16 and 17) is common to all electrode types stimulating biological tissue
and is known to cause irreversible damage in both tissue and electrode [10].

2H 2O →O2 +4H + +4e- (16)

2H 2O +2e- → H 2 +2OH - (17)

This is why, the voltages at which these reactions occur are generally considered as the maximum thresholds
for safe charge injection. Hence, it is common practice to determine the maximum amount of safely injected
charge (Qinj) by increasing the current pulse amplitude until∆E p reaches the water window for that electrode.
By normalizing the maximum safely injected charge with the electrode’s area, we can define the electrode’s
Charge Injection Capacity (CIC), which is the maximum safely injectable charge per unit area.

MODES OF STIMULATION

Besides the previously mentioned biphasic pulse, there are other possible monophasic waveforms used in
charge injection, capable of doing so in a charge-balanced manner. As monophasic waveforms cannot rely
on a second phase to reverse the charge injected, researchers rely on other methods such as shorting to the
return electrode, allowing the WE’s potential to fall back to the RE’s unchanged potential during quick puls-
ing [79, 80]; using capacitor-coupled pulsing, discharging the capacitor in the opposite direction [9]; or using
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Table 4: Table containing stimulation parameters for stimulating certain specific neurons, cochlear auditory nerve
stimulation, vagus nerve stimulation (VNS), and deep brain stimulation (DBS). STN stands for the Subthalamic Nucleus

brain region. Data presented from Thompson et al., 2021 is selected as the most common parameters used in the
literature reported by the review article. All VNS and DBS protocols except those indicated, are in humans. Adapted from

[84, 85, 87–93]

Neural Tissue under Pulse Stimulation Duration (µs) Frequency (Hz) Author
Reticulospinal cell bodies of Rat 200 100 Hentall et al., 1984

Midbrain of Rat 100 300 Yeomans et al., 1982
Pyramidal Tract Bodies of Cat 200 NA Stoney et al., 1968
Pyramidal Tract Axons of Cat 200-300 NA Shinoda et al., 1976

Cochlear auditory nerve in Cat 25-50 33 Xu et al., 1997
VNS in Animal Models 100 30 Thompson et al., 2021

VNS for Epilepsy 500 30 Thompson et al., 2021
VNS for Depression 500 30 Thompson et al., 2021

VNS for Neuroplasticity and Rehabilitation 100 30 Thompson et al., 2021
Transcutaneous auricular VNS 250 25 Thompson et al., 2021

STN DBS for Movement Disorders 60 130 Koeglsperger et al., 2019
DBS for Tremor Suppression 100 45-100 Kloster et al., 2016

Subthalamic Nucleus DBS for Dystonia 100 130 Kloster et al., 2016

biased monophasic waveforms, which requires a small net DC charge during the interpulse period to inject
charge and restore the interpulse potential [81]. Still, biphasic stimulation seems to be the most extended
technique to ensure optimum charge-balancing and it is thus preferred by researchers for both electrode char-
acterization with voltage transients, or their following use in tissue stimulation. Additional considerations,
such as coupling a capacitor to avoid net DC charge flow or implementing actively performing charge balanc-
ing with complementary circuits, are also implemented in biphasic pulsing to ensure a safe operation during
stimulation.

4.2 KEY PARAMETERS IN VTS

To maximize the charge injected during a biphasic stimulation pulse, it is possible to tune several of the pa-
rameters defining the waveform: pulse duration, interpulse delay, frequency of stimulation, cathodic or anodic
first, and pulse asymmetry.

PULSE DURATION

Pulse duration is directly proportional to the amount of charge transferred across the electrode-electrolyte
interface. As ∆E p is time-dependent, more time will equal to more charge injected. This implies that, due
to the Chronaxie-Rheobase of neuron excitation, shorter pulse duration stimuli will require higher currents
to deliver the same charge [10]. By using a longer pulse duration, nerve excitation can be reached with lower
currents/voltages, at the expense of spending more time under the faradaic charge transfer state, increasing
the chance of irreversible reactions taking place [82, 83]. It has become a standard during VT characterization
to use a pulse duration of 200 µs, as it is usually the same time scale for stimulation protocols [10]. However
it is worth noting that different electrode stimulation scenarios require different stimulation pulse duration,
such as cochlear implant electrodes requiring on average pulses of 25 to 50 µs [84]. The most important factor
regarding pulse duration protocol is that pulse duration should not exceed the chronaxie of the stimulated
tissue. The necessary pulse duration values to activate different neural tissue types can be found in Table 4
[85, 86]

INTERPULSE DELAY

Incorporating an interpulse delay is a common practice for VTs, as it allows the potential excursion to fall
back to a resting state in between pulses. As no current is delivered to the electrode, the Ohmic resistance
component becomes null, and the actual potential of the electrode after the pulse can be read. It can be
used to determine the access voltage Va, or the Emc/Ema to determine the final CIC of the electrode [9]. Most
commonly, interpulse delays are set around 20µs.
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FREQUENCY OF STIMULATION

The frequency of stimulation becomes relevant as a parameter in VTs because it must not lead to a new pulse
before the electrode’s potential is once again at the Eipp. Most electrodes will require some time after the
second phase to stabilize back to their interpulse potential, so the waveform frequency shall allow for this to
prevent issues such as drifting outside of the potential window due to charge accumulation over time [9].

POLARITY OF THE FIRST PULSE

Regarding the polarity of the first pulse, VTs can be performed cathodic-first or anodic-first. It is more com-
mon to observe cathodic-first tests for two reasons: it is under cathodic behaviour that electrodes actually
inject charge into the tissue, while in the anodic region, charge flows back into the electrode; and most stim-
ulation protocols follow as well a cathodic-first approach. Still, some stimulation protocols actually require
an anodic-first biphasic stimulation waveform [94–96]. Electrodes designed for such applications should be
tested accordingly.

PULSE ASYMMETRY

Finally, one of the key parameters that can have a significant effect on the final CIC is pulse symmetry. Cogan et
al. [32] showed how, by using asymmetric biphasic pulses, meaning a short, high-current first pulse, followed
by a long, low-current second pulse, one could maximize the electrode’s injected charge within their potential
safety window. This is true because electrodes will usually reach one end of their water window extremes under
symmetric pulsing, and by using asymmetric pulses it is possible to minimize the positive polarization of the
electrode. In the case of cathodic-first protocols, this allows having a higher positive electrode bias, while
a higher negative bias is also achieved in anodic-first protocols [9]. Although different electrode materials
may find their optimal performance at different asymmetry ratios, ratios spanning from 1:4 to 1:16 seem to
maximize CIC under experimental conditions [9, 31, 32, 97, 98].

4.3 REPORTING OF VT DATA

Voltage Transient results are mostly reported in literature through the maximum CIC obtained for an electrode.
Sometimes, the maximum Qinj is also reported separately. These results usually come with the corresponding
plot of their VT, but what is not a widely spread practice is sharing values or methods for determining VT
components, such as Va, the water window used, or the offset voltage (Voff) of the electrode [10]. Although it is
true that for characterization purposes, these values are secondary to the amount of charge injected, they are
important for transparency and ensuring adequate testing. Additional parameters, such as those involved in
the waveform’s profile, are often shared.

4.4 ISSUES WITH VTS

Still, despite VTs being a necessary test for characterizing the stimulation capabilities of electrodes, it present
many issues preventing research teams from carrying them out properly. These mainly concern the difficulty
in acquiring adequate stimulators, calculating precisely Va, and performing VT in vitro to determine CIC under
living tissue conditions.

EQUIPMENT

The first challenge a team of researchers may face is acquiring a current stimulator capable of performing
VT tests. The requirements of tuning the waveform throughout the test, performing with low noise levels for
high impedance electrodes, and avoiding unnecessary corrections such as shorting in between pulses turn out
to make current stimulators for electrode characterization more scarce than they should be. Current market
applications shift to either traditional RF devices, requiring different magnitudes of scale and resolution; or
current stimulators devised for living-tissue and neuron stimulation, which include built-in safety measures
like shorting between pulses making the test electrode not behave as intended [99]. This means few "ready-
to-go" solutions can perform VT tests in the market, much less if we look for a dedicated solution. Hence, it is
common to find that when discussing the methods and materials discussed, research teams resort to self-built
printed circuit boards (PCBs) to run VT tests. This situation is further evidenced by the fact that, as a response
to the situation, there has been an effort by many groups to publish schematics of their current stimulator
platforms designed for VT specifically [100]. There are even a few Open Source projects, as the need for a
tailored solution for electrode characterization of VTs becomes a challenge common to the whole field [101].
Although by no means are these current stimulator PCBs complex, they still pose the first obstacle that needs



4. VOLTAGE TRANSIENTS 26

to be surpassed to run a VT test.

DETERMINING VA

Determining Va accurately remains a hot topic of debate. Access voltage is the near-immediate voltage shift
as the current pulse is initiated or ends. It is directly related to the non-time-dependent terms such as the
Ohmic resistance of the electrode, making it a constant potential contributor throughout the pulse. Thus, by
determining its constant contribution, it can be subtracted from the transient, leaving only the changes in
driving voltage over the pulse, which shall not exceed the safety window [10]. This is why, Va is necessary to
be able to accurately identify the amount of charge injected over time throughout the current pulse [9]. Still,
factors such as stray-capacitance and current-pulse rising times play a role in Va, making it difficult to identify
it straightforwardly. Determining Va is usually done through offline signal analysis (sometimes directly on
an oscilloscope, sometimes through code), and there are two main methods to do so. The first way tries to
determine Va at the onset of the current pulse: in a cathodic-first biphasic pulse, the current onset leads to the
immediate voltage drop that would be Va (Equation 12). Alternatively, Va / Vmc can also be measured right after
the first pulse, as only interface potentials will remain when the current is 0 and there is no contribution from
the Ohmic resistance. Still, both of these methods require having a sufficient temporal resolution to identify Va

accurately, while also relying either on manual identification or software detection [99]. On the other hand, it
has been seen that for some electrodes like AIROF electrodes, Va may differ in value when compared between
the beginning of the pulse and at the end of it, especially for higher current amplitudes, as seen in Figure 15.
Further recommendations on improved methods have been published, but there is still no consensus on the
best method for identifying Va [10].

Figure 15: Comparison of Va values in an AIROF’s electrode VT measurement as current-pulse amplitude increases.
Adapted from [9].

PERFORMING VTS IN VIVO

As the purpose of running VT experiments is to determine the stimulation capabilities of an electrode, there
has always been a keen interest in studying both how the in vitro results translate to in vivo performance and
how, if possible, could a VT test be performed directly in vivo. In general terms, due to the increase in diversity
of chemical species, their limited availability, the inhomogeneity and anisotropy of the in vivo environment,
and the adsorption of molecules to the electrode’s surface, stimulation becomes more difficult in vivo than in
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vitro. Results from Hu et al. seem to indicate that, while operating within the safety window determined in
vitro, in vivo tissue would receive approximately four times less charge than measured in PBS [102]. Addition-
ally, it seems that∆E p grows twice as large when in vivo [97]. Cogan et al. theorized that this may be due to the
lack of available species in the medium to sustain the rate of reversible reactions, leading to the recruitment
of new chemical species through irreversible reactions. There have been efforts to run VT tests with electrodes
implanted in vivo, to accurately determine the safety thresholds on site. Special precautions need to be taken,
as the risk of inducing damage through irreversible reactions is inherent to trying to find the maximum safe
current-pulse amplitude. Commonly, the maximum Qinj is determined in vitro, then evaluated again in vivo,
only to find that it decreased [103]. Efforts revolve around incorporating adaptive algorithms that can not only
safely determine the maximum Qinj upon implantation, but also through time as the electrode is isolated as a
consequence of the hosts’ foreign body response [29, 45].

SETUP AND DESIGN FACTORS

VTs are affected by factors such as environmental temperature and electrode size. Of course, these parameters
play a role in the previously mentioned characterization tests (EIS, CV), but they can heavily influence VT and
CIC measurements. Cogan et al. estimated the temperature contribution to Qinj to increase by nearly 20%
when comparing in vitro results at 20°C against at 37°C. They attributed this effect to an observed decrease of
the Ri through Va. Electrode size also seems to play a critical role in CIC. It is known that the charge will dis-
tribute in a non-uniform manner across an electrode’s surface, accumulating mostly on edges and avoiding the
central areas of the surface or thicker segments of 3D-interface electrodes. As the general area decreases, the
ratio of edge features to the overall surface increases, leading to a stronger influence of said features. Moreover,
charge accumulating on the surface is necessary to inject said charge. This is why out of the three discussed
ECM tests, VTs present such a strong effect with smaller electrodes [9]. Additionally, as CIC (mC/cm-2) is a
metric normalized by unit area, values for smaller electrodes benefit from this normalization. Figure 16 shows
the quick increase in CIC of a SIROF electrode as electrode area is decreased.

Figure 16: Study of the evolution of CIC of a SIROF electrode as the electrode area changes. Adapted from [9].
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Table 5: Table collecting reported charge injection capacity values from the literature for Au electrodes. Adapted from
[30, 37, 76, 77]

Electrode Description CIC (mC/cm2) Author

Bare Au 0.4 Du et al., 2015
80 µm diameter bare Au 0.2 Ganji et al., 2017

Bare Au 0.5 Won et al., 2018
Nanoporous Au 0.98 Kim et al., 2015

Au nanoparticles on bare Au 2.56 Won et al., 2018

4.5 VTS OF AU ELECTRODES

Reported tests of Voltage Transients under standard stimulation parameters for Au-based electrodes set their
average CIC around 0.35 mC/cm2 [30, 76, 77]. To improve its performance, it has also been studied how mod-
ifying the surface of these Au electrodes can increment their CIC, setting the average for them at 1.75 mC/cm2

[30, 37]. All the values for these electrodes may be found in Table 5.

5 COMBINING TEST RESULTS FOR ADVANCED CHARACTERIZATION

Characterization of electrodes has been performed for decades following the previously explained EC tests.
These tests yield isolated metrics that all reference back in one way or another to the same electrode, so re-
cent research has looked into new ways that these metrics can be related to further our understanding of the
electrode. Two examples of these combinations are using CSC and CIC as a ratio of one another to deter-
mine the performance of a stimulating electrode, and doing better estimations of CIC through the study of the
electrode’s impedance in EIS.

5.1 CSC/CIC RATIO

As both Cyclic Voltammetry and Voltage Transients are EC tests characterizing the simulation capabilities of
an electrode, researchers have tried to find the relationship that these tests have with one another. Ganji et al.
introduced a ratio between the CIC and CSC as one possible measure of this relationship [77]. By evaluating the
relationship of the charge stored at the electrode’s interface against how much of it can be safely injected, they
were able to quantify the performance of the electrode under stimulation. To study this, they also evaluated
the absolute power (P) consumed for a voltage transient biphasic pulse following

P =V ∗ I (18)

where V symbolizes the voltage output achieved and I the pulse’s current amplitude. Results indicate a direct
relationship between electrodes exhibiting higher CIC/CSC ratios (those with a better ability to convert the
stored charge into injected charge) and those same electrodes having a better power/cycle relationship. This
compound metric creates a new way of characterizing stimulating electrodes, especially for implants. Eval-
uating electrodes through their CIC/CSC ratio may indicate how an electrode that has huge CSC values will
be a worse option over time than one with less storage capacity [77]. As researchers in literature often do not
perform all characterization tests, or fall into quick comparisons of solely CIC or CSC values, it is difficult to
accurately understand and predict the performance of the electrode. Hence, incorporating the CIC/CSC ratio
as a common metric not only requires teams to perform complete characterization of the electrodes, but it
enables more insightful comparisons that may relate to better implant electrodes’.

5.2 STUDYING ELECTRODE IMPEDANCE FROM BOTH RECORDING AND STIM-
ULATION TESTS

Another compound metric that still has to be further explored is the relationship between electrode impedance,
obtained through EIS, and its charge injection capabilities. Although EIS measures the electrode’s impedance
when recording signals from the medium, and Voltage Transients study the electrode’s stimulating capabili-
ties, they are both studying the same electrode’s ability to transform signals from the electrical to the chemical
domain and vice-versa. Studies like that of Lempka et al. have studied the evolution of EIS impedance after in
vitro implantation, showing a steady increase caused due to the host’s foreign body response [45]. Similarly, it
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has been shown that the potential needed to inject in vivo the same charge as the Qinj measured in vitro needs
to be between 2 to 4 times as high [97, 102], and it does get worse over time as fibrotic tissue encapsulates the
electrode. It would be very useful, especially in the context of electrodes used for both recording and stimu-
lation, to look further into the relationship between the evolution of electrode-electrolyte impedance and its
capacity to stimulate tissue. Even if measured through tests operating the electrode in opposite directions,
they both refer to the same interface, and it can be modelled to fit its impedance behaviour. The isolated
trends have been studied in the cited literature, and the relationship between lower impedance and a higher
capability to inject charge safely has also been proven [104], but the exact evolution, model, and evolution
of this model under in vivo conditions has yet to be tested. In the context of in vivo implantable electrodes,
this would open the door to adaptable devices, capable of tuning their stimulation parameters to their envi-
ronment (foreign body response), ensuring adequate neuron activation. Currently, to determine whether the
maximum charge is injected, it may be necessary to run in vivo VTs, which can be harmful to the electrode and
its surrounding tissue. By replacing this periodic test with EIS measurements instead of Voltage Transients,
less harm is done to the patient, and electrode longevity is increased.

6 ISSUES IN STANDARDIZING ELECTROCHEMICAL CHARACTERI-
ZATION OF ELECTRODES FOR NEURAL STIMULATION

Throughout the literature researched for this review, one additional issue became clear: there is a lack of con-
sistency in how researchers carry out these experiments and in how they report their results. Tests are not
carried out in the same way between two different teams, and full results may not even be shared properly.
This all makes comparing electrode performance to reach a scientific consensus of what works best a very
complex task. This is true to the point that there have even been efforts by other research teams to put out lit-
erature establishing standardized practices, recommended protocols, and discussing to which values should
certain parameters adhere to [9, 10, 20]. Despite papers like these, it seems the issue is still going to be a part
of the electrode EC characterization field, and two independent reasons will be presented: the dependence on
specific hardware, and the complexity of parameter choice underlining electrochemical performance.

It is obvious that experiments require hardware equipment, and this should not necessarily be an imped-
iment for research teams to carry out similar experiments. Yet, when it comes to electrode characterization,
the need for highly precise galvanostats and potentiostats usually clashes with managing resources within the
research team. If a machine is available to carry out a test, it will most likely be employed with little regard
to whether it fulfils all the parameter criteria: not all instruments can reach the same ranges, or be as precise
when delivering small current/voltage inputs. If the EIS is only able to be carried out from 10Hz onward, or
a CV test may only have a minimum scan rate of 200mV/s, or the current stimulator is incapable of deliver-
ing asymmetric pulses, teams lacking resources may be willing to go forward. As some of these tests are used
in fields different from electrode characterization, machines available may not have been designed with the
appropriate ranges in mind, hindering the testing ability of the teams. Coupled with the fact that tests like
Voltage Transients are commonly performed with PCBs designed in-house [99, 100], it is clear that there is a
great degree of variability in the hardware that is used in electrode characterization. Efforts like creating open-
source platforms for set-up instruments are appreciated, and as characterizing electrodes for Neural Interfaces
becomes more urgent, better solutions for characterization enter the market.

While the previous issue may have a clear solution, dealing with adequate parameter selection and result
reporting across the literature is more complex. It has been evidenced in this review that not only do EC tests
contain a large number of tunable parameters, but they can greatly influence the results obtained [10, 29].
More so, one cannot simply extrapolate others’ results with certain parameter settings to the parameter value
of choice - e.g.: determining the equivalent CSC of an electrode at 50mV/s when it was obtained at 100mV/s.
Relationships are not linear and depend on the precise electrochemistry happening at the electrode’s interface.
And as explained, many times even the figures of merit are not good enough to reflect the electrode’s full be-
haviour. It is incredibly challenging to find reports of similar electrodes, tested in similar conditions, from two
independent teams. Even simple things like the medium used in vitro, its concentration, and its preparation
will change vastly. On top of all of this, the intricate relationship between parameters and how they should
be tuned based on the purpose of the test makes it very easy for teams lacking expertise in characterization
to have bad methods. For instance, CV tests may be carried out for only a few cycles, without allowing the
electrode to reach its steady state. Literature with incomplete descriptions of testing methods can be easily
found. Because characterization is only one more area to report on when developing a novel electrode, it can
often be rushed or tweaked to fit expectations. All of this combined is at the core of why electrode charac-
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terization remains an unstandardized field: it is easy to hide or miscommunicate the actual performance and
potential clinical use of an electrode type behind sub-optimal figures of merit, wrong testing parameters, and
incomplete testing. Characterization is only truly useful when it can provide readers with information that is
comparable to the rest of the field and translatable to real-life use.

Providing a solution to this issue is beyond the point of this review. But it is worth bringing up that it has
been recognized and the whole community is trying to create standardized testing guidelines that are acces-
sible and useful. Boehler et al. summarize their whole review with info-graphics containing all the essential
steps and parameter selection needed to carry out electrode characterization from beginning to end (Figure
17)[10]. It is to the benefit of the whole field that more and more groups follow standard guidelines for both
testing and reporting results.

Figure 17: Info-graphic illustrating how to carry out good practices when characterizing both recording and stimulating
electrodes. Additional tests are also indicated in the lower section. Adapted from [10].
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B Appendix: Code
All code files, can be accessed in the following DOI: https://doi.org/10.34894/HK1GND

Code block B.1 - Matlab Code used to plot EIS data from the ModuLab XM+ as both Bode and Nyquist plots,
averaging several signals and plotting their average EIS too (as bode plots). The code also includes data from re-
searched literature to compare the electrode´s performance. Finally, it also determines and prints the corresponding
metrics: Z @ 1 kHz, and f cutoff for both the single data entries and the averaged-out entries.

Code Block B.1: EIS plotting.m - Analyzing and plotting EIS data

Code block B.2 - Matlab Code adapted from smusall, that creates a shaded area corresponding to the standard
deviation of an averaged curve.

Code Block B.2: stdshadelog.m - Shading of standard deviation of a curve

Code block B.3 - Matlab Code used to plot CV data from the ModuLab XM+, and with logic implemented to show
determined cycles within the whole voltammogram. Using the function CV_cycle_variation.m, it can determine when
the CV is at a stable cycle and uses said cycle for the computation of metrics such as CSC and CSCcath. It exports
the whole data matrix as an Excel file for more accessible storage.

Code Block B.3: CV Plotting.m - Analyze and plot CV data

Code block B.4 - Matlab Code used to determine when a cycle in a CV measurement is approaching stability. It
uses both numeric criteria to assess the relative difference between consecutive maxima and minima, in addition to
a logic piece that checks whether the CV curve is approaching a point where the overall trend (increasing/decreasing
current density cycle after cycle) reverses.

Code Block B.4: CV_cycle_variation.m - Detect the stable cycle in a CV scan according to a set of criteria

Code block B.5 - Python code used to operate the AFG from the Tektronix MDO34 oscilloscope, which is then
connected to our VCCS PCB to send biphasic current pulses over the electrode pair. Pulse parameters can be
tweaked in code, and the prompts guide the user when deciding whether to export and save the data file or not.

Code Block B.5: VT Acquisition.py - Operate the Tektronix MDO34 Oscilloscope while connected to the VCCS
PCB to perform VTs

Code block B.6 - Matlab code used to plot VT data extracted from the Tektronix MDO34 Oscilloscope. Time data
is plotted, and using the headers in the data file, it calculates the CIC metric.

Code Block B.6: VT Plotting.m - Analyze and plot VT data

Code block B.7 - Matlab code used to plot the noise spectrum power density used in the noise characterisation
of the samples. It imports data from the instrument’s noise measurements too, to determine the final noise sample
contribution. Additionally, thanks to the function noisemeasure.m, it also computes other noise-related metrics, such
as V RMS.

Code Block B.7: Noise Characterization Plotting.m - Analyze and plot Noise characterization data

Code block B.8 - Matlab function of H. Zhivomirov, capable of outputting the PSD of a time signal. He includes
additional code to perform signal weighting (A and C weights), but these steps are meant for auditory purposes. The
code is adapted to the needs of electrode characterization.

Code Block B.8: noisemeasure.m - Function by H. Zhivomirov to compute the PSD of a time signal

Code block B.9 - Matlab code used to create the transfer function for the Test Cell model used for calibration of
the Modulab XM+, to further check that the LT Spice model simulation was done correctly.

Code Block B.9: TestCellModel.m - Recreate the transfer function of the Test Cell model
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C Appendix: Characterization Platform
Infrastructure

Figure C.1: Status of the Electrode Characterization setup before the work done in this thesis.

Figure C.1: Images of the previous setup used to characterize electrode samples at TBE. In numerical order: 1 -
To hold the electrodes, metal grippers need to be fixed by screwing to the sides of a metal crate (limiting its

capabilities as a Faraday cage). They are difficult to place in the same position between tests. 2 - The RE and CE
being held in place. 3 - Top view of the three electrodes being held over the PBS beaker. It can quickly become
complex and tedious to sort and fix clamps, electrodes and cabling. 4 - Holding the WE can be particularly

challenging for thin, wire-like electrodes. 5 - An alternative method was using a cut-out foam piece to hold samples
in place, similar in concept to the later 3-electrode holder that was designed in this thesis, 6 - Close-up shot of the
three electrodes immersed in PBS. Having them in an optimal and repeatable position was not feasible due to the
difficulty of setting the clamps with the required precision. Regardless, setting up could take up to 75 minutes.
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Figure C.2 and C.3: Electrode Characterization setup equipment common to all tests

Figure C.2: Equipment items needed for all types of Electrode Characterization Testing 1. In numerical order:1 -
Thermostat, 2 - N2 Gas Probe, 3 - Faraday Cage, 4 - Double Glass Walled Beaker, 5 - 1L Glass Beaker, 6 - PBS

Solution, 7 - Thermometer, 8 - 3-Electrode Holder, 9 - 3-Electrode Holder Support
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Figure C.3: Equipment needed for all types of Electrode Characterization Testing 2. In numerical order: 10 - Pt flag
foil large return electrode (CE), 11 - CE Lock, 12 - Rubber Band, 13 - WE Samples, 14 - WE Sample Holder, 15 -

WE Connector, 16 - Working Laptop NB-SIIT086, 17 - USB Thumbstick Drive
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Figure C.4: Setup specific elements used in EIS & CV tests

Figure C.4: Equipment for EIS and CV testing. In numerical order: 1 - Modulab XM Solartron Analytical, 2 - FA
Module Cabling, 3 - Mettler Toledo Glassy Cargon Ag|AgCl RE, 4 - RE connector banana cable
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Figure C.5: Test Cell circuit (Physical and LT Spice model) to be used for adequate calibration of the Modulab
XM+.

Figure C.5: Test Cell circuit used for calibration of the Modulab XM+. Top: Image of the physical test cell that
came with the Modulab XM+ to ensure adequate calibration of the instrument.Bottom: Circuit modelled in LT Spice

after the test cell to have a theoretical output response to compare the calibration measurements to.
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Figures C.6 and C.7: Setup specific elements used in VT tests

Figure C.6: Equipment for VT Testing 1. In numerical order: 1 - Tektronix MDO34 Oscilloscope, 2 - 1 MDO34 CH
Probe, 3 - VCCS PCB, 4 - 1 PCB jumper, 5 - Tool to manipulate PCB switches
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Figure C.7: Equipment for VT Testing 2. In numerical order: 6 - 3 BNC cables, 7 - 1 BNC cable signal Y-splitter, 8 -
1 BNC to Banana +,- adapter, 9 - 1 Banana to Hook cable, 10 - 1 Banana to Banana cable, 11 - 1 MINI USB to USB

cable
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Figures C.8 and C.9: Equipment and procedure used in the 3-step Noise Characterization

Figure C.8: Equipment and setup for Noise Characterization 1. In numerical order: 1 - General View of the Noise
Characterization Setup, 2 - Close up of the setup of the Amplifier, connected via a BNC cable to the ADC, and
recording the signal at the input, 3 - Cabling connections when connecting the input cable to the cage for Noise
Characterization steps 2 and 3 of the 3-step Noise Characterization, 4 - Short circuit of the input signal of the
amplifier to record the internal noise of the instrument, used in step 1 of the 3-step noise characterization.
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Figure C.9: Equipment and setup for Noise Characterization 2. In numerical order: 5 - 3-Electrode Holder holding
two Pt foil large return electrodes, 6 - Close up of the 3-electrode holder holding the Pt foil large return electrodes,
using the universal electrode holder, 7 - Setup for the measurement of the noise between the two Pt foil large return
electrodes, 8 - 3-electrode Holder holding a Pt foil large return electrode and a working electrode sample, 9 - Setup

for the measurement of the noise of the different opening sizes of the Working electrode.
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Figure C.10: Manufacturing the Pt foil large return electrodes for Noise Characterization

Figure C.10: Procedure of manufacturing the Pt foil large return electrodes for Noise Characterization. In
numerical order: 1 - The Pt foil needs to be attached to the electrical wire. This is done by using conductive glue to

attach the wire to one side of the foil, 2 - To ensure only the Pt foil is contributing to the electrochemical
measurement, the conductive glue joint is isolated by covering it with silicone, 3 - A custom body for the electrode
was designed and printed. It features a carving throughout its body to hold the electrical wire while keeping its form,
4 - After assembly, the whole electrode is cured by placing it in the oven. Due to a miscalculation of the applied

heat, the plastic body warped. They are still usable and can still be held with the electrode holder.
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Figure C.11: Solidworks screenshots and drawing schematics of the 3-Electrode Holder

Figure C.11: Solidworks screenshots and drawing schematics of the 3-Electrode Holder. From top to bottom, left
to right: Top - 3-Electrode Holder drawing schematic, Bottom Left - 3-Electrode Holder Screenshot showing the

top isometric view, Bottom Right - 3-Electrode Holder Screenshot showing the bottom isometric view.
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Figures C.12 and C.13: Solidworks screenshots and drawing schematics of the 3-Electrode Holder loading
support.

Figure C.12: Solidworks drawing schematics of the 3-Electrode Holder Loading Support Components. From top to
bottom: Top - Loading Support Base, Bottom - Loading Support Arm (3 are needed)
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Figure C.13: Solidworks screenshots of the 3-Electrode Holder Loading Support Components. From top to bottom,
left to right: Top Left - Isometric View of Loading Support Base, Top Left - Top View of Loading Support Base,
Bottom Left - Isometric view showing interior face of Loading Support Arm, Bottom Right - Isometric view

showing exterior face of Loading Support Arm.
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Figure C.14: Solidworks screenshots and drawing schematics of the CE Lock

Figure C.14: Solidworks screenshots and drawing schematics of the CE Lock. From top to bottom, left to right:
Top - CE Lock Drawing Schematic, Bottom Left - CE Lock screenshot showing top-left isometric view, Bottom

Right - CE Lock screenshot showing bottom-right isometric view.
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Figure C.15: Pictures of the 3-Electrode Holder assembled with the corresponding rubber rings to softly grip the
electrodes without damaging them.

Figure C.15: Images of the final assembly of the 3-Electrode Holder with rubber rings, softly gripping the
electrodes. From top to bottom, left to right: Top - 3-Electrode Holder with rubber rings, supported by the loading
support, Bottom Left - Rubber rings on both the 3-Electrode holder and the CE Lock hold in place the CE, Bottom

Right - The RE can be directly slid in through the rubber ring, holding it at whichever preferred height.
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Figure C.16: Solidworks screenshots and drawing schematics of the Large-Sized Flexible Electrode holder for
electrodes ranging from 20 mm to 25 mm in width.

Figure C.16: Solidworks screenshots and drawing schematics of the Large-Sized Flexible Electrode Holder. From
top to bottom, left to right: Top - Large-Sized Flexible Electrode holder Drawing Schematic, Bottom Left -

Large-Sized Flexible Electrode holder screenshot showing top-left isometric view, Bottom Right - Large-Sized
Flexible Electrode holder screenshot showing front view.
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Figure C.17: Solidworks screenshots and drawing schematics of the Medium-Sized Flexible Electrode holder for
electrodes ranging from 15 mm to 21 mm in width.

Figure C.17: Solidworks screenshots and drawing schematics of the Medium-Sized Flexible Electrode Holder.
From top to bottom, left to right: Top - Medium-Sized Flexible Electrode holder Drawing Schematic, Bottom Left -
Medium-Sized Flexible Electrode holder screenshot showing top-left isometric view, Bottom Right - Medium-Sized

Flexible Electrode holder screenshot showing front view.
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Figure C.18: Solidworks screenshots and drawing schematics of the Small-Sized Flexible Electrode holder for
electrodes ranging from 8 mm to 16 mm in width.

Figure C.18: Solidworks screenshots and drawing schematics of the Small-Sized Flexible Electrode Holder. From
top to bottom, left to right: Top - Small-Sized Flexible Electrode holder Drawing Schematic, Bottom Left -

Small-Sized Flexible Electrode holder screenshot showing top-left isometric view, Bottom Right - Small-Sized
Flexible Electrode holder screenshot showing front view.
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Figure C.19: Solidworks screenshots and drawing schematics of the PCB Electrode Holder

Figure C.19: Solidworks screenshots and drawing schematics of the PCB Electrode Holder. From top to bottom,
left to right: Top - PCB Electrode Holder Drawing Schematic, Bottom Left - PCB Electrode Holder screenshot
showing top-right isometric view, Center Right - PCB Electrode Holder screenshot showing top view, Bottom

Right - PCB Electrode Holder screenshot showing bottom view.
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Figure C.20: Solidworks screenshots and drawing schematics of the Universal Electrode Holder

Figure C.20: Solidworks screenshots and drawing schematics of the Universal Electrode Holder. From top to
bottom, left to right: Top - Universal Electrode Holder Drawing Schematic, Bottom Left - Universal Electrode

Holder screenshot showing the front-right isometric view, Bottom Right - Universal Electrode Holder screenshot
showing the back-left view.
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Figure C.21: Solidworks screenshots and drawing schematics of the Parylene Electrode Holder´s base.

Figure C.21: Solidworks screenshots and drawing schematics of the Parylene Electrode Holder´s base. From top
to bottom: Top - Parylene Electrode Holder´s base Drawing Schematic, Bottom - Parylene Electrode Holder´s

base screenshot showing the front-left isometric view.
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Figure C.22: Solidworks screenshots and drawing schematics of the Parylene Electrode Holder´s top.

Figure C.22: Solidworks screenshots and drawing schematics of the Parylene Electrode Holder´s top. From top to
bottom: Top - Parylene Electrode Holder´s top Drawing schematic, Bottom - Parylene Electrode Holder´s top

screenshot showing how the top piece should be aligned to the bottom piece.
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Figure C.23: Solidworks screenshots and drawing schematics of the Parylene Electrode Holder´s support.

Figure C.23: Solidworks screenshots and drawing schematics of the Parylene Electrode Holder´s support.
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Figure C.24 and C.25: Solidworks screenshots and drawing schematics of the Parylene Electrode Holder´s
Assembly.

Figure C.24: Solidworks drawing schematics of the Parylene Electrode Holder´s Assembly.
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Figure C.25: Solidworks screenshots of the Parylene Electrode Holder´s Assembly. From top to bottom: Top - 3
Pieces of the Parylene Electrode Holder aligned, Center - The Parylene Electrode Holder should be used by first
placing the base piece over the support piece, allowing for the Parylene electrode to be placed without falling
through the opening of the base piece. Then the top piece may be placed to fix both sample and top and base
pieces, Bottom - Once fully assembled, but not taken out of the support, the holder should look like in the

screenshot.
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Figures C.26 and C.27: Solidworks screenshots and drawing schematics of the Pt foil large return electrode´s
body.

Figure C.26: Solidworks drawing schematics of the Pt foil large return electrode´s body.
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Figure C.27: Solidworks screenshots of the Pt foil large return electrode´s body. From top to bottom, left to right:
Left - Pt foil large return electrode´s body screenshot showing the full piece, highlighting the groove across it
intended for the electrical wire to be kept inside the piece, Top right - Pt foil large return electrode´s body

screenshot of the opening intended to hold the wire to connect to the setup, Bottom right - Pt foil large return
electrode´s body screenshot of the opening intended to host the reactive Pt foil end.
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Figure C.28 and C.29: Samtec connector build technical sheet and images of the connector adapted to use the
Samtec with the electrode samples and the setup

Figure C.28: Technical product sheet for the Samtec Connector
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Figure C.29: Diagrams and pictures regarding the assembly of the Samtec connector to the sample electrodes:
Top - Diagram showing how the Samtec is to be used: sandwiched between the sample electrode and another
board where connections can be permanently wired, Bottom Left - Process of fixing the sample to the Samtec

board and the connections with a pair of screws, Bottom right - Image of a sample electrode with the Samtec and
wiring fixed to be tested on.
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Figures C.30 and C.31: VCCS PCB Schematics

Figure C.30: General Schematic for the VCCS PCB
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Figure C.31: Close-up of the schematics of individual circuitry blocks used in the VCCS PCB. From top to bottom:
Top - 12 V supply circuitry schematic, Middle - Boosting to 15 V circuitry schematic, Bottom - Howland Current

Source circuitry schematic.



D Appendix: Electrode Characterization
Supplementary Data

Figure D.1: Screenshots from the Gerber file design that was sent to Würth Elektronik to manufacture the sample
electrodes.

Figure D.1: Screenshots for the Gerber file used in producing the sample electrode. From top to bottom, left to
right: Top Left: Schematic for the connection section of the sample. It was designed to work with the Samtec
connector and its fixing screws. Right: Overall schematic for a single sample. Bottom Left: Schematic for the
section containing the openings of the electrodes. The theoretical opening size progression would be, from left to

right: 200 µm, 270 µm, 370 µm, 500 µm, 670 µm, 900 µm
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Table D.1: Table with statistics for the measured electrode openings. Row 1 ”Theoretical Diameter” indicates the
intended diameter size of the opening when designing the samples. Row 2 ”Usable Samples” shows how many of
the 15 ordered samples were viable to measure and use. Rows 3 and 4, ”Average Diameter (µm)” & ”Standard
Deviation (µm)” contain the statistics obtained after measuring each opening under the optical microscope.

Theoretical Diameter (µm Usable Samples Average Size (µm) Standard Deviation (µm)
200 13 157,00 5,52
270 15 211,00 7,17
370 15 310,47 5,91
500 14 441,71 5,77
675 15 615,40 9,26
900 15 843,07 7,89

Table D.1: Table containing the statistics of measured dimensions for the electrode openings.
Figure D.2: Optical Microscopy images used in surface characterization of the samples and measurement of

their opening diameter.

Figure D.2: Optical Microscopy images of sample electrodes using Dark Field lighting. Measurement is of the
radius of the circumference in µm. From top to bottom, left to right: Top Left: 200 µm opening, measured radius:
79.86 µm. Top Center 270 µm opening, measured radius: 104.89 µm. Top Right: 370 µm opening, measured

radius: 153.64 µm. Bottom Left: 500 µm opening, measured radius: 220.52 µm. Bottom Center 670 µm opening,
measured radius: 309.97 µm. Bottom Right 900 µm opening, measured radius: 420,70 µm.
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Figure D.3, D.4 & D.5: Interferometry imagery performed on samples both before and after electrochemical
testing. Optical microscope images of the same samples are also provided for comparison.

Figure D.3: Top: Interferometry image example of a sample electrode. Image obtained with the MIRAU x10 SR
lens. Although the surface presents warping, surface roughness features have dimensions < 1 µm in height and ≈

10 µm across. Bottom: Optical Microscope Image of the same electrode for reference.
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Figure D.4: Examples of topography imaging of samples presenting surface damage after testing. Top Left:
Confocal microscopy image of PCB9-370µm. Image obtained with the EPI x50 0.9 lens. Top Right: Optical

Microscope Image of PCB9-370µm for reference. Bottom Left: Interferometry image of PCB11-370µm. Image
obtained with the MIRAU x50 SR lens. Bottom Right: Optical Microscope Image of PCB11-370µm for reference.
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Figure D.5: Top: Interferometry images of a sample electrode presenting deposited residues after testing. Image
obtained with the MIRAU x50 SR lens. Residue thickness averages ≈ 7 µm. Bottom: Optical Microscope Image of

the same electrode for reference.
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Figure D.6: Bode plot of the average EIS measured at every size opening category. |Z| and θ are separated for
further clarity. Averages are the result of 5 different sample measurements per size category. The shading around
the curve represents the calculated standard deviation between the measurements. A dashed line is placed at the
45° threshold in the Phase Angle plot.

Figure D.6: Top: |Z| average curves for the six opening size categories. The shaded area around each curve
represents the standard deviation calculated from averaging measurement data from 5 samples. Bottom: θ

average curves for the six opening size categories. The shaded area around each curve represents the standard
deviation calculated from averaging measurement data from 5 samples
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Figure D.7: Bode plots of the average EISmeasured at each opening size electrode. |Z| is plotted in a continuous,
bold line, while θ is plotted in a discontinuous, circle-marked line.

Figure D.7: Bode plots of the average EIS measured at each electrode´s opening. From top to bottom, left to right:
Top Left Bode plot from 200 µm opening size category. Top Right Bode plot from 270 µm opening size category.
Center Left Bode plot from 370 µm opening size category. Center Right Bode plot from 500 µm opening size
category. Bottom Left Bode plot from 670 µm opening size category. Bottom Right Bode plot from 900 µm

opening size category.
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Figures D.8, D.9 & D.10: Figures containing individual sample data measurements. Figure D.8 shows Bode plots
for 3 sample EIS measurements. Figure D.9 shows CV scan plots for 3 sample measurements, with their stable cycle
highlighted in dark red. The Stable cycle number and CSC value can be found in the legends. Figure D.10 shows
plots for 3 sample VT measurements, plotting both the input current biphasic pulse and the output voltage transient.

Figure D.8: A solid red line represents |Z| and θ is represented by a grey dashed line with circular markers. Top:
Bode plot of the EIS measurement of sample PCB13-670 µm. Center: Bode plot of the EIS measurement of

sample PCB10-500 µm. Bottom: Bode plot of the EIS measurement of sample PCB10-270 µm.
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Figure D.9: Solid red lines indicate the stable cycle, while grey lines show the whole voltammetry scan.
Information on which cycle achieved stability, and the CSC of such cycle can be found in the respective legends.
Top: CV Scan at 200 mV/s of sample PCB7-900 µm. Center: CV Scan at 200 mV/s of sample PCB8-670 µm.

Bottom: CV Scan at 200 mV/s of sample PCB10-370 µm.



99

Figure D.10: The orange curve (right vertical axis) plots the input current biphasic pulse, while the blue curve (left
vertical axis) plots the output voltage transient Top: Voltage transient measurement for sample PCB7-500 µm.
Center: Voltage transient measurement for sample PCB8-370 µm. Bottom: Voltage transient measurement for

sample PCB11-200 µm.
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Table D.2: Table containing all main electrochemical characterization metrics, averaged out by electrode open-
ing size category. The number between brackets near the Size category indicates the amount of samples for that
category measured. Each measurement unit can be found between brackets in the metrics column next to the test
reported.

Table D.2: Table summarizing all main electrochemical measurements, averaged by opening size category.

Metrics Size Averages
900 µm (7) 670 µm (7) 500 µm (7) 370 µm (7) 270 µm (7) 200 µm (6)

CIC (mC/cm2)) 0,15 0,20 0,37 0,53 0,84 1,19

CSC-500 (mC/cm2) 17,70 17,58 27,65 41,19 48,77 25,12

CSCcath-500 (mC/cm2) 11,04 10,66 16,86 26,24 31,25 14,75

ISR @ 500 0,01 0,02 0,01 0,03 0,03 0,14

CSC-200 (mC/cm2) 11,80 13,34 19,24 32,08 25,65 15,72

CSCcath-200 (mC/cm2) 8,96 9,48 14,34 23,25 17,07 10,35

ISR @ 200 0,01 0,02 0,02 0,02 0,05 0,21

CSC-50 (mC/cm2) 5,92 5,34 7,83 17,08 12,79 6,22

CSCcath-50 (mC/cm2) 4,40 3,94 5,76 12,16 9,18 4,10

ISR @ 50 0,04 0,07 0,08 0,10 0,12 0,32

Z @ 1 KHz (Ω) 541,34 889,33 1706,07 2506,69 5057,43 15208,40

No f cutoff (# of samples) 3 1 0 0 0 0

Low f cutoff (Hz) 0,96 0,49 0,64 0,80 0,32 0,63

High f cutoff (Hz) 82,83 457,15 5700,76 4083,46 5578,71 20217,12
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Figure D.11: Microscopy images used to assess the surface damage incurred after performing mock CV mea-
surements at different negative bounds. Tests were run at 50 mV/s for 15 cycles. The positive bound was set to
+0.3 V in all tests. Tests performed started at -0.3 V and increased the negative bound by -0.1 V at each test. As the
surface presented significant damage at -0.8 V, the test ended there. After closer examination, and to ensure the
survivability of the samples while keeping the most extensive window possible, the negative bound was set to -0.6
V.

Figure D.11: Microscopy images of sample electrode PCB2-500µm, after undergoing CV stressing at different
voltage windows. Tests were performed at 50 mV/s for 15 cycles. From top to bottom, left to right: Top Left

Surface state after testing from -0.3 V to +0.3 V. Top Right Surface state after testing from -0.4 V to +0.3 V. Center
Left Surface state after testing from -0.5 V to +0.3 V. Center Right Surface state after testing from -0.6 V to +0.3 V.
Bottom Left Surface state after testing from -0.7 V to +0.3 V. Bottom Right Surface state after testing from -0.8 V

to +0.3 V.
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Figure D.12 and Equations D.1 to D.4: Methods followed to build equivalent circuit models from Nyquist plot
data. To build basic models, 4 elements were identified in the Nyquist plots.

Figure D.12: Diagrams showing how the different equivalent circuit components can be extracted from an EIS
Nyquist plot. Left Simple single layer electrode modelled with RΩ,Rct and Cdl components. Extracted from Bret et
al. 2022 [45]. Right Standard Nyquist plot with Warburg Impedance effect, modelling a Randles circuit. By finding
the intersection of the slope with the ReZ axis σ can be determined. Extracted from Lazanas et al. 2023 [16].

• Cell Resistance (RΩ, also Ru): The electrochemical resistance imposed by the medium in which the experi-
ment takes place. It can be extracted by evaluating Z at the highest frequency along the ReZ axis.

• Electron Transfer Resistance (Rct, also Rt): Determined by the electrochemical kinematics of the reacting
species, Rct models the resistance experienced by ions exchanged in a faradaic process. Rct is identified in
the Nyquist plot as it appears as local minima in the curve. Previous resistor values must be accounted for and
subtracted from the value of ReZ at the minimum.

ReZ = RΩ +Rct (D.1)

• Double-layer capacitance (Cdl): Determined by the electrochemical kinematics of the reacting species, Cdl
models the impedance experienced by ions exchanged in a capacitive process. By observing the curve points
with ImZ maxima, the frequency (ω, in radians per second) at which maximum capacitance occurs can be
extracted. From there, Cdl is calculated as such:

Cdl =
1

jωZ
(D.2)

• Warburg Effect Impedance (ZW): This component attempts tomodel the difficulty for redox species to be trans-
ported to the surface of the electrode, given a semi-infinite linear diffusion process. It is frequency-dependent
and behaves similarly to a resistor and capacitor in series. That is why it is often modelled with the value of σ:

ZW = RW + CW = [σω− 1
2 − j(σω− 1

2 )] (D.3)

To obtain σ and model ZW, the characteristic low-frequency 45° slope of the Nyquist plot must be identified.
The intersecting point of this slope with the ReZ axis is necessary to calculate σ:

Z = RΩ +Rct − 2σ2Cdl (D.4)

These four components are the most commonly used to build circuit models, usually to make the Randles circuit
(Figure D.12). Additional components such as inductors (L) or constant phase elements (ZCPE) can also be used in
models. As extracting values for them can be challenging, curve-fitting software has been designed to build accurate
inductor and ZCPE models. However, this study was left out as modelling was not automated.

In the case of measurements taken without the entire bandwidth necessary to show all the necessary features,
it is possible to estimate the theoretical ”ideal” value of Rct. Given that an ideal behaviour would produce a semi-
circular plot, Rct can be estimated by taking the distance in the ReZ axis between RΩ and Cdl as the radius of that
semi-circumference. This is also useful for determining Rct in samples with ZW, as shown in Figure D.12.
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Figures D.13, D.14 & D.15: Equivalent Circuit models built from EIS data as Nyquist plots. In D.14 & D.15,
Nyquist plots can be seen to illustrate what plotted data looked like. Further information on how to build the equivalent
circuit models from the Nyquist data can be found in the previous Appendix section (figure D.12), which closely follows
the indications proposed in Lazanas et al. 2023 review, among others [16, 53, 54, 55, 45].

Figure D.13: Equivalent Circuit Model of the average double layer circuit model at each size opening. Following
the individual model data, circuit components were averaged over the three models per size category available.
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Figure D.14: Circuit models built from EIS Nyquist data. When Rct or Cdl are preceded by ”>=”, it is to indicate that
the current value is only an estimate due to the bandwidth of the EIS not being wide enough. From top to bottom,
left to right: Top Left 900 µm opening model circuits. Top Center 670 µm opening model circuits. Top Right 500
µm opening model circuits. Bottom Left 370 µm opening model circuits. Bottom Center 270 µm opening model

circuits.Bottom Right 200 µm opening model circuits.
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Figure D.15: Circuit models built from EIS Nyquist data of samples that presented abnormal EIS readings.
Different elements are included in the circuits, such as Warburg impedances and inductors. From top to bottom, left
to right: A Double-layer circuit formed by two resistive layers, with values for the resistances higher than other
equally sized samples and similar between layers. B Sample showing inductive behaviour in its low-frequency
spectrum. The element is left without quantifying due to the curve not crossing the X-axis, and lacking any curve
fitting programme. C Sample showing Warburg impedance. The σ coefficient can be estimated from the Nyquist

plot as the frequency is low enough to show its characteristic slope. D Sample showing ZW. σ cannot be estimated
from the Nyquist plot as the frequency is not low enough to show its characteristic slope.
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Figures D.16 & D.17: Figures plotting results from CSC data analysis, same as in Figure 4, but using the whole
sample population. As the ISR is derived from the computed CSC, it was also affected by the sample selection.
Sample selection in themain body was done according to PCB samples showing significant measurement differences
due to manufacturing issues introducing variability. These plots present weaker trends, higher variance, and more
significant outliers. It is thus more challenging to extract meaningful conclusions from them.

Figure D.16: ISR data analysis was done using the whole sample population. The plot compares the progression
of the ISR at the three different scan rates (500, 200, 50 mV/s) across the differently sized electrode openings.
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Figure D.17: CSC data analysis plots using the whole sample population. From top to bottom, left to right: Top
Boxplots of CV data obtained at 500 mV/s. Center Boxplots of CV data obtained at 200 mV/s.Bottom Boxplots of

CV data obtained at 50 mV/s.



108

Figure D.18: Additional plots resulting from the study of the sample population EIS and CSC results. The top
graph plots the average Z @ 1 kHz obtained per size category. The bottom graph plots the obtained average CSC
values for each scan rate at every size opening category.

Figure D.18: Additional results from studying the sample population’s characterization results across the size
opening categories. Averages are of the whole sample population for each size category. From top to bottom: Top
Average Z @ 1 kHz obtained at each size category. Bottom Average CSC values obtained with each scan rate for

every size opening category



E Appendix: Electrode Characterization
Protocol

Document E.1: Electrode Characterization Protocol written for the TBE team at IZM. It contains:

• Safety information
• Indications to set up the testing platform to perform the three main tests (EIS, CV and VTs)
• Additional information on other related tests, such as WW testing using CV (Noise Characterization was left
open to fill up at a later date)

• Indications to dismantle the different setups and clean up.

Figure E.1: Electrode Characterization Protocol written for the TBE team at IZM to ensure current and future
electrode characterization practices can be performed in a repeatable, reliable and standardized manner.

Continued in next pages.
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INTRODUCTION

1 SAFETY & RULES

1.1 SAFETY GUIDELINES

General safety guidelines of the CoALab must be followed at all times. Specifics
regarding adequate use of the lab, emergency contacts and emergency pro-
cedures may be found in the most recent version of the lab´s rule guidebook.

In order to safely manipulate samples, and protect yourself, the following
personal safety equipment is necessary:

• Lab Shoes. Blue ones are preferred.

• Lab Coat. Any standard IZM lab coat suffices

• Nitril Gloves. Found on the wall by the lab entrance door, they are im-
portant to avoid contaminating samples. Most chemicals used are not
harmful, but wearing gloves protects against mildly hazardous substances
such as IPA or the thermostat´s heating liquid.

Figure 1.1: Nitril gloves found at the entrance of CoALab

1



2

1.2 CHARACTERIZATION PROTOCOL RULES

Follow the following rules for an adequate lab setup.

1. Read first the whole protocol before attempting any experiment for
the first time.

2. Always follow CoALab rules. This includes turning on the ventilation sys-
tem when working at the lab.

3. Tests must be performed at adequate conditions (temperature, N2 de-
gassing). This implies allowing the setup to warm up until the desired
state is reached.

4. Perform characterization tests inside the digestorium. As N2 gas is re-
leased, it needs to be extracted safely.

Figure 1.2: TBE´s Digestorium at Coalab

5. Use fresh PBS every day when you start the measurements. If a sample
breaks down electrochemically throughout the process, it is imperative
to change the PBS medium as it will be contaminated.

6. Follow the wiring guidelines throughout the whole procedure.

7. Before leaving the lab, ensure the equipment has been stored away, and
the working space is free and clean.
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2 PROTOCOL WORKFLOW

Due to the requirements of electrode characterization tests having both com-
mon and specific elements/procedures, this protocol will often divide steps
between those that are common to all experiments, as they are part of the
basic electrode characterization setup; and the specific guidelines for tests.

3 REQUIRED EQUIPMENT

The equipment needed to perform each type of test(s) may be found in the
Electrode Characterization storage box, the digestorium and some pieces in
our Lab 231.

Figure 1.3: Electrode Characterization storage box. It may be found in the metal trolley, or
in the storage cabinet of CoALab
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COMMON PREPARATIONS FOR ALL TESTS

1 EQUIPMENT NEEDED FOR ALL TYPES OF ELECTRODE

CHARACTERIZATION TESTING - SEE FIGURES 2.1 AND

2.2
1. Thermostat - Huber ministat 270. Tubing sections for heating liquid are

also required. An official introduction is required.

2. N2 Gas probe - Use the inner outlet of digestorium.

3. Faraday Cage - Black metal cabinet. Inner connecting sections (electri-
cal wiring, N2 degassing tube, thermostat´s heating liquid tubes) should
be present and connected to their respective ports. Make sure no items
are blocking the door to properly access the interior of the cage.

4. Double-Glass-Walled Beaker - 600ml capacity. Used for the experiment
setup.

5. 1L regular Beaker - Used in cleaning up.

6. PBS solution - CarlRoth Ph 7.4, 0.1M. At least 400ml is needed.

7. Thermometer - Any standard thermometer suffices. Make sure it has
batteries and works. Many others may be found in Galvanic Lab (Lab
353).

8. 3-Electrode Holder - 3D printed piece to hold electrodes in place during
testing. Ensure rubber rings are in place.

9. 3-Electrode Holder Support - 3D printed support piece, for easier sam-
ple and electrode loading.

10. Pt flag foil large return electrode (CE) - CE with a large surface to mini-
mize introducing any electrochemical contribution to the sample tests.

11. CE Lock - 3D printed piece used to hold in place the CE by holding it in
its groove.

12. Rubber Band - Used to hold the CE lock in place. If it loosens up with
time, replace it. Ensure rubber rings are in place.

13. WE samples - Samples to be tested

4
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14. WE sample holder - 3D printed pieces, custom designed for each type
of sample. General design guidelines ensure it fits in the 3-Electrode
Holder

15. WE connector - Each WE may have a different layout design, but they
all should be prepared for the correct electrical connection to the cage
setup. The internal cabling of the cage is prepared with banana connec-
tors and crocodile grippers, allowing it to connect to exposed cabling. An
interface, such as the Samtec connectors and additional soldered cables,
may have to be used.

16. Working Laptop NB-SIIT086 - Other laptops with adequate software in-
stalled could be used, but NB-SIIT086 is intended for this setup and pro-
tocol. It is important to also keep it charged with its charger.

17. USB thumbstick drive - Necessary to extract files from the computer for
later processing.

18. Matlab software - Used in all tests for subsequent data processing. It
may be run on any machine, not necessarily NB-SIIT086
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Figure 2.1: Equipment items 1 to 9 specified in the list in Section 3.1 - Equipment needed
for all types of Electrode Characterization Testing
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Figure 2.2: Equipment items 10 to 17 specified in the list in Section 3.1 - Equipment needed
for all types of Electrode Characterization Testing
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2 SETUP PREPARATION

2.1 CAGE PREPARATION

Ensure the rules of the CoALab are followed.

Begin by opening the digestorium. This is done through the panel on the
right of the window pane. Slide the icon to the top of the line.

Figure 2.3: Panel showing the window pane is open, as the bar is at the top

We will first set up the temperature with the thermostat and the double-
glass-walled beaker, as it takes around 30 minutes to heat up to 37ºC.

Bring out the thermostat, and plug it in. Using the thermostat is only
possible after having recieved an introduction by the lab manager.

DO NOT START THE THERMOSTAT UNTIL ALL PORTS ARE CONNECTED

At the top, two tubes should be connected. Next to each connection,
there should be an icon of an arrow indicating whether liquid flows out of
it, or into it.
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• Take the tubing with outward flow, and connect it to the cage´s left (fac-
ing in front of the Cage, through the door) outer tube

• Then take the cage´s interior section of that left tube and connect it to
the lower port of the double glass walled beaker.

• Ensure that outward flow from the thermostat connects to the lower port
of the beaker.

Figure 2.4: Left: Inward flowing Thermostat port | Right: Inward flowing Thermostat port

Repeat the process for the inward flow tube section. Connect to the right
side outer tube, and then connect the right inner tube to the beaker´s top
port.

Plug in the thermostat and switch it on by using the switch on the left side
of the interface. It is normal that it states an error in the display, notifying that
maintenance is recommended, shown in Figure 2.6. You may ignore it.
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Figure 2.5: Double Glass Walled beaker connected to thermostat probes, with the inflow
tubing at the bottom, and the outflow tubing at the top
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Figure 2.6: It is common for an error message to show when booting up the thermostat. If
checked, it shows it is indicating for maintenance.

Check the temperature is set to 37C, with the icon for max temperature
set at 45C as in Figure 2.7. If not, to turn it on:

1. Set Process Temperature: > Menu > Temperature Control > Setpoint >
37ºC

2. Set Maximum Temperature: > Menu > Protection Options > Setpoint
Limits > Max Setpoint > 45ºC
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Figure 2.7: Check the safety temperature limit (top row) and the Setpoint T (in yellow, in the
centre square). This is how the thermostat screen should look before starting the flow of

heating liquid.

TROUBLESHOOTING THERMOSTAT

Although an introduction is necessary to operate the thermostat, and should
cover these points, here are some common troubleshooting issues while op-
erating the thermostat.

• If the thermostat indicates that the heating liquid level is low (due to
spilling or use), locate the container with the pink liquid labeled "Gly-
fosor N/H20 50/50", shown in Figure 2.8

• If there are any spills, use a paper piece to clean it up. Be thorough, as it
is quite oily and can be slippery.

• To avoid skin irritations, always clean with gloves and lab equipment on
(section 1.1)
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Figure 2.8: Container holding the heating liquid used by the thermostat

With the temperature set and all 4 ports connected, it is safe to start the
thermostat. Do so by pressing the start button (bottom right of the screen),
then Ok. The heating liquid will flow through the outlet. Please ensure there
are no bends through the tubing preventing adequate flow. Once the heating
liquid has completed the whole circuit, you may continue.

Add 400-450ml of fresh PBS to the beaker, For more on fresh PBS, check
Chapter 6.

Next, take the N2 tubing from the digestorium, and connect it to the
cage´s port on its top, as in Figure 2.9. You may take the cage´s inner N2
cable and put it in the beaker. Use the outer (right) gauge for N2 (labelled)
and open the flow. The gauge’s numbers are not really useful to set a good
flow, so instead check visually the stream of bubbles. A continuous flow of
N2 is good for medium degassing while it heats up. It can be turned down
if it is agitating the surface of the liquid too much, as this will spill into the
electrode holder.

You may introduce a thermometer. Wipe it clean before inserting it to get
accurate measurements. It usually takes around 35-40 minutes to heat up to
37C. You can use a thermometer to check the temperature.
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Figure 2.9: Port to connect the N2 probe. Just push it in.

With the thermostat heating up, N2 degassing the medium, and the ther-
mometer reading the beaker’s temperature, the basic cage preparation is done.
Close the door of the cage.
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Figure 2.10: Once temperature control, N2 degassing and PBS are ready, the setup must be
left to reach optimal testing conditions. A thermometer is useful.
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2.2 COMPUTER PREPARATION

The computer used in this lab is unit NB-SIIT086. It is important that it has
enough battery when starting, so make sure to plug it in before starting it.
When booting it up, it will first connect to the Fraunhofer network, avoid
clicking anything as this may interrupt the decryption.

Log in with these credentials (Do not include quotes ”):

• User, from the encrypted Fraunhofer booting up screen: 'berlin\ERTS'

• User, from the user log in Windows screen: '.\ ERTS'

• Password: ’E@izm2019!’

IMPORTANT: When booting up the computer, until credentials are used
to log in, avoid connecting any kind of ethernet cable preventing the com-
puter from connecting via wifi to the Fraunhofer servers.

If still facing issues with the log in, disconnect any cables besides power,
restart the laptop and do not click anything until it is ready for the user to
input the credentials.

2.3 ELECTRODE HOLDER PREPARATION

All the equipment needed to perform the electrode characterization tests
may be found in the plastic container box labelled Electrode Characteriza-
tion. It should be stored on the second level of the metal cart placed on the
left of the working bench.

To set up the Counter Electrode (CE) and Reference Electrode (RE) is best
to use the electrode holder support, shown in figure 2.11. Start by placing the
support on the working bench.
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Figure 2.11: Place the electrode holder (green) on the workbench with the help of the
support (yellow)

Begin by setting up the Pt foil CE. You will need the electrode holder, the
Pt foil lock, and the red elastic band found in the box. Follow Figure 2.12 for
a better idea

• Begin by looping the red band once around itself. Get this double-loop
band and put the CE body through it

• Slide the electrode into the electrode´s holder groove designated for the
Pt foil CE electrode. Make sure the electrode is not bent by touching any
kind of surface

• While holding the electrode and red band inside the groove of the holder,
use the CE lock to keep it in place

• Now use the double-looped red elastic band to wrap around the elec-
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trode holder and CE lock. This should hold the plastic pieces together,
keeping the Pt foil electrode in place.

• Place again the electrode holder on the support

Figure 2.12: Steps to follow for CE locking. Place the double loop band on the CE electrode.
Lock it in the support and use the band to hold everything in place.
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3 SAMPLE PREPARATION

Each sample type will have its own electrode holder. Still, the modular design
of the electrode holder should allow all sample types to be used.

Ensure first that the sample can be connected electrically. For most cases,
this would involve using some version of the Samtec Connector. It may also
be necessary to solder wires to the connector in order to be able to connect
it to the other connections.

To easily connect the Samtec Connector, follow these steps, with further
aid from Figure 2.13:

• Start by covering the electrical contacts of your sample with the Samtec
Connector piece (black plastic body with several gold pins). Ensure the
screw and pin openings are aligned.

• Then use the other connecting piece, with outward connections such as
soldered cables, to sandwich the Samtec connector between this piece
and the sample.

• For extra thin and flexible samples, a backpiece to support and properly
fix the connector is needed.

• Place first the screwing pieces on the bottom face of the build.

• Put screws in through openings, connected to their screwing piece. Screw
them in until they become tight.

• If struggling, remember to hold down the whole build to avoid the screw-
ing pieces from coming loose. Manually place the screw, and then care-
fully give it a turn with the screwdriver to screw it in place. Follow Figure
2.13 for these steps

For the most common sample types, here are the basic steps to place
them in their sample holders.

3.1 RIGID/PCB-LIKE ELECTRODES

Rigid electrodes have no issues of floating and bending upwards. Their holder
allows one to slide the sample into a slit, and hold it in place. Be sure to avoid
scraping the sensible side of the electrode against the holder´s plastic open-
ing by sliding it against the holder on the side opposite to the sensible one.

Once in place, make sure to clean the sample with DI Water, IPA, and
some light pressurized N2.



20

Figure 2.13: To easily place the screws, make sure the whole build is held down, manually
place the screws and gently screw them in place with a few turns.

Figure 2.14: Rigid electrodes may be inserted directly on their holder. Then you may place
everything in the main electrode holder.

3.2 PARYLENE ELECTRODES

Parylene electrodes can be difficult to manipulate due to their extremely thin
thickness. A dedicated electrode holder was designed for parylene electrodes

Ensure first the electrode is fixed to the Samtec connector and the rest
of the connector piece. Start by placing the part of the holder capable of
housing the connector over the sample support, as shown in the picture.

Place the electrode’s connector into the holder, holding the sample elec-
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trode out of the way. Then let the sample parylene electrode roll over the
sample support. Its edges should fall on top of the silicon edges, ensuring
that no hard surface is in contact with the parylene.

Then grab the top piece of the electrode holder, and place it on top of the
bottom piece. Pins should align for a tight fit, holding the sample down the
opening. You may now manipulate the holder safely.

Although cleaning the sample is good, with parylene’s mechanical prop-
erties it can be more of a risk than anything else. Clean the electrode with a
gentle use of Water and IPA

3.3 OTHER FLEXIBLE ELECTRODES

Any other flexible electrode that needs to be held down while tested, may be
held using the regular slit-electrode holder pieces. Ensure the one with the
right size is used for the sample piece.

The sample should:

• Fit in the top slit

• Be wide enough to be covered by at least one side of the plastic holder’s
groove

• Be placed so that no sample opening is hidden behind the plastic holder’s
groove.

• Avoid any bends or misplacement that may damage the sample

• The sample opening should be oriented to face the other instrumenta-
tion electrodes.

Once in place, make sure to clean the sample with DI Water, IPA, and
some light pressurized air.
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Figure 2.15: To hold other flexible electrodes, make sure the right sized holder is chosen.
Slide it in, and check that the electrode is not covered by the holder´s plastic border.

3.4 UNIVERSAL ELECTRODE HOLDER

For electrodes not described above, be it mainly because of their geometry,
a "universal" holder was designed. Using a foam piece, it can press down on
samples to hold them in the electrode holder. It was limitations, such as the
sizes of electrode it could fit.

Figure 2.16: Wired electrodes may be looped around the holder directly. It may be
necessary to insert both electrode and holder at the same time in other cases.

It works best with wire-like, thin electrodes. Still, it is not a perfect solu-
tion and if the sample type is to be tested thoroughly, it may be best to design
a new sample holder.

Once in place, make sure to clean the sample with DI Water, IPA, and
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some light pressurized N2.

IF AN ELECTRODE DOES NOT FIT ANY OF THESE HOLDERS, A NEW
HOLDER MAY HAVE TO BE DESIGNED. YOU MAY FIND THE SOLDIWORKS
FILES FOR ALL THESE HOLDERS IN TBE’s OWNCLOUD. MAKE SURE FI-
NAL DIMENSIONS FIT THE ELECTRODE HOLDER’S OPENING FOR THE
SAMPLE ELECTRODE.
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PROTOCOL FOR EIS & CV

1 EQUIPMENT FOR EIS AND CV TESTING - SEE FIGURE

3.1
1. Modulab XM Solartron Analytical - Besides the main instrument, a ca-

ble for power is necessary, and the proprietary red cable with an ethernet
connection for data transfer must be used.

2. FA Module Cabling - As each XM module requires different cabling, in
our experiments we will need the WE,CE and RE cables. Note that the RE
cable connector to the Modulab XM also is connected to another cable
used to connect both LO ports.

3. Mettler Toledo Glassy Cargon Ag|AgCl RE - Glassy carbon electrode used
as RE in several tests. It should be found and stored in its box, with a vial
of additional storage solution. It must always be held in a vertical posi-
tion.

4. RE connector banana cable - Cable required to electrically connect the
RE. There are a few, but we will use the one whose connector is a banana
type connector.

5. XM Studio ECS - Software program used to control, design and run ex-
periments with the Modulab XM. Already installed in computer NB-SIIT086

24
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Figure 3.1: Equipment items 1 to 4 specified in the list in Section 3.1 - Equipment for EIS
and CV testing
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2 SETUP PREPARATION

2.1 CAGE PREPARATION

The cable connections at the Modulab instrument, when using the FA mod-
ule, should look like in the following picture.

Figure 3.2: Cabling required for usage of the Modulab with the FA module.

An additional diagram of the correct cabling may be found in the desktop
program, showed in Figure 3.3.



27

Figure 3.3: Cabling diagram for the correct use of the FA Module showed in the Modulab
ECS software.

When using the Modulab instrument, cable connections need to be con-
nected at their corresponding Faraday Cage ports.

They are colour-coded, so ensure that the right cable is at the right con-
nector. Follow Figure 3.4

• The blue connector for the RE connects to the blue port.

• The red connector for the CE connects to the red port.

• The black connector for the WE connects to the black port.

• The black connector for the WE has a piece of copper tape near its end,
used as a grounding connection. Use the grippers connected to the cage
to clamp the copper tape, effectively grounding the connection to the
cage.
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Figure 3.4: Cable connections at the Faraday cage interface. This configuration is only
correct if the other connections (Modulab, Electrodes in Cage) are kept according to the

Protocol.

2.2 ELECTRODE HOLDER PREPARATION

Next, you may set up the glassy carbon RE (Figure 3.5. It should be stored in
its box, which must remain in a vertical position at all times.

The RE electrode is protected by a plastic vial on the reactive end. To
remove it, turn it in an anticlockwise direction (looking at the RE from the
top, where the electrical connection is). Its grip should loosen, although you
may still feel some underpressure. You may now slide out the RE. Rinse it
with DI water.

Be careful, as the PBS solution is kept inside the plastic vial. Store the
opened plastic vial somewhere where it may not be knocked over.



29

Figure 3.5: Glassy Carbon Ag|AgCl RE´s box from Metler Toledo. Remove the protective cap,
and make sure to keep it upright to avoid spilling the storage solution.

Slide the RE electrode through the circular opening with a black rubber
ring in the electrode holder, as in Figure 3.6. Do so gently to avoid breaking
the tube. It should slide with a bit of resistance, but nevertheless easily.

Both the RE and CE electrodes should be kept at the same height, making
sure they will be immersed in the PBS.

Figure 3.6: Inserting the RE electrode into its opening in the Electrode Holder. The active
elements should be at the same level for optimum positioning

Lastly, we shall connect the RE with its wire. The white connector wire
should be found in the equipment box. It needs to be screwed on the top side
connector of the RE. One may first connect the wire, then rotate/turn the RE
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electrode to make sure the cable is not falling over the electrode holder.

With the RE & CE fixed in position, you may now take the electrode holder
and place it in the beaker. First, remove the thermometer and the N2 tube
from the beaker. When placing the holder, make sure that the rectangular
opening area to hold the Working Electrode (WE) is kept facing you, as in the
right picture in figure 3.7

Figure 3.7: (Left) Cable used to electrically connect the RE. Screw it before placing the
electrode holder in the beaker for better positioning.(Right) Electrodes and N2 probe fixed

in place over the beaker.

After the electrode holder is placed over the beaker, take the N2 tube from
within the cage, and slide it through the opening in the holder. Now, all 3
electrodes and N2 probe should be immersed in PBS

Make sure to connect the electrical wires from inside the cage to the elec-
trodes. If following the pictures and cabling diagrams, further showed in Fig-
ure 3.8:

• The blue wire may be connected to the RE’s white cable.

• The red wire shall be connected to the CE’s banana port

• The black wire shall be connected to the sample electrode. It may be
needed to attach some crocodile grippers to connect directly to exposed
wires.

• Close the Cage’s door.
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Figure 3.8: Correct cable connections within the cage for the protocol. The blue cable
carries the signal of the RE. The red cable carries the signal of the CE. The black cable

carries the signal of the WE.
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2.3 COMPUTER & MODULAB XM PREPARATION

Make sure to plug in the power cable from the Modulab XM. Then, its power
switch may be flipped. It is located at the back part of the instrument, near
its left side, below the fan. Figure 3.9 shows the back of the Modulab XM,
serving as further reference to find the switch. You may also now connect
the red data cable to the computer.

Figure 3.9: Backside of the Modulab XM. Notice the power switch is located at the bottom
right corner in the pictures, meaning that when reached from the front, it will be at the

bottom left corner

The Modulab XM needs some time to boot up effectively. The LED lights
in the front interface indicate this. Please do not operate the setup until LEDs
show as in Figure 3.10. The top row of LEDs labelled Power should be con-
stantly on, with the second row of LEDs labelled Comms should be blinking.

Figure 3.10: LEDs indicating a correct standby status of the Modulab XM after booting up.
The second row, with labels "Comms" should be blinking.
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If LEDs for Error remain lit up, or other LEDs such as the Power LEDs are
blinking, the Modulab XM did not boot up correctly. Reach out for the switch,
turn it off, give it 10 seconds to cool off, and turn it back on. Eventually, it
should boot up correctly.

Figure 3.11: Different status of the Modulab XM, while which it should not be operated.
They may show during boot up, or after booting up if this step was unsuccessful, or if the

system freezes/bugs out during an experiment.

Click on the Modulab XM ECS desktop icon to open the Modulab soft-
ware. This will be how experiments will be programmed and sent over to the
three-electrode setup.

Figure 3.12: Icon of the program XM-Studio ECS, used to operate the Modulab XM. It is
found on the desktop of the computer

Then navigate to the experiment folder. As of Dec 2023, EIS & CV exper-
iments may be found in the following folder directory (screenshot in Figure
3.13).

• > Modulab XM > Additional Tests > Potentiostatic Impedance Test

• > Modulab XM > Additional Tests > Cyclic Voltammetry
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Figure 3.13: Folder path leading to the experiments set up in XM-Studio. Other
experiments may be found, and one may design its own experiments too. For more info,

check the user guide.

The following diagram summarizes the whole setup configuration for per-
forming experiments with the Modulab instrument.

Figure 3.14: Schematic of the experiment setup with the Modulab Xm
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3 ELECTRODE CHARACTERIZATION EIS & CV
To navigate the Modulab XM ECS program and understand all parameter
choices, please refer to the Modulab XM ECS software user guide.

When conducting tests, several parameters can be tuned. While some
may be test-dependent, others should not be modified unless specifically
aiming to do so. This is the case for most of the settings found on the Setup
page (Hardware Requirements, Cell Setup, Potentiostat Experiment Setup,
and Safety Limits). Some of the critical parameters that should be only changed
when aiming to do so are:

• Setup/Hardware Requirements/Grounding Should be kept at Internal

• Setup/Hardware Requirements/Potentiostat Configuration Pstat + Femto
Ammeter should be selected.

• Potentiostatic Impedance/Scan Setup/DC Level Keep it at 0V vs Refer-
ence (only for EIS)

3.1 EIS

To conduct an EIS Test, first of all, turn OFF the N2 gauge. The test is quick,
and N2 bubbles may introduce noise, specially at low frequencies.

Several parameters may be considered, reached by following:

> Modulab XM > Additional Tests > Potentiostatic Impedance Test >
Setup > 1: Potentiostatic Impedance > Impedance Setup

Additional parameters may be accessed by ticking the "Advanced" check-
box. Check Figure 3.15 for further aid.

• Start frequency. Frequency where the sweep is initiated. Maximum
value is 300kHz. The recommended value is 100kHz.

• End frequency. Frequency where the sweep is ended. Minimum and
recommended value is 0.1 Hz.

• RMS Voltage. Alternating Voltage is used in the measurement of impedance.
10mV RMS is recommended and standard practice across the literature.

• Points per decade. Sample points per log decade are taken. Recommen-
dation: 10 - 25 is good.

• Cycles of integration. How many sample points of impedance are mea-
sured at each frequency value. As we may later plot averages of several
EIS, choosing 1 cycle will yield the fastest test.
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Figure 3.15: Window where most EIS parameters are commonly defined.

Parameters that should NOT be modified:

• Start delay. Upon previous research, when introducing a delay different
from 0, the chances of the machine freezing at the start of the experi-
ment and having to restart the whole instrument are high. This happens
because it is not able to communicate with the CE, evidenced by its LED
not turning on.

To run an experiment, under the Start Experiment (> Modulab XM > Ad-
ditional Tests > Potentiostatic Impedance Test) page, choose the name for
the data file and click run. Figure 3.16 is a screenshot of the page.

When viewing past EIS measurements, you may want to display informa-
tion using the "Bode (|Z|, θ)" plot graph style.
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Figure 3.16: Choose an appropriate name for the file, and click Run to perform the EIS
experiment.

3.2 CV

To conduct a CV Test

• Turn on the N2 gas flow. These tests are long, and not prone to noise
interference by the bubbling

• If you will leave the lab while the test is running, leave a note with all the
information necessary.

Several parameters may be considered, reached by following:

> Modulab XM > Additional Tests > Cyclic Voltammetry > Setup > 1:
Cyclic Voltammetry > Scan Setup

Check Figure 3.17 for further aid.

• Starting Voltage. Voltage where the CV is initiated. Should be one of the
Water Window bounds (WW)

• Ending Voltage. Voltage where the CV is ended. Should be the other one
of the Water Window bounds (WW)

• Cycle Count. Number of cycles performed. Should be thought out for
each experiment. Note that high cycle counts exert higher electrochem-
ical stress on the sample. They also make the experiment last longer.

• Scan Rate. Scan rate greatly influences the CV obtained. For more on
that, check the literature (Cogan et al 2008, Boehler et al 2020)[1, 2]. Ad-
ditionally, the literature review by P. de Anta may also be read.
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Figure 3.17: Window where most CV parameters are commonly defined.

To run an experiment, under the Start Experiment (> Modulab XM > Ad-
ditional Tests > Cyclic Voltammetry Test) page, choose the name for the data
file and click run. Figure 3.18 is a screenshot of the page.

Figure 3.18: Choose an appropriate name for the file, and click Run to perform the CV
experiment.

When viewing past CV measurements, you may want to display informa-
tion using the "I vs E" plot graph style.
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4 CLEAN UP FOR EIS & CV
Clean-up specific to the Modulab XM implies disconnecting the electrical
cables from the cage’s ports, and proper storage of the RE.

Disconnect the three electrical cables from the cage’s port. Unless strictly
necessary, there is no need to disconnect them from the Modulab XM’s port
interface. They may be kept in a tidy manner while connected to the instru-
ment.

The Modulab XM may now be turned off using the power switch located
at the left of its backside. The data ethernet cable may also be disconnected
from the computer, and the power cable at the outlet may also be discon-
nected and stored.

To remove the RE, start by disconnecting the inner electrical blue cable
from the white connector cable belonging to the RE. You may also unscrew
this white connector cable from the RE.

As with any other experiment clean-up, follow up by disconnecting elec-
trical connections and removing the N2 tube from the electrode holder.

To safely take out the RE from the electrode holder, it may be best first
to remove the electrode holder from the beaker and place it in its loading
support, back at the working bench.

Gently pull the RE out of the electrode holder. While pulling, look at the
tube near the rubber ring. The moment you are able to see the white plastic
triangle at the tip of the RE, the electrode is nearly out, shown in Figure 3.19.
Slow down at this moment to avoid damaging the electrode when it abruptly
comes out.

Rinse the RE with DI water and make sure to properly dry it with some
light pressurized N2.

The RE electrode needs to be stored back in its plastic vial containing PBS
solution. Slide the RE into the vial. If the solution does not rise until the top
plastic screw ring, a refill may be needed. More solutions may be found in
the RE’s storage box.

With the RE protected by the plastic vial, you may now store it in its box.
It is important the RE is always kept in an upward, vertical position.
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Figure 3.19: While pulling out the Re, when the white plastic triangle becomes visible, the
electrode is soon to be released. Be careful to not damage it when the grip loosens.

If you are to continue your experiments, you may keep the WE and CE
placed in the electrode holder.

If you are finished with all the experiments, continue with Chapter 7:
Clean Up - General

5 DATA RETRIEVAL & PROCESSING

In order to perform analysis on the data from EIS and CV measurements, we
first need to extract the experiments into workable files. To do this, follow
these steps, and check Figure 3.20:

1. Begin by clicking the experiment’s name (shown in 3.20). You must do
this for every experiment of interest.

2. Click the button under the Graph menu labelled "Export All". An Excel
file with the experiment data shall pop up.

3. Once all experiments are exported, you may close all Excel tabs by right-
clicking on the program and choosing "Close All"

4. Head to the computer directory of the Solartron. The Modulab XM "Ad-
ditional Experiments" folder is pinned in Quick Access.

5. In the folder named after each experiment type, .csv files with the ex-
ported tables may be found. Copy them to an external USB drive
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Figure 3.20: To export all the test data into a .csv file, click the "Export All" icon in the test
file. Then navigate to the computer´s file directory, easily through the pinned element

"Additional Tests", and extract the files of interest.

Using the Matlab code designed for each respective test, you may import
the file, specify data about the sample (Opening diameter, CV cycle count)
and obtain plots and other metrics of interest.



4

PROTOCOL FOR VTS

1 EQUIPMENT FOR VT TESTING - SEE FIGURES 4.1 AND

4.2
1. Tektronix MDO34 Oscilloscope - Other oscilloscopes lack the function-

ality to use the arbitrary function generator (AFG) or to be controlled
with the computer. The MDO34 should come with a power cable to
power it up, and a USB to USB-A cable for data communication with
the laptop

2. 1 MDO34 CH Probe - Several of these probes may be found in the bag
attached to the MD034. For correct labelling, as it will be used in CH2,
choose the light-blue probe.

3. VCCS PCB - In this protocol, testing is done with the V0 of this PCB, but
any future versions could replace it. This also applies to any future ver-
sions having a different list of required materials.

4. 1 PCB jumper - To be stored and found on the jumper pins of the PCB.

5. Tool to manipulate PCB switches - Any kind of thin, long tool works
such as a flat-head screwdriver. Be careful when using metallic tools as
they may easily damage the PCB´s circuitry. If there are other materials
available, choose an insulating one.

6. 3 BNC cables - May be found in lab 231. Although 2 require a rather short
length (connections from the Oscilloscope to the PCB), one should be
long enough to take the signal from the PCB to the Faraday Cage.

7. 1 BNC cable signal Y-splitter - Testing shows T-splitters tend to intro-
duce more noise than Y-splitters, so preferably use the latter. Found in
lab 231.

8. 1 BNC to Banana +,- adapter - Found in lab 231. You may need an addi-
tional piece to connect both male BNC connectors, such as an additional
splitter.

9. 1 Banana to Hook cable - Found in lab 231

10. 1 Banana to Banana cable - Found in lab 231

42
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11. 1 MINI USB to USB cable - Currently we do not have our own cable, but
one can be found and is usually free to use on the VWR pHenomenal
device, located on top of the workbench in front of the digestorium.

12. Python programming executable (Visual Studio Code) - Software pro-
gramming language in which the script to control the MDO34 has been
written in. Additional software packages such as Visual Studio Code
may be useful when testing. Both may be found installed on laptop NB-
SIIT086.

Figure 4.1: Equipment items 1 to 5 specified in the list in Section 3.3 - Equipment for VT
Testing
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Figure 4.2: Equipment items 6 to 11 specified in the list in Section 4.1 - Equipment for VT
Testing

2 SETUP PREPARATION

2.1 VCCS PCB, OSCILLOSCOPE AND CAGE PREPARATION

To perform VTs, a dedicated Voltage-controlled Current Source (VCCS) PCB
and the Tektronix MDO34 Oscilloscope are needed, shown in Figure 4.3

IMPORTANT: This protocol is written with the VCCS PCB V0 in mind,
picture in Figure 4.4. Any further versions may differ slightly in build, but
the overall setup should be similar. If in doubt, check with the responsible
person for the latest PCB.
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Figure 4.3: Main pieces of equipment required to perform VT tests. Cables not shown.

Figure 4.4: The VCCS PCB V0 is the custom-built board used in the setup described in this
protocol. Any other future versions could have a different setup and testing procedure.
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Start by setting up the Tektronix MDO34 Oscilloscope. Place it close to
the setup area, as constant manipulation is needed and shorter cables are
preferred.

• Plug it in with the power cable and turn it on.

• Use the USB-A port at the back to connect it via USB cable to the laptop.

• Use a BNC cable to connect to the AFG Out port at the back - this cable
will be connected at the input of our PCB.

• Plug one of the oscilloscope measurement probes into CH2.

Figure 4.5: Setting up the Oscilloscope requires to plug in the necessary cables at the back
of the oscilloscope, and connect and set CH1 and CH2
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Other important considerations regarding the oscilloscope are

• In CH1, input Impedance should be set to 50 Ω

• In CH2, make sure coupling is set to AC.

• Set trigger at t=0.

• If the pulse sent is too small, it may be necessary to move up and down
the trigger.

• If at any moment the pulse wants to be stopped, the quickest and safest
way is to turn off the AFG from the oscilloscope itself.

With the oscilloscope set up, it should look like this:

Figure 4.6: Icons for CH1 and CH2 when correct settings for input impedance and AC
coupling in Ch2 are chosen.

To set up the VCCS PCB (check Figure 4.7 for references of the BNC split-
ter connections):

• Start setting up the PCB by ensuring a BNC Y-splitter is connected at the
PCB´s input port, by connection 3.

• On one side (connection 2), connect the BNC cable from the AFG Out in
the oscilloscope.

• On the other side (connection 1) of the splitter, connect another BNC
cable which will then be connected to CH1 in the oscilloscope.

• At the Output port, connect another BNC cable

• To power up the PCB, a mini USB cable is needed. Plug the larger side of
the USB cable into the laptop too.
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IMPORTANT: BNC splitters are prone to introduce noise and disturbances
in your signal. After testing and taking pictures for this protocol, it seems the
Y-splitter works better than the T-splitter (Picture 4.7). Try to use this one
whenever possible.

Figure 4.7: Left: T-splitter - AVOID if possible. Right: Y-splitter - BETTER option

Figure 4.8: Use the BNC signal splitter to drive the AFG signal to both the PCB´s input port,
and the oscilloscope´s CH1. Connect the power USB cable, and the output BNC cable.
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Figure 4.9: Correct switch configuration for initial testing with the board. The Output
switch is off, and a high resistance (R3) is chosen for the first test. No jumpers are

connected.
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There are some other considerations regarding the PCB and its switches:

• Start the board by ensuring that the switch near the output is open. Turn
it ON, then grounding the Output.

• When performing VTs on a sample for the first time, it is wise to start
with higher resistances to avoid damaging the sample. A reminder [R1:
100 Ω , R2: 1000 Ω , R3: 10000 Ω , R4: 100000 Ω. Switch on the resistance
of choice before running a test.

• If you are using R1, it is necessary to place the jumper on the two right-
side pins. For more on this, visit the subsection ’Modifying the PCB con-
figuration’

• If not using R1, ensure there is no jumper connecting the left or right
pins.

With the PCB set-up, it should look like Figure 4.10:

Figure 4.10: Final PCB configuration, ready to begin testing with.

To connect the PCB and Oscilloscope to the cage with the electrodes:

• Connect a BNC-to-banana cable at the end of the BNC cable coming
from the PCB´s output.

• With BNC cables, polarity is important! Connect the red banana (car-
rying the signal) to the WE cage port (black).
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• With BNC cables, polarity is important! Connect the black banana (shield
and return signal) to the CE cage port (red).

• Connect an additional banana-hook cable at the WE port.

• At the hook end of this cable, connect the main oscilloscope´s probe for
CH2 (also a hook!)

• Connect an additional banana-banana cable at the CE port

• At the banana end of this cable, you may use the large crocodile grippers
of the cage to shield the whole connection

• Connect the remaining oscilloscope probe for CH2 to GND. This is done
by connecting to the exposed metal of the CE banana cable. Anywhere
along the cable is okay: either connect to the inside of the banana con-
nector at the port passing through directly to the cage, or at the end of
the additional banana cable as shown in Figure 4.11.
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Figure 4.11: To correctly connect electrically the VT setup, both the output from the PCB
and the Oscilloscope´s probes need to be connected. Pay attention, as the colour code

between the cage and the BNC cable is switched. You may use additional banana cables to
set all connections. And remember to ground the cage on the CE signal.
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With the cage set up, it should look like this:

Figure 4.12: Final Cage configuration. Again, observe how the PCB output cables, the
Oscilloscopes CH2 probes, the additional banana cables and the cage´s grounding grippers

are all interconnected.

Note that in VTs, the Ag|AgCl Reference Electrode is not needed. Thus
there is no need to plug a cable into the blue cage port or to place it in the
electrode holder.

Next, we need to connect the wire connections to the interior of the cage.
For further reference, check Figure 4.13.

• The red wire shall be connected to the CE’s banana port

• The black wire shall be connected to the sample electrode. It may be
needed to attach some crocodile grippers to connect directly to exposed
wires.

• Close the Cage’s door.
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Figure 4.13: Internal Wiring for performing the VT tests. It only needs of the CE and the WE.

2.2 COMPUTER & PYTHON PREPARATION

Open the desktop folder named VTs. A Python code file with the name "volt-
age transient versionX.py" should be there. Open it with Visual Studio Code.

WARNING: TO AVOID DAMAGING ELECTRODE WHILE FIRST SETTING
UP, DISCONNECT BOTH USB CABLES FROM THE LAPTOP WHILE ENSUR-
ING THE CODE CAN BE RUN
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Figure 4.14: Folder in the desktop containing all files necessary to perform VTs. You may
find the code files, with a .py extension there.

We first need to ensure that Python can run our code. If Python is loaded
into VSC, it should show as a terminal when running the script. If it does
not show, you need to route Python to VSC. To do this, start by changing
the directory in the terminal. It can be done either in Powershell or VSC´s
terminal. Start by copying the directory of the file from the folder on the
desktop. Then type in the terminal:

CD STRG+V

This should paste the directory of the folder. Hit enter. Now the directory
is changed.

To run the code, it may also be necessary to do so from the Terminal. To
execute the file with Python, type:

PY "FILE NAME.PY"

The code may now be run from Visual Studio Code.

For a correct export of the data, make sure that the folder with the python
files is added to the directory within VSC, as it will be here where the data
files are created.
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Figure 4.15: Once the file directory is set to the VTs folder on the desktop, it should appear
as in the screenshot. If this step is omitted, the files will NOT be saved correctly.

The following diagram summarizes the whole setup configuration for per-
forming VT experiments.

Figure 4.16: Schematic of the experiment setup for VTs
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3 ELECTRODE CHARACTERIZATION - VTS

To perform the VT tests, the Python code is run from the computer. This code
sends the biphasic voltage pulse to the MDO34´s AFG, which then sends
it to our VCCS PCB. The PCB uses one of the four conversion resistors to
transform the voltage pulse into a current pulse, with a set current amplitude
based on the parameter ’cathodic current’ and the conversion resistor. This
current pulse is run through our electrode pair, and the output generated (in
Voltage) is measured to determine Va and the CIC.

To obtain Voltage Transients, the current method implies manual editing
of the code script and manual analysis of the oscilloscope to determine Va.
A code for automatizing these two tasks is under construction.

When a sample is tested, and a new one wants to be experimented with,
follow this procedure:

• Plug the USB in if it was not connected already.

• Start by turning ON the switch next to the output of the PCB. This will
ground your whole output signal, protecting the electrodes.

• Turn off the AFG from the oscilloscope. This way, it won´t send a high
current pulse to the new sample

• Change to the sample of interest

• Turn OFF (to "1") the switch at the output, removing the ground.

• The AFG will be turned on when running the code again.
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Figure 4.17: Long press the AFG icon in the oscilloscope´s touch screen, and this menu
shall pop up. On the top left, you may toggle the digital switch to turn off the AFG directly.

This is important while not actively running tests to avoid excessive damage to the sample.

3.1 RUNNING THE TEST WITH THE MANUAL CODE

The overall flow with the Manual VT code is as follows:

• Input cathodic current, both cathodic and anodic pulse duration and in-
terpulse delay parameters to create a biphasic current pulse. See Figure



59

4.18. Note that the maximum value possible for cathodic current is 1e-3.

Figure 4.18: Section of code where parameters dictaminating the pulse´s profile can be set.
The most important parameter, cathodic current, has a maximum value of 1e-3.

• Run the code

• If no output is shown, it may be because the trigger value is too high for
the pulse sent. Play with the trigger until the signal in CH1 is detected.

• Use the measurement tools to determine Va at both pulses ´rising edges.
See Figure 4.19 for an example.

• Note that the latest manual code continuously sends pulses. If damage
to the sample is to be reduced, stop the pulses by turning off the AFG
while performing measurements.

• If at neither edge Va (the WW limit at that end) is reached, increase again
the cathodic current parameter and repeat.

• If Va is exceeded, a smaller value for cathodic current is needed. WARN-
ING If an electrode exceeds its WW Va, it may start overcharging and
drifting, outputting increased voltage transients, and posing additional
risks to the integrity of the electrode. When decreasing the cathodic cur-
rent after exceeding Va, do so significantly and wait for the voltage tran-
sient output to settle back to its normal response before increasing the
cathodic current parameter again.

• Although finer resolution steps are possible, I would type in code incre-
ments no smaller than 0.001.
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• If the cathodic current is set to the maximum value (1e-3) and the max-
imum voltage is still not reached, it is necessary to go to a lower conver-
sion resistance (R1<R2<R3<R4). For more on this, check the subsection
’Modifying the PCB configuration’

• If maximum Voltage is reached, first ensure the axis of the oscilloscope
is correct (they will determine which data is exported), and then type ’y’
when prompted in Visual Studio Code to save the data.

Figure 4.19: Manual detection of Va is done with the measurement tool within the
oscilloscope. Always perform the measurement of the voltage drop over the same time

span (10µs here), with a point previous to the drop measured against a point immediately
after the drop. Do this on both the cathodic and anodic edges.

Figure 4.20: If the set pulse has maximized the injected current, type y in the terminal when
prompted to save the pulse´s measurement. A .txt file will be created in the file directory

chosen in VSC.

3.2 MODIFYING THE PCB CONFIGURATION

Operating the VCCS PCB is an integral part of VT testing. Misuse of the PCB
may lead to damage in both the sample and the PCB.

DISCLAIMER: This protocol is written with the VCCS PCB V0 in mind.
Any further versions may differ slightly in build, and thus in operation
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VCCS PCB ELEMENTS

The PCB offers the following possibilities

• Switches: To be turned ON or OFF. For easier operation, use a tool, prefer-
ably one made out of a non-conductive material.

• Output Jumpers: Two pairs of jumpers offer different configurations when
connected or not. You need a jumper connector.

• Shunts: For electrical testing, they provide signal information before and
after the current conversion through resistors R1-R4

Figure 4.21: Shunt connectors can be used to test the signal before and after the current
conversion happens at resistors R1-R4

Specifically, these elements are the ones used in regular VT testing:

• Output Switch: Turning it ON grounds the whole output signal. Use it to
isolate the sample from whatever output the PCB is sending.

• Conversion Resistance Switches R1 to R4: Turning ON these switches
makes the PCB use the resistor associated with each switch when con-
verting voltage to current. Resistor values grow in decades, with values
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stated in subsection ’VCCS PCB, Oscilloscope and Cage Preparation’. If
more than one switch is turned on, the one with lower resistance will
dominate over the rest, so there really is no point in doing this.

• Right Side Jumpers: If these jumpers are connected, the capacitor in se-
ries with the output will be shorted. This is very likely to introduce a DC
Voltage offset, capable of damaging samples when done with Resistors
R2, R3, R4. But it is necessary when testing with R1.

• Left Side Jumpers: Indicated by the symbol on the board, it grounds the
circuit previous to the output stage. This is useful for discharging ele-
ments and should be used as a safety measure when changing resistors.

COMMON PRACTICES WITH THE VCCS PCB

A common scenario in VT testing is that a resistor needs to be changed to a
lower/higher resistance one due to the sample having a lower/higher resis-
tance than initially assumed. If changing to R1, please follow the procedure
described after this one.

To perform the resistor switch safely:

Procedure to change to resistors R2, R3 & R4

• Start by turning OFF the AFG.

• Turn OFF all resistor switches

• Turn ON the output switch, grounding the signal sent to the samples.

• Optionally, place a jumper on the LEFT side pins, grounding the internal
circuitry. Then, immediately remove the jumper

• Turn OFF the output switch

• Turn ON the resistance switch of interest

• Return to section 3.1 Running the test with the Manual Code to continue
experiments.

Procedure to change to R1

• Start by turning OFF the AFG.

• Turn OFF all resistor switches.

• Turn ON the output switch, grounding the signal sent to the samples.

• Optionally, place a jumper on the LEFT side pins, grounding the internal
circuitry.
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Figure 4.22: Common board elements that need to be interacted with throughout testing.
From top to bottom in the picture: Conversion Resistor bay 4-switch, Jumper pin pairs and

Output GND switch.

• Move the jumper to the two RIGHT side pins.

• Turn OFF the output switch
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Figure 4.23: Again, to switch off the AFG, long press the AFG icon on the Oscilloscope´s
screen, and switch it off with the digital toggle switch.

• Turn ON the resistance switch of interest
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4 CLEAN UP

Clean-up specific to VT tests implies disconnecting and storing the VCCS
PCB and the Oscilloscope.

Start by powering off the AFG of the oscilloscope, if you have not done it
before. It can be done from the oscilloscope´s screen: long press the AFG
box in the bottom bar of the screen, then select the option to turn it off.

Next, power off the oscilloscope and the PCB. The oscilloscope is powered
off by pressing the power button, found at the bottom left corner of its front
side. The VCCS PCB is powered off by removing the USB cable from both the
PCB and the laptop. If the mini USB cable was borrowed, return it to where
it belongs.

Disconnect any other BNC cables connected to the PCB. These should be
the input Y-splitter and the output cable. If there are BNC cables connected
to the shunts, disconnect these too. To store the PCB, it is a good idea to store
it with its jumper to avoid losing the latter. Store the jumper by connecting
it to the two TOP pins (DO NOT CONNECT IT TO TWO SIDE PINS) and it
should be safe.

Proceed by disconnecting any probes from the oscilloscope. In the case
of CH1, this would be done by unscrewing the BNC cable. For CH2, press the
release button of the probe connector and pull it back. Then make sure that
the measuring ends of CH2 are disconnected from the rest of the cables, and
store the probe in the probe bag that should be attached to the handle of the
Oscilloscope.

The other Oscilloscope cables connected to its backside can also be stored.
This is the case for the USB to USB-A cable, which should be disconnected
from the laptop first; the power cable, which should be unplugged first; and
the AFG Out BNC cable can be disconnected too. Set aside the USB and
power cables, as these should be stored with the Oscilloscope in lab 231.

Now you should be left with the Output BNC cable carrying the connec-
tions to the Faraday Cage. Start by releasing the crocodile grippers grounding
the negative signal (black cable in the BNC, red port in the cage) to the cage.
Then, for ease of setting up, you may disconnect the banana cables from the
cage, while keeping them connected to each other in the same configuration.
You may store the BNC cable like this. This also applies to the two BNC ca-
bles joined by the T-splitter. Take them and store them without dismantling
them for a faster setup.
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Figure 4.24: To store correctly the PCB, do the following: Turn off all conversion resistances,
place the jumper on the two top pins, and set the Output switch to On, effectively

grounding the output.

5 DATA RETRIEVAL & PROCESSING

In the same folder, VTs found in the Desktop, .txt files with the timestamp of
the text as names should have been generated.

Rename them according to the sample and test performed, and copy them
onto an external USB drive.

Before analysis, it is important to transform the .txt file into a file we can
work with, in this case, .xlsx. To do this, open the .txt file from Excel and
follow these steps:

• File > Open > Choose .txt file

• A window for the import configuration of the file will appear.

• In the first screen, select "Delimited" (Default). Then click Next.

• Choose the following Delimiters: Tabulation, ; , Space and = (in custom
delimiters). Then click Finalize
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Figure 4.25: The data .txt file should have been exported to the VTs file folder (if this was
chosen as the file directory in VSC). Rename it accordingly.

• In the new file, four rows should be filled with data for our four arrays.
In row 6, input the following data: Cathodic Current value in cell A6,
Cathodic Duration in cell B6, and Resistor value in cell C6.

• Delete all values from row 1. It should be empty.

• Save as an .xlsx file

To analyze the data, the Matlab code in the file "VTsNtests" will be used.
Run the code to import the .xlsx files and indicate their diameter opening.
The code will output plots for the data, as well as metrics such as CIC.
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Figure 4.26: Procedure to convert the .txt file into an .xlsx file that the Matlab script can
process.
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ONE-TIME EXPERIMENTS

1 WATER-WINDOW TESTING

1.1 INTRODUCTION & SETUP

Water-Window (WW) testing is a specific type of Cyclic Voltammetry exper-
iment used to determining the voltage range of an electrode´s material for
its safe operation. For further information on the Water-Window, check the
relevant literature ([1, 2]) or the Literature Review by P. de Anta.

The experiment setup is identical to that of CV. Follow Chapter 2 Protocol
for EIS & CV, Section 1 Setup Preparation.

1.2 WW TEST

To conduct a WW test, two separate CV experiments must be performed. Ide-
ally, each test shall be performed with a different sample, as the test leads to
the irreversible modification of the sample. One test is to determine the pos-
itive bound of the WW, which will be referred to as the WW+ test. The other
test is to determine the negative bound of the WW, which will be referred to
as the WW- test.

To perform the WW+ test, the following parameters are needed:

• Voltage Window Starting voltage is set to 0V, and the other bound shall
be a voltage point clearly exceeding the theoretical WW. Usually, 1.5V
suffices, but research into the material´s reported window is needed in
case such voltage still lies within its WW. For scenarios like this, choose
a higher voltage than that of the WW+ bound

• Scan Rate Slow rates are necessary for adequate WW testing. 50mV/s is
a good standard.

• Cycle Count Set to 1. As the sample will be modified when taken to ex-
cessive Voltage values, there is no point in repeating the voltammetry
experiment.

69



70

Figure 5.1: Settings in the CV experiment menu to conduct the WW+ test.

To perform the WW- test, the following parameters are needed:

• Voltage Window Starting voltage is set to 0V, and the other bound shall
be a voltage point clearly exceeding the theoretical WW. Usually, -1.5V
suffices, but research into the material´s reported window is needed in
case such voltage still lies within its WW. For scenarios like this, choose
a lower voltage than that of the WW- bound

• Scan Rate Slow rates are necessary for adequate WW testing. 50mV/s is
a good standard.

• Cycle Count Set to 1. As the sample will be modified when taken to ex-
cessive Voltage values, there is no point in repeating the voltammetry
experiment.
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Figure 5.2: Settings in the CV experiment menu to conduct the WW- test.

1.3 WW TEST ANALYSIS

To determine the WW bounds, examine both experiments´ voltammograms.
A peak in current density happens as the reaction voltage for water hydrol-
ysis is approached, indicating the point past which our sample electrode is
undergoing irreversible, damaging reactions. Set your WW bounds to a volt-
age between 0.1V and 0.2V smaller than the voltage measured at the peak of
each bound.

NOTE: Subsequent CV testing at this WW is recommended to ensure sur-
vivability of the sample, as well as no signs of major surface modifications
(which indicate irreversible reactions are happening)

2 NOISE CHARACTERIZATION
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GUIDELINES FOR A FULL SAMPLE

CHARACTERIZATION

1 JUSTIFICATION AND THEORETICAL BASIS FOR A PRE-
FERRED TESTING ORDER

In order to obtain accurate characterization data from a sample, it is impor-
tant to be able to know its state prior to the test performed.

It has been established in the literature that some of the characterization
tests described in this protocol (CV for instance) can potentially damage the
electrode. Said damage may become visible under the microscope, or it may
be simply subtle electrochemical changes in the electrode´s surface.

2 IDEAL GUIDELINE FOR A FULL CHARACTERIZATION

In order to minimize the potential risks of damaging these electrodes, and
to obtain information from them throughout the process that would allow
us to identify where things went wrong, the following testing guidelines are
proposed:

1. Avoid probing the electrodes with a tool such as a multi-meter, as it will
most likely damage the surface. If this step is needed, account for it by
both imaging the sample (next step) and avoiding testing this sample.

2. Start by imaging the sample electrode under the optical microscope.
This step is important to first measure the opening area and get an accu-
rate approximation of the GSA of the sample. However, it is also impor-
tant to have images of the sample prior to any testing to track potential
future structural and surface modifications.

• Other imaging methods may also be done here, such as Interferom-
etry, or SEM.

3. Begin ECM testing by running an EIS test. EIS is highly unlikely to dam-
age the sample and will also serve as an indicator of the health of the
sample throughout testing

4. Follow up with the VT test. As the electrode voltage output is taken to
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maximize its WW, potentially inducing non-reversible reactions, a risk of
damage exists. Yet, the quick nature of the test usually implies no major
damage happens.

5. At this point, a sample check may be performed. Repeat steps 2 and 3,
imaging the sample and getting more EIS data. Modifications observed
shall be attributed to the VT test.

6. Finish with the CV testing. As the sample is subjected to electrochem-
ical stress, cycling back and forth from bound to bound of its WW, for a
lengthy amount of time, it is the test with higher chances of damaging
samples. Especially if WW bounds are not defined correctly.

• If performing multiple CV tests at different scan rates, it is important
to do them from the fastest rate experiment to the slowest rate ex-
periment.

7. A final sample check is necessary to determine whether the CV scans
damaged the electrode in any way. Microscopy and EIS are recommended,
as there should be a record of previous measurements to compare to.

3 IDEAL GUIDELINE FOR A TIME-EFFICIENT CHARAC-
TERIZATION

If pressed with time, but still wish to do a full characterization protocol that
finds the optimum trade-offs between sample protection and testing time,
follow these guidelines:

1. Avoid probing the electrodes with a tool such as a multi-meter, as it will
most likely damage the surface. If this step is needed, account for it by
both imaging the sample (next step) and avoiding testing this sample.

2. Start by imaging the sample electrode under the optical microscope.
This step is important to first measure the opening area and get an accu-
rate approximation of the GSA of the sample. However, it is also impor-
tant to have images of the sample prior to any testing to track potential
future structural and surface modifications.

3. Begin ECM testing with the VT test. Testing begins with VT as it requires
a dedicated setup, Minimizing the overall preparation time. Again, as
the electrode voltage output is taken to maximize its WW, potentially in-
ducing non-reversible reactions, a risk of damage exists. Yet, the quick
nature of the test usually implies no major damage happens.
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4. Follow up with the EIS test. As performing an EIS will require setting
up the Modulab XM, it will be more time-efficient and convenient for
its later use in CV testing. EIS is highly unlikely to damage the sample,
but it is important to note that running this experiment after the VT test
would mean that possible modifications expressed in the electrochemi-
cal measurements will not be accounted for.

5. Finish with the CV testing. As the sample is subjected to electrochem-
ical stress, cycling back and forth from bound to bound of its WW, for a
lengthy amount of time, it is the test with higher chances of damaging
samples. Especially if WW bounds are not defined correctly.

• If performing multiple CV tests at different scan rates, it is important
to do them from the fastest rate experiment to the slowest rate ex-
periment.

6. A final Microscopy sample check is necessary to determine whether the
whole characterization procedure damaged the electrode.
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CLEAN UP - GENERAL

1 CAGE CLEAN UP

After cleaning up the specific instruments needed for the different tests, spec-
ified under the Clean Up sections of Chapters II and III, there should still be
some common instruments left to clean up.

Start by stopping the thermostat from pumping liquid. To do this, press
the STOP button on the bottom right corner of the thermostat’s screen (figure
7.1), and then the OK button that pops up.

DO NOT ATTEMPT TO DISMANTLE THERMOSTAT BEFORE STOPPING
THE THERMOSTAT FROM PUMPING HEATING LIQUID

Figure 7.1: Turn off the thermostat´s pump to stop the heating liquid from circulating the
tubing. Press the stop button (bottom right corner) and then the Ok button that will show

on the screen
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Ensure all electrical connection cables from the inside of the cage are
safely put away by placing them on the inside of the door, using the metal
beam as a holder. Use Figure 7.7 for further reference.

Figure 7.2: Use the thin beam on metal door of the faraday cage to hold and store all of the
internal cabling. The N2 probe can also be held out of the way for easier operation with the

cables´ support, shown in the picture.

Remove the electrode holder and place it outside of the cage, on the load-
ing support.

Grab a 1L glass beaker and place it inside the cage. We will pour the PBS
from the double glass walled beaker into this 1L beaker. For best results,
place the 1L beaker at the back of the cage, and pour the PBS away from you.
If there are any spills, clean them up.
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Figure 7.3: The PBS in the double glass walled beaker must be emptied before dismantling
the thermostat´s tubing. To avoid spills, it is easier to pour the PBS away from you than

towards you. Place a large beaker at the back of the cage and transfer the PBS

You may now take the beaker and empty the PBS in the basin. Rinse and
dry the beaker (or place it in the dishwasher), and store it back in its cabinet.

Disassembling the double glass walled beaker and its heating liquid can
be a bit tricky. Still, you must have gotten an introduction to using the ther-
mostat. The way described here attempts to make this step as safe and fool-
proof as possible. Please see Figures 7.4 and 7.5 for additional pictures of
each of the process´s steps.

• To ensure that there are no spills when disconnecting the thermostat
tubing, start by picking up the doubles-glass-walled beaker and hold
it high enough so that the connections are higher than the ports of the
cage. This will ensure the liquid flows through the port, and not through
the opened connection. (7.4 top left)

• Slowly pull out the tube from the connection. It is helpful to start by
using your nail to pull back the first centimetres (7.4 top right). Once the
tube is close to being pulled out, its grip loosens considerably.

• Additionally, try to pull it back from different sides of the circumference.
This will help with breaking the seal.
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Figure 7.4: (Top Left) By holding the double-glass walled beaker in a high position while
dismantling it, the risk of heating liquid flowing back and spilling is reduced. (Top Right)
Use your nail to break the seal and pull back the tube. (Bottom Left) As the tube is pulled,

bend it. (Bottom Right) If bent at almost 90º, air will come in, allowing for the liquid to flow
back, without the risk of spilling.

• If before the tube comes out, you bend it at almost 90°, air will come in,
and the liquid will start to flow back into the thermostat, ensuring no
liquid spills (7.4 bottom right).

• With the top connection’s tube disconnected, hold both beaker and tube
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high, and ensure the thermostat liquid flows back through both of the
cage’s ports (7.5 Left).

• You do not have to disconnect the bottom port of the beaker. To avoid
heating liquid from leaking out of the top connection tubing, you may
leave the whole setup as in the picture 7.5, or reconnect it to its port
again.

Figure 7.5: (Left) Hold both the beaker and the tube in a high position to allow the liquid to
flow back into the thermostat. (Right) One can keep the cage´s inner tube as in the picture

to avoid potential spills from leftover heating liquid. Alternatively, the top port´s tube
could be reconnected to the beaker.

Ensure the thermostat liquid has flown out of the whole tubing section,
especially the outer tubing circuit. If there is some liquid stuck, it is as simple
as lifting the previous section and letting gravity do the rest.

With the tubes empty, the outer tube connections may be undone. Open
the plastic fasteners, and pull the tubes apart. Store both fasteners and the
thermostat’s tubes in the white plastic tray to avoid losing anything.

Turn off and unplug the thermostat. Then it may be stored between the
two digestoriums using its cart.

You may also disconnect the N2 probe. To pull it out of the port, first press
down on the outer rim of the port to release the tube. Store it nicely behind
the ERTS setup.
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Figure 7.6: Loosen the plastic fasteners and disconnect the tubing sections. The tubes
connected directly to the thermostat may be kept within the tray, to keep minor spills from

falling on the floor

If not done yet, now is as good of a time as any to clean your electrodes
before storage. Use DI water and IPA. And if the electrodes can withstand
pressurized air (flexible electrodes may be damaged), use the pressurized N2.

2 COMPUTER

If all the test files have been transferred to a USB drive, you may close all
programs and turn off the computer. Please also make sure to disconnect
and store the computer’s charger next to the Modulab XM+.

3 ELECTRODE HOLDER

Place any kind of leftover holder, equipment or miscellaneous item in the
storage box labelled Electrode Characterization. This box may then be kept
in the second tray of the metal cart situated left of the workbench.
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4 PBS & FINAL REMARKS

In order to ensure that fresh PBS is always available, it is recommended to
have it dissolve overnight.

Figure 7.7: Equipment needed to make and store fresh PBS according to the protocol. It is
best to make fresh PBS when two of the 0.5L jars are empty, as each tablet is meant for 1L of

DI water.

If the two 0.5L blue-cap jars of PBS are empty, you may start by filling
them up with the previously PBS-filled 1L blue-cap jar. For easier pouring,
you may use the large glass funnel (it tends to move around a lot in the lab,
common places are the glass cabinet, and the workbench by the windows
looking to the building’s corridor)

With the 1L blue-cap jar empty, we may use it to make PBS. Pick the white
tub of CarlRoth ROTI PBS pH 7.4, 1L, 0.1 Molar tablets. We only use the large
blue-cap jar because the tablets are meant for dissolving in 1L of DI Water.
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Figure 7.8: (Left) Large glass funnel, optional (but useful) for safely transferring PBS
between jars. (Right) CarlRoth ROTI PBS pH 7.4 tablets are meant for 1L of DI water.

Fill the blue-cap jar with 1L of DI water. For cleaner water, start running
the DI water tap (green valve), and then start the additional filter by pulling
out the round lever. Fill it up to 1L, then drop one tablet of PBS and close it
off.

Store the jar. At the end of the process, you should have at least two 0.5L
jars of PBS (two test mediums), and a 1L jar of PBS dissolving overnight.

Store the PBS in the digestorium. You may now close off the glass shield
using the screen on the right side of the digestorium.

Before exiting the CoALab, if nobody else is working there, ensure that the
air ventilation is turned off.
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Figure 7.9: Two types of DI water may be used in CoALab. Open the regular DI Water for the
same DI water that is found across the institute. Pull the pin by the faucet to drive the flow

through the additional filtering station.
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