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Abstract
Objective. Electric stimulation delivered by implantable electrodes is a key component of neural
engineering. While factors affecting long-term stability, safety, and biocompatibility are a topic of
continuous investigation, a widely-accepted principle is that charge injection should be reversible,
with no net electrochemical products forming. We want to evaluate oxygen reduction reactions
(ORR) occurring at different electrode materials when using established materials and stimulation
protocols. Approach. As stimulation electrodes, we have tested platinum, gold, tungsten, nichrome,
iridium oxide, titanium, titanium nitride, and poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate). We use cyclic voltammetry and voltage-step amperometry in oxygenated versus inert
conditions to establish at which potentials ORR occurs, and the magnitudes of diffusion-limited
ORR currents. We also benchmark the areal capacitance of each electrode material. We use
amperometric probes (Clark-type electrodes) to quantify the O2 and H2O2 concentrations
in the vicinity of the electrode surface. O2 and H2O2 concentrations are measured while
applying DC current, or various biphasic charge-balanced pulses of amplitude in the range
10–30 µC cm−2/phase. To corroborate experimental measurements, we employ finite element
modelling to recreate 3D gradients of O2 and H2O2.Main results. All electrode materials support
ORR and can create hypoxic conditions near the electrode surface. We find that electrode materials
differ significantly in their onset potentials for ORR, and in the extent to which they produce H2O2

as a by-product. A key result is that typical charge-balanced biphasic pulse protocols do lead to
irreversible ORR. Some electrodes induce severely hypoxic conditions, others additionally produce
an accumulation of hydrogen peroxide into the mM range. Significance. Our findings highlight
faradaic ORR as a critical consideration for neural interface devices and show that the established
biphasic/charge-balanced approach does not prevent irreversible changes in O2 concentrations.
Hypoxia and H2O2 can result in different (electro)physiological consequences.

1. Introduction

Electrical neurostimulation is an established part of
numerous implantable bioelectronics devices like
deep brain stimulators [1], peripheral nerve stimula-
tion devices [2], spinal cord stimulators [3], and ret-
inal prosthetics [4, 5]. Electrical stimulation involves

charge injection from an electrode surface into
physiological electrolyte. The safety and reliability
of this process is a vital consideration. Mechan-
isms of charge exchange at the electrode/electrolyte
interface are the subject of extensive research, and
can be divided into capacitive, pseudo-capacitive,
and faradaic [6–8]. Capacitive charge injection
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involves the charging and discharging of electrolytic
double-layers, and no charge is transferred to spe-
cies in solution. The pseudo-capacitive mechanism,
also known as pseudo-faradaic, features redox reac-
tions of the electrode material itself. These reactions
can result in high density of charge transfer, and this
transfer can be highly reversible. The third category
is faradaic, where charge is transferred to a species
in solution via a redox process occurring at the elec-
trode/electrolyte interface. This process may or may
not be reversible, depending on kinetic factors like
activation barriers (aka overpotentials) for a given
reaction as well as diffusion of reactants/products. A
stimulation electrode works by injecting current into
a physiological medium and the resultant electric
fields modulate the membrane potential of nearby
excitable cells. For instance, a cathodic pulse will
efficiently depolarize cell membranes and activate
voltage-gated sodium channels, triggering action
potentials. Cathodic, i.e. negative currents, have been
long recognized as being most efficient at eliciting
action potentials. However, it follows that charge
artificially injected into a physiological environment
should be subsequently removed, that is no net char-
ging of the system should occur. This is because net
charge remaining would correspond to polarization
of the electrode, or to electrochemical changes in the
biological surrounding itself. These changes could
potentially be toxic or otherwise spurious. For this
reason, virtually all neurostimulation protocols for
both basic research and implanted biomedical devices
rely on biphasic operation [6]. Charge-balanced,
cathodic-leading pulses are the standard [9]. This
way, the total injected cathodic charge in the first
phase is equalized by an equal-charge anodic phase.
In principle, any electrochemical reaction products
formed on the electrode during the leading phase
should be reoxidized during the second, anodic, phase
[7, 10]. Determining safe limits for charge injection
is the topic of debate and several empirical norms
have been suggested for various in vivo applications.
A number of studies have considered the revers-
ibility of faradaic electrochemistry during biphasic
pulsing [11]. Nearly all of these studies focus on test-
ing corrosion of the metal electrode itself, or voltage
excursions beyond the water-splitting window, and
thus hydrogen evolution or oxygen evolution reac-
tions [7, 11, 12]. The possibility of oxygen reduction,
occurring during the cathodic stimulation phase, has
received relatively little attention [13, 14], despite the
fact that thermodynamically it ismuchmore favoured
than hydrogen evolution (by at least 1.23 V). Oxygen
is present in all physiological fluids. While it is trans-
ported in heme-bound form in the vasculature, in
excitable neural tissues, oxygen travels through the
extracellular and intracellular space by passive diffu-
sion. Neural tissue oxygenation levels vary depending
on species, anaesthesia, location. The highest possible

equilibrium concentration of dissolved O2 is about
250 µM. This is the same level of oxygenation as what
is expected for a container of water open to ambi-
ent 21% atmospheric oxygen. This condition also
applies for most in vitro experiments. We therefore
perform this study with this 21% reference point,
since it applies to in vitro conditions and with respect
to in vivo this assumption mirrors the ‘best case’
scenario.

To our knowledge, there are four published stud-
ies which consider oxygen reduction reactions (ORR)
on neurostimulation electrodes, primarily on Pt and
Au [13–16]. These all rely on some form of transient
electrochemical measurement techniques to estimate
irreversible charge transfer to O2, and all these stud-
ies agree that a substantial fraction of cathodic cur-
rent can be irreversibly transferred to oxygen (repor-
ted ranges between 5% and 80%). None of these
studies quantified the generation of peroxide via
two-electron reduction, or actual oxygen concentra-
tion changes. In contrast to these works, we have
designed our study to probe both O2 and H2O2 con-
centrations in the vicinity of the electrode surface to
quantify the effects of ORR directly, and have used
the same technique to compare eight different neur-
ostimulation electrode materials we have prepared in
thin-film from: Ti, TiN, Au, IrOx, Pt, W, NiCr, and
poly(3,4-ethylenedioxythiophene):poly(styrene sulf-
onate), shortened as PEDOT:PSS. This list is chosen
it represents common electrode materials used in
both neuroscience/electrophysiology research as well
as biomedical devices. In addition, a sample of com-
mercial high-surface area TiN was tested [17]. This
way, we can establish to what extent irreversible ORR
can occur at neurostimulation electrodes, and com-
pare and contrast different electrode materials. To
corroborate experimentally-measured O2 and H2O2

concentrations, we have also established finite ele-
ment simulations to understand the geometry of con-
centration gradients over time.

2. Materials andmethods

2.1. Model stimulation electrode preparation
Microscope slides (3× 1) inch2 were cleaned accord-
ing to established methods, treated with oxygen
plasma, and then sputter coated with a 100 nm layer
of Ti using a Kaufman ion-beam source (IBS). The
Ti acts as the common conducting layer below all
studied samples, as it has excellent adhesion on glass
and is a suitable underlayer for all the studied mater-
ials. Platinum (60 nm) is deposited using DC mag-
netron sputtering. W (60 nm) was deposited using
the same sputtering system. TiN (60 nm) is react-
ively sputtered from a Ti target using two Kaufman
IBSs, and will be referred to in this article as IBS_TiN.
The primary IBS is used for sputtering from Ti target
employing Ar and N2 plasma, while the secondary
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IBS is used for substrate bombardment with ions
from pure N2 plasma. Au is also deposited using
primary IBS, to a thickness of 60 nm. NiCr (60 nm)
was prepared by the same primary IBS, using pure
Ar. IrOx was obtained via DC reactive magnetron
sputtering in an Ar/O2 plasma (100 nm) accord-
ing to previous published methods [18]. PEDOT:PSS
(PH1000 formulation fromClevios, plus 5wt% ethyl-
ene glycol, 0.1 wt% 4-dodecylbenzenesulfonic acid
and 1 wt% (3-glycidyloxypropyl)trimethoxysilane)
was spin-coated at 3000 rpm and annealed for 1 h at
130 ◦C (giving roughly 100 nm thickness asmeasured
by stylus profilometry). As a reference, we charac-
terize commercial TiN used in multielectrode arrays
(Multichannel SystemsGmbH). These films are about
600 nm thick. To distinguish this TiN from our
in-house prepared samples, we will refer to it as
MCS_TiN.

2.2. Electrochemical cell
A homemade custom electrochemical cell allowed
correct positioning and characterization of the elec-
trodes under investigation. The cell was made from
clear 5 mm thick acrylic sheets and a microscope
glass slide as a front window. The internal volume
of the cell was 9.3 ml. Microscope slides with depos-
ited model stimulation electrodes were cut to (1× 1)
inch2 pieces and horizontally inserted through a tight
opening on the side of the cell. Polydimethylsilox-
ane was used to fix and seal the sample in position
and to prevent any electrolyte leakage. The exposed
area of each electrode was masked using a 70 µm
thick polyvinylchloride foil (Minitronic elektronik
GmbH). The circular opening in the foil had a dia-
meter of 3 mm, defining the electrode under test
area (active electrode area = 0.0706 cm2). The cell
was equipped with a Pt wire coil as counter (active
area∼7 cm2) and an Ag/AgCl as reference electrodes,
two openings provided access for the O2 or H2O2

sensor and a teflon tube for O2/N2 purging. The
sensor was placed in vicinity of the exposed active
electrode material (distance= 200 µm). The counter
electrode is roughly 5 mm away from this area, at the
top of the cell. Care should be taken that this distance
is sufficient to ensure that any eventual products on
the counter electrode do not affect the measurement.
The cell was mounted on a submicrometer-precision
XYZ stage (ThorLabs). Using a digital microscope
(Q-SCOPE 20200-P), the sensor tip was positioned
using XYZ stage to the point of light contact in the
middle of the sample and then moved to the 200 µm
distance in the Z direction (figures 1(b) and S1). The
cyclic voltammetry (CV) electrochemical characteriz-
ation was carried out in a larger cell (from Redox.me)
using an electrochemical active area of 1 cm2, in a
three-electrode configuration having Ag/AgCl as ref-
erence electrode and Pt wire as counter electrode in
a range of potentials using 0.1 M phosphate buffer
saline (PBS) solution as electrolyte.

2.3. Electrochemical measurements—DC and AC
conditions
CV and chronoamperometry (DC conditions) were
applied using an Ivium PocketSTAT2 potentiostat.
For biphasic pulsing, a Digitimer DS4 biphasic con-
stant current isolated stimulator was used, wave-
form was driven by a PicoScope 3404D oscilloscope
with a built-in function generator. Transient voltages
were recorded during biphasic pulsing by measur-
ing voltage using the oscilloscope input (1 MΩ input
impedance) between the electrode under test and
an Ag/AgCl reference electrode. Data were collec-
ted in oxygenated and deoxygenated conditions. The
relatively low input impedance is selected in order
to provide a shunt resistance to prevent potential
ratcheting and thus prevent the introduction of a DC
bias offset voltage during AC pulsing experiments.

2.4. Clark electrode O2 and H2O2 quantification
Local oxygen and peroxide concentrations were
measured in situ during electrochemical meas-
urements described above in section 2.2 using a
four-channel microamperometric amplifier system
(TBR4100, World Scientific Instruments), with four-
channel analog-digital converter board (LabTrax,
World Scientific Instruments). The respective sensor
probes used were ISO-HPO-2 and ISO-OXY-2. The
O2 sensor was kept constantly polarized at a bias
of 700 mV, meanwhile the H2O2 specific sensor at
450 mV. The sensors were always calibrated before
the measurement of an individual material following
the procedure reported in the instruction manual.
The drop in O2 concentration or increase in H2O2

was tracked by LabScribe software (World Scientific
Instruments). It should be noted that the O2 sensor
functions along the classic Clark-electrode mech-
anism where oxygen is reduced at the sensing elec-
trode, and oxygen reaches the sensor via an oxygen-
permeable membrane. The peroxide sensor, on the
other hand, operates via the oxidation of H2O2, and is
therefore also cross-sensitive to dissolved H2 (via the
H2 oxidation reaction). For experiments where cath-
odic polarization of the electrode under test results
in H2 evolution, the sensor signal can register a false
positive H2O2 signal. Caution should therefore be
taken to test electrodes in deoxygenated electrolytes
to establish the cathodic water-splitting onset. Perox-
ide sensor readings should only be accepted within
the range before cathodic water splitting begins.

2.5. Finite element analysis of ORR at stimulation
electrodes
Simulation of oxygen and peroxide diffusion was
conducted with finite element method, implemented
in COMSOL 5.5 software package and transport of
diluted species module (www.comsol.com/product-
download).

The experimental setup was reproduced within
an axisymmetric 2D model. After the revolution, the
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Figure 1. (a) Schematic of capacitive and faradaic charge transfer that can occur at an electrode interface during the cathodic
phase. At a cathodically-polarized electrode, charge can accumulate in a capacitive double layer (Cdl), or can be transferred in a
faradaic reaction to a species in solution (Zfx). Oxygen reduction reactions (ORR), Zf1 − Zf3, are thermodynamically favoured
over the hydrogen evolution reaction Zf4. Oxygen can undergo a four-electron, Zf1, or 2+ 2 electron reduction pathway
(Zf2 + Zf3) to yield water as a product. The two-electron pathway Zf2 produces hydrogen peroxide, while Zf3 consumes hydrogen
peroxide. All ORR pathways Zf1 − Zf3, lead to depletion of oxygen concentration near the electrode, and Zf2 can result in net
accumulation of hydrogen peroxide. (b) Experimental setup for testing ORR occurring at an electrode interface. In this
configuration, the voltage/current of the electrode under test is controlled in a three-electrode configuration with a potentiostat,
or with a biphasic current stimulator. A Clark electrode sensor is used for probing the oxygen or peroxide concentration at a fixed
position near the electrode under test (200 µm from the surface). The whole chamber is enclosed to allow experiments under air
(21% O2), 100% O2, or 100% N2. Photographs of the setup with the adjustable position between the electrode under test and
sensor are shown below the schematic. (c) DC mode protocol used for testing electrodes involves steps of cathodic potentials from
0 to−0.7 V vs. Ag/AgCl. These example results are for an Au electrode. Potential is held for 600 s and current is registered. ORR
currents start at highly cathodic values and decrease to diffusion-limited equilibrium values within tens of seconds. Over the
course of 600 s, the sensor is used to register the local O2 or H2O2 concentration. (d) AC mode involves charge-balanced
cathodic-leading current pulses 250 µs per phase, 10 Hz modulation. Interpulse time is varied 0, 20, 50 µs; and three amplitudes
are tested: 10, 20, 30 µC cm−2/phase. These example traces are recorded for Au electrodes.

computational model obtained a cylindrical shape
filled with water-based electrolytes (figure 5(a1)).
Faradaic reactions occur on the area of a cathodic
pixel located on the bottom. The diameter of pixel
d = 3 mm was adopted from the experiment. The

water electrolyte domain spreads on 5 mm from the
stimulation electrode, thus making the diameter of
the electrolyte cylinder 13 mm and its height 5 mm
(figure 5(a1)). Themodel contained two variables: cO2

and cH2O2 , which goes for a concentration of dissolved
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oxygen and hydrogen peroxide. Initial values were
assigned as csaturatedO2

= 300µM and cH2O2 = 0µM.
We simulated both two- and four-electron reac-

tion pathways separately. In case of two-electron case,
we considered the possibility of further reduction of
peroxide into water, or so called 2 + 2 reaction path-
way. ORR was modelled via the introduction [19] of
the empirical faradaic efficiency function (1), which
modifies fluxes of oxygen and peroxide:

feff = f1 + f2
Cnearpixel
O2

Csaturated
O2

, (1)

where Cnearpixel
O2

is oxygen concentration, measured
at 10 nm from the stimulation electrode. The val-
ues of constants f 1 and f 2 range between 0 and 1
(f 1 + f 2 = 1) and depend on the type of cathode.
If the constant f 2 is bigger than zero, the resulting
flux of hydrogen peroxide will decrease with oxygen
depletion.

The diffusion equations governed the change of
oxygen and peroxide concentration

dci
dt

+∇· Ji = 0, (2)

Ji =−Di∇ci, (3)

where i goes for O2 and H2O2 and Ji are fluxes of oxy-
gen and peroxide. Diffusion coefficients at 23 ◦C are:
DH2O2 = 1.8× 10−9 m2 s−1;DO2 = 2.5× 10−9 m2 s−1

[20, 21].
Production and consumption of diluted O2 and

H2O2 molecules were carried out through boundary
fluxes and can be found with all other boundary con-
ditions in figure 5(a2). The model considered oxygen
reduction into hydrogen peroxide in ratio 1:1 with
a possible correction by faradaic efficiency function.
Boundary fluxes RO2 and RH2O2 were defined as in the
recent work of Abdullaeva et al [19]:

RH2O2 =
FI

2A
× feff, (4)

RO2 = − FI

2A
×

(
feff +

1− feff
2

)
, (5)

where I is applied current (different in case of
DC or AC simulations), F is Faraday constant,
A = 3.14 × 1.52 mm2 is the stimulation electrode
area, feff is dimensionless faradaic efficiency function,
defined by constants f 1 and f 2 and measured O2 con-
centrationCnearpixel

O2
on the 10 nmdistance fromapro-

duction pixel.
In the case of the four-electron ORR reaction

pathway, H2O2 does not participate in the process,
and diffusion equations (2) and (3) is solved only for a
concentration of oxygen with fluxes of O2 molecules.

Assuming the absence of the reversed reaction, oxy-
gen consumption is defined by

RO2 = − FI

4A
. (6)

More details on the model construction can be found
in the supplementary information appendix 1.

3. Results

3.1. CV characterization of electrodes
CV was used to characterize both capacitive char-
ging and faradaic process occurring at each elec-
trode material in PBS solution (figure 2). The sys-
tem has been oxygenated and de-oxygenated (N2 gas
flow) tomonitor the electrochemical behaviour of the
materials under three different conditions (21% O2

(atmospheric pressure), 100% N2 and 100% O2).
Comparing CV curves from de-oxygenated condi-
tions versus oxygenated ones can reveal which peaks
are originating from ORR. The faradaic/capacitive
charging behaviour differs markedly depending on
the electrode material, nevertheless in all cases it is
possible to observe an increase in cathodic current
corresponding to oxygenation. ORR is apparent in
CVs for voltages lower than +100 mV. For each
material, we chose a smaller voltage window to meas-
ure in a region where capacitive charging dominates,
allowing estimation of the double-layer capacitance
of each electrode material (table 1; supplementary
figure S2). CV scans for capacitance determination
were obtained using a 1 mV step and current aver-
aging according to methods described by Weltin and
Kieninger [22].

3.2. DC chronoamperometry and direct
measurements of ORR processes
While CV is useful to screen for possible ORR and
other faradaic reactions, it does not reveal the mag-
nitude of diffusion-limited oxygen reduction cur-
rents, or quantify the concentration ofORRproducts.
To accomplish this, we combine DC chronoampero-
metry experiments with simultaneous recording of
oxygen and hydrogen peroxide concentrations at a
fixed point near the stimulation electrode surface (at
a height of 200 µm). In these experiments, we meas-
ure current over time during the application of a con-
stant potential (from +0.1 V to −0.9 V, by 0.1 V
steps, depending on the material investigated) over
a defined time (600 s) on each different stimulation
electrode. The protocol and example results are plot-
ted in figure 1(C). At potentials which are too anodic
to reduce oxygen at a given electrode material, no
sustained chronoamperometric currents are measur-
able. Once the onset potential is reached, sustained
cathodic ORR current is clear. Onset potentials for
ORR processes can be found in table 1. For reference,
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Figure 2. Cyclic voltammetry of neurostimulation electrodes in PBS solution. CVs of Ti, IBS_TiN, MCS_TiN, Pt, Au, NiCr, W,
IrOx and PEDOT:PSS in 100% oxygenated (blue), 21% oxygenated (ambient air, black), and 0% oxygenated (100% N2 purged,
red) conditions. Scan rate= 100 mV s−1; Potential, E, range+0.7 V to−0.9 V versus Ag/AgCl. Due to large differences between
materials in terms of their capacitive and faradaic currents, the respective plots have different current density y-axes.

Table 1. ORR process onset potentials for each electrode materials in PBS solution, and electrochemical double-layer capacitance
estimated for CVs measured in a nonfaradaic potential window (CVs shown in figure S2). Onset potentials for ORR and cathodic
water-splitting are estimated from the chronoamperometry voltage-step profile and corresponding amperometric confirmation of
oxygen reduction/peroxide generation. Potentials are given versus Ag/AgCl, [Cl−]= 0.12 M.

Material

Oxygen
reduction onset
(mV vs. Ag/AgCl)

Hydrogen peroxide
evolution onset
(mV vs. Ag/AgCl)

Hydrogen evolution
reaction onset

(mV vs. Ag/AgCl)

Double-layer
capacitance
(µF cm−2)

Ti −700 −700 −900 21
IBS_TiN −500 −600 −1400 22
MCS_TiN −500 −500 −1400 669
Pt +100 0a −700 97
Au −300 −300 −700 56
NiCr −400 −400 −1000 24
W −500 −600 −1000 69
IrOx 0 0 −700 530
PEDOT:PSS −600 −600 −1600 197
a Only trace amounts of peroxide detected.

each sample is measured also in deoxygenated elec-
trolyte to establish the cathodic onset potential for
water splitting/H2 evolution. These H2 evolution
onsets, also given in table 1, are always more negative
thanmeasuredORRpotentials. Chronoamperometry

reveals a peak cathodic ORR current which then
decays to a steady-state cathodic current. We define
the steady-state current value as the currentmeasured
at the t = 600 s timepoint. The steady-state current
as a function of applied potential for each material

6
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Figure 3. DC chronoamperometry with voltage-step protocol and resultant O2 drop and H2O2 increase for each electrode
material. All potentials are versus Ag/AgCl. Each point along the J(V) trace (black) is the equilibrium current at t = 600 s. The red
trace is the lowest measured %O2 at a position 200 µm above the electrode surface over the 600 s period. A drop of−21% is
complete deoxygenation, while 0% corresponds to a normal 21% oxygen saturation. The blue traces mark the [H2O2] in mM
measured at each potential after 600 s, at a position 200 µm above the electrode surface. Peroxide recordings at voltages where
cathodic H2 evolution occurs on a given material are not plotted, since H2 evolution interferes with the peroxide sensor.

is plotted in the black traces shown in figure 3.
Simultaneously to recording chronoamperometry,
the O2/H2O2 amperometric sensor is active and
recording the respective O2 or H2O2 concentration
value at a point in the electrolyte directly above the
electrode-under-test. The measured values of O2 or
H2O2 concentration at the t = 600 s timepoint are
shown in figure 3 as the red and blue traces, respect-
ively. A change of−21%O2 corresponds to a situation
where the sensor records 0% oxygen, i.e. the calib-
rated lowest limit of a fully-deoxygenated solution. In
between each voltage-step, the electrolyte in the cell is
replaced with fresh, oxygenated electrolyte. It is note-
worthy that all electrode materials can produce quite
hypoxic conditions, with some such as Pt, Au, and
PEDOT:PSS reaching nearly complete deoxygenation
at higher cathodic potentials. The materials differ in
their ability to produce peroxide from ORR. Au and
PEDOT:PSS, for instance, produce concentrations
into the millimolar range, while Pt generates barely-
detectable trace amounts of peroxide. The recorded
chronoamperometric currents and accompanying
oxygen and peroxidemeasurements used to construct
the plots in figure 3 can be found in supplementary
figures S3–S11.

3.3. Direct measurements of ORR processes during
AC stimulation protocols
Using the same configuration for amperometric sens-
ing of oxygen and peroxide, we next applied charge
balanced cathodic-leading pulses to the electrodes
under test. The pulse duration per phase of charge
balanced cathodic leading pulses used during exper-
iments is kept constant (250 µs) and the interpulse
spacing is changed to have three different dura-
tions (0, 20, or 50 µs). We use a period of 100 ms
(ƒ = 10 Hz). We tested three charge density values:
10, 20, or 30 µC cm−2/phase. The total time for each
AC experiment is 1200 s, comparedwith theDC chro-
noamperometry which was 600 s. This AC stimula-
tion protocol and accompanying examples of meas-
ured amperometric transients are given in figure 1(d).
The raw data of the amperometric traces of oxy-
gen and peroxide over the course of AC pulsing are
shown in figures S3–S11. In all cases, charge-balanced
biphasic pulses led to drops in oxygen concentration
comparable in magnitude to those found under the
most cathodic DC conditions. The generation of per-
oxide as a byproduct varied based on material, with
IrOx and Pt producing only trace quantities, and Au
and PEDOT:PSS producing the most. Surprisingly,

7
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Figure 4. Charge-balanced cathodic-leading biphasic pulses 250/x/250, at 10, 20, or 30 µC cm−2 result in net oxygen reduction,
and in the case of some materials, appreciable H2O2 generation. The interpulse spacing, x, of 0, 20, or 50 µs has little effect on the
outcome. The charge density also has minimal impact. The error bars represent one standard deviation after taking the mean of
all conditions (three different charge densities× three different interpulse spacings). (a) Peak O2 change during the 1200 s period;
(b) Total integrated area-under-curve of consumed O2 over the course of the 1200 s period; (c) Peak peroxide concentration
recording over the 1200 s period; (d) Total produced peroxide area-under-curve over 1200 s. While O2 concentration values (a),
(b) should be considered an accurate, quantitative result, the peroxide values in (c), (d) should be considered semi-quantitative,
due to peroxide sensor cross-sensitivity to H2. Materials like Au do produce some amount of H2 during the cathodic phase.

the magnitude of the charge density applied in the
pulse had little effect on the peak and total amounts of
ORR observed. The interpulse spacing has a minimal
contribution on the overall change in %O2 or H2O2

concentration. Since both pulse amplitude and inter-
pulse have no definitive impact on ORR levels, the
data presented in figure 4 feature the nine different
AC conditions all pooled to give a mean for a given
material, with the standard deviation between con-
ditions expressed by the error bar. Oxygen depletion
and peroxide generation are expressed by both peak
values, as well as the area-under-curve (AUC), the
integral of the measured amperometric signal over
time (1200 s) signifying the total amount of oxygen
reduced/peroxide generated. During biphasic current
pulses, voltage transients were collected (figure S12).

4. Discussion

4.1. ORR on electrode materials during CV and DC
measurements
In this study, we have decided to investigate ORRs on
commonly-used neurostimulation electrode mater-
ials, aiming to find out to what extent these reac-
tions affect concentrations of dissolved oxygen and

hydrogen peroxide near the electrode. We selected
eight representative electrodematerials which we fab-
ricated in thin-film form. Additionally, as a ninth
material we studied a commercial TiN sample with
high charge-injection capacity. The logic behind this
study was to first measure CV in oxygenated versus
deoxygenated electrolytes. This kind of characteriz-
ation unambiguously reveals the presence of ORR.
Next, we performed step-voltage chronoamperomet-
ric measurements to establish the magnitude of equi-
librium ORR current density that is possible at a
given electrode material. During the chronoampero-
metric measurements, O2 or H2O2 concentration is
registered in real time in the solution above the elec-
trode surface. The magnitude of ORR currents, as
well as the onset potentials, varied greatly between the
samples, which is why the current density y-axes plot-
ted in figures 2 and 3 are all different. These differ-
ences originate because of the electrocatalytic proper-
ties of each material with respect to ORR. Measured
peroxide concentrations in this study varied over four
orders of magnitude, from 1 µM to 10 mM. The use
of a Clark-type chronoamperometric detection sys-
tem is, to the best of our knowledge, the only method
to measure peroxide concentrations over such a large
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range. Optical methods based on photo- or fluoro-
metric detection of dyes can be highly sensitive at low
concentrations <1µMbut thesemethods do not have
a high dynamic range.

Firstly, we can turn our attention to results for
platinum. Aside from being commonly used in many
stimulation devices, Pt is a well-known textbook
example of a goodORR catalyst [23]. In the CVmeas-
urements (figure 2), onset of ORR current is clearly
observable around +100 mV. Under 100% and 21%
oxygen conditions, a pronounced ORR peak is visible
at negative potentials. In N2-purged conditions, these
ORR peaks are absent, and the reduction peaks can
be assigned to proton absorption and then, by poten-
tials more negative than −700 mV, clear hydrogen
evolution reaction. The hydrogen evolution at poten-
tials of −700 mV or more is present in both oxy-
genated and deoxygenated conditions, though oxy-
genation removes the peaks from Pt–H formation
due to competitive adsorption of oxygen on the Pt
surface. From chronoamperometry measurements of
Pt electrodes, the steady-state ORR current densit-
ies in the range from +100 to −700 mV are higher
on platinum than any of the other studied mater-
ials. Between −300 and −700 mV, there is a con-
stant current density of−400 µA cm−2 which can be
assigned as the equilibriumORR level. Based on what
is known about the electrocatalytic properties of Pt,
this ORR current is almost exclusively four-electron
reduction of oxygen to water. This is confirmed
via the O2/H2O2 sensor measurements. All applied
potentials between−100 mV and−900 mV yield the
same pronounced oxygen depletion of−17% (−21%
corresponds to complete deoxygenation). In paral-
lel, the peroxide sensor reveals relatively low con-
centrations of peroxide close to the detection limit,
around 5 µM. This corroborates Pt as an efficient
four-electron catalyst, moreover, Pt is well-known to
decompose peroxide by either further two-electron
reduction to water, or catalysed disproportionation
to oxygen and water. Therefore, it is not surprising
that our measurement of net peroxide production
at Pt electrodes is minimal (though not completely
absent). Taken together, these results for DC chro-
noamperometry show that Pt is an efficient oxygen
reduction catalyst, and produces little peroxide as a
by-product.

Following along by ordering materials with
respect to their ORR onset potential, the next to con-
sider is IrOx. ORR is apparent from both CV and
chronoamperometry. ORR is obscured in CV meas-
urements due to the very high capacitive charging
currents, which exceed in magnitude the maximum
faradaic ORR currents. We calculate a capacitance of
530 µF cm−2 for our IrOx samples. This material is
well-known as a pseudofaradaic material with high
capacitance. However, in chronoamperometry, the
onsets and magnitudes of ORR currents are clearly

resolved. Sustained ORR current (between 50 and
250 µA cm−2) is apparent from potentials <0 V.
ORR current densities are not as high as on Pt, and
oxygen depletion does not reach −16% until−0.5 V
is applied. The ORR process produces minimal
amounts of peroxide, which is detectable from
potentials <0 V.

The next ‘classic’material we consideredwas gold.
While gold is rarely used as a stimulation electrode
material directly, it is frequently used as an intercon-
nect, or as an electrode material in biosensor devices.
ORR onset is visible in CV and chronoamperometry
at around −300 mV, and faradaic currents are sim-
ilar in magnitude to IrOx. Au is recognized as an elec-
trocatalyst which, unlike Pt, favours the two-electron
pathway to generate peroxide [13]. Our results con-
firm that ORR current on Au is primarily via the per-
oxide pathway. Already by −500 mV, 5 mM of per-
oxide are detectable. Au overall is the most efficient
peroxide-producing electrode among those we have
tested. The two-electron pathway also corresponds
to efficient oxygen depletion. Voltages more negat-
ive than −600 mV led to −21% oxygen level, that is,
oxygen concentration reaches the lowest measurable
value. In total, Au can be described as the material
leading to the most deoxygenation and highest gen-
eration of peroxide.

PEDOT:PSS is a conducting polymer formula-
tion which has attracted great attention as a prom-
ising low-impedance, high charge injection capacity
electrode coating [24]. The CV of PEDOT:PSS shows
a characteristic large capacitive background, never-
theless comparison of oxygenated and deoxygenated
electrolytes clearly resolves the presence of ORR cur-
rents at potentials lower than −600 mV. PEDOT:PSS
is known to be a highly-selective two-electron oxy-
gen reduction catalyst [25]. The course of chro-
noamperometric currents for PEDOT:PSS resembles
gold, though total equilibriumORR currents are over
four times lower than gold. Peroxide is generated
from −600 mV onwards, reaching values into the
mM range. A recent study by Dijk et al compared
reactive oxygen species (ROS) generation and pos-
sible long-term safety of PEDOT:PSS versus Au, and
found that thick PEDOT:PSS coatings can account for
larger capacitive charge injection and less overall ROS
generation [16]. The results of our DCmeasurements
appear to be consistent with those findings as well.

NiCr and W are both materials which are not
used in biomedical applications but are popular in
basic neuroscience research. They both have relat-
ively low double-layer capacitance and afford ORR
with an onset potential of −400 mV. Equilibrium
ORR currents are moderate (50–200 µA cm−2), thus
between the values of Au and PEDOT:PSS. W results
in the production of peroxide with concentrations
up to 2 mM, while NiCr generates about an order of
magnitude less peroxide thanW. These two materials
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therefore are less active ORR catalysts than Pt or Au,
yet more faradaic than PEDOT:PSS.

The final category of electrode materials are Ti
and TiN, relevant in both basic research and biomed-
ical stimulation devices. These materials are relatively
the least faradaic. ORR currents on thesematerials are
lower than on the other electrodes, and onset poten-
tials aremore negative. InCV andDC experiments, Ti
is the most inert in terms of ORR current magnitude.
Two types of TiN were studied, our own in-house
thin film IBS_TiN and the MCS_TiN. The IBS_TiN
is overall more faradaic than MCS_TiN or Ti, how-
ever the faradaic potential onsets are more cathodic
than other studiedmaterials, and currents remain rel-
atively low. These findings correspond with what has
been reported for titanium-based materials [26], in
that they are regarded as being relatively inert and
capacitive in terms of charge injection mechanism.

4.2. ORR during AC biphasic charge injection
While ORR is evident on all materials during
CV measurements and during voltage-step chro-
noamperometric protocols, it can be postulated that
rapid charge-balanced biphasic pulses will minimize
ORR in terms of net oxygen consumption or per-
oxide generation. Lack of net ORR would be expec-
ted based on the logic of charge-balanced biphasic
pulses minimizing any irreversible charge transfer
into physiological solution [6, 8]. Nevertheless, the
findings shown in figure 4 with biphasic pulses of
10, 20, and 30 µC cm−2 amplitude show that ORR
occurs to an extent similar to DC conditions. Sur-
prisingly, charge amplitude and interpulse spacing
have little effect on ORR. The traces for oxygen and
peroxide changes over the AC pulsing experiment
follow different time courses on different materi-
als (figures S3–S11). For this reason, in figure 4 we
plot both peak values of O2 and H2O2 concentra-
tion differences (figures 4(a) and (c), respectively),
as well as the total area-under-curve (AUC), shown
in figures 4(b) and (d). The AUC corresponds to the
integral value of O2 consumed or H2O2 generated
over 1200 s (at the given point 200 µm away from the
centre of the stimulation electrode), and therefore
may be a more relevant metric than peak value when
comparing different materials. This is particularly
evident for materials like NiCr, where a rapid peak of
peroxide concentration is followed by a decline, as the
resultant peroxide is further decomposed to water.

From these biphasic experiments, the materials
resulting in the least irreversible ORR are IBS_TiN,
and Pt. The oxygen concentration drops as well as
peroxide evolution magnitudes presented in figure 4
do not completely correlate with expectations from
CV and DC measurements for different electrode
materials. In the case of Au and PEDOT:PSS, the
results from biphasic pulses do correspond to expect-
ations from DC measurements in that these two
materials generate the most hydrogen peroxide and

also result in electrochemical deoxygenation to a high
extent. IrOx and Pt generate only trace amounts of
peroxide. A material showing significant divergence
fromDCmeasurements is Ti: under biphasic pulsing,
Ti leads tomore deoxygenation than any othermater-
ial. We do not have a clear mechanistic explanation
for this result, and can speculate that this must have
to do with oxygen consumption occurring during the
anodic phase, likely during the anodization of the Ti
surface and the reversible formation of an oxide layer
which results in decrease of dissolved oxygen near the
electrode. Another interesting comparison is between
the two TiN samples. The porous MCS_TiN has 30
times higher double-layer capacitance than our in-
house planar IBS_TiN sample. TheMCS_TiN sample
is known to have high capacitance due to a porous
structure [17]. In both DC and AC conditions, the
MCS_TiN sample is more active in ORR, consuming
more oxygen. This indicates that the higher surface
area affords also more active surface for faradaic reac-
tions. As a point of reference to typical stimulation
electrode characterization, we have recorded voltage
transients for all AC conditions (figure S12). Such
voltage transient data does not reveal ORR effects dir-
ectly. The contributions of ORR can be interrogated
by comparing transients for oxygenated versus deoxy-
genated electrolyte (figure S13). For most materi-
als, the contribution of ORR as a charge-injection
pathway is hinted by the apparent shift of the open
circuit potential. Interpreting voltage transient data
alone may give only limited information about the
extent of ORR, which only becomes fully clear with
the direct amperometric methods we have demon-
strated. What can be emphasized from our findings
is that electrochemical ORR during biphasic pulses is
not as fully reversible as often assumed in the literat-
ure. Moreover, we have tried anodic-leading pulses,
and found this also has little impact on total ORR.
The overall characterization shows that all the elec-
trode materials reduce O2 in both AC and DC con-
ditions. It should be noted that some of the perox-
ide data from AC pulsing may not be accurate due to
sensor cross-sensitivity to H2. For most of the materi-
als studied this is apparently not an issue, but Au elec-
trodes do produce some H2 during cathodic pulsing
and therefore the resulting sensor signal is mixed, and
not quantitative. The possibility for over-estimation
also becomes apparent in the upcoming theoretical
calculation section, where it is possible to calculate the
range of concentrations which can be expected based
on the amount of available oxygen.

5. Theoretical modelling

As we have shown experimentally, when ORR occurs
at a neurostimulation electrode surface, oxygen is
consumed and often peroxide accumulates. It is evid-
ent that gradients of [O2] and [H2O2] form and
evolve over time. To visualize these gradients, we have
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Figure 5. Finite element simulation of ORR and resulting O2/H2O2 gradients at stimulation electrodes. (a) The model geometry,
differential equations, and boundary conditions. (b) Example peroxide concentration profile during two-electron ORR under DC
conditions. (c) O2/H2O2 concentrations over time during DC operation considering different faradaic efficiency values. (d) Effect
of current density on the O2/H2O2 concentrations. (e) O2/H2O2 concentrations during AC biphasic pulsing on an electrode
favouring the two-electron ORR pathway. (f) O2 concentration profiles during DC operation of a four-electron ORR electrode,
showing the substantial region of hypoxia created by such an electrode. (g), (h) O2 concentration as a function of distance and
current density, respectively. (i) O2 concentration at the electrode surface during different current densities applied during a
500 µs biphasic pulse.

performed a finite element simulation conducted in
the COMSOL 5.5 software package. The finite ele-
ment method is a good choice for this task because of
its ability to reproduce the experimental setup in its
actual sizes and flexibility in choosing the governing
differential equation. We choose a two-dimensional
axisymmetricmodel. After the revolution, it obtained
a shape of a cylinder filled with electrolyte and the
stimulation electrode at its bottom (figure 5(a1)).
Concentrations of dissolved oxygen and hydrogen
peroxide were simulatedwith diffusion equations and
production/consumption fluxes on the stimulation
electrode area (figure 5(a2)).

Faradaic ORR dependsmainly on applied current
and oxygen availability in the vicinity of a stimula-
tion electrode. At the beginning of the process, we
can assume that there is no hydrogen peroxide in
the system and the concentration of dissolved oxy-
gen is uniform across the electrolyte and equal to
csaturatedO2

= 300µM. The stationary concentration of
dissolved oxygen in the electrolyte depends on many
factors, such as salinity or temperature. It can vary
in the range between 250 and 450 µM. The value of
csaturatedO2

affects simulation results quantitatively but
does not change them qualitatively. While ORR hap-
pen, oxygen near the cathodically-polarized surface
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is rapidly consumed while the reaction products dif-
fuse away from the electrode. As was shown experi-
mentally, preferable reaction pathways can be chosen
by varying cathodematerial. For instance, platinum is
known to be an efficient four-electron oxygen reduc-
tion electrocatalyst, meanwhile PEDOT:PSS or Au
catalyse two-electron peroxide production. Simula-
tions were carried out for two- and four-electron
reaction pathways separately. In the case of two-
electron reaction pathway, there was a possibil-
ity of an additional two-electron reduction of pro-
duced peroxide into water (2 + 2 reaction). The
amount of current that goes to H2O2 reduction in
2+ 2-electrode reaction, was defined with a fara-
daic efficiency according to equation (1) and fluxes
according to equations (4) and (5).

Applying these calculations allows one to input
realistic conditions used in a given neurostimulation
experiment. Likewise, we wanted to use the model to
understand the main differences between DC and AC
faradaic production. An example of DC two-electron
ORRwith hydrogen peroxide as product can be found
in figure 5(b), where cH2O2 is depicted on two slices at
different times up to 1200 s. A concentration gradi-
ent of H2O2 increases during the first 600 s. Because
of the circular shape of the cathodic electrode, most
of the produced peroxide is diffusing in a direction
perpendicular to the stimulation electrode in a semi-
spherical shape. The local cH2O2 in front of the elec-
trode centre will be higher than on its sides. Dissip-
ation of produced H2O2 happens through the fixed
concentration cH2O2 = 0 on the borders of electro-
lyte domain during the following 600 s, when no cur-
rent is applied. In figures 5(c1) and (c2) one can find
concentration profiles of cO2 , cH2O2 on the distance
of 200 µm (as is in the experimental measurements)
and in figure 5(c3) ∫ cH2O2dV, which corresponds to
the total amount of peroxide in nmoles, available in
the system at a given time. Different values f 1 and f 2
define how efficiently the cathode can reduce O2 into
H2O2. The shape of concentration profiles recorded
on 200 µm can be significantly altered by changing
f 1 and f 2 in a range from 0 to 1. If peroxide produc-
tion is not efficient at low oxygen content (f 1 = 0,
f 2 = 1), a sensor will record a clear ‘plateau’ in
H2O2 concentration accompanied by lower deoxy-
genation. In the opposite case, if production effi-
ciency of H2O2 is maximum (f 1 = 1, f 2 = 0) regard-
less of Cnearpixel

O2
, H2O2 concentration, recorded by the

sensor will have a steady increase in the form of ‘hill’
until the end of 600 s with strong deoxygenation. Des-
pite the sublinear behaviour of H2O2 concentration
profile in figure 5(c2), the total amount of produced
H2O2 increases linearly with time and slowly dissip-
ates through the boundaries in the following 600 s.
This means that concentration data measured by the
sensor cannot quantify the total amount of produced
H2O2 in the system.

Faradaic efficiency is not the only factor affect-
ing the shape of H2O2 concentration recorded by the
sensor. An increase of the current density, applied
to cathodic electrode from 10 to 30 µA cm−2

leads to the transition from the ‘hill’ shape towards
‘plateau’ and even further into ‘reversed hill’ at
30 µA cm−2 when recorded cH2O2 decreases with
time (figure 5(d1)). Considering the total amount
of produced H2O2, the system reaches its produc-
tion limit at some current density, when additional
increase of current density to the production pixel
cannot increase peroxide content (figure 5(d2)). Pro-
duction limit means that diffusional inflow of oxy-
gen into the production zone is insufficient to sup-
port more ORR flux. This production limit can be
surpassed in two cases: the temperature of electro-
lyte must be significantly increased (affecting the
O2 diffusion coefficient), or Csaturated

O2
would have to

be higher (oxygen-enriched electrolytes). All three
simulated archetypes of H2O2 concentration profiles
(‘hill’, ‘plateau’, ‘reversed hill’) and transition between
them were indeed observed experimentally and can
be found in figures S3–S9.

AC peroxide production is based on different pro-
cesses compared to DC production. According to the
traditional expectations of charge-balanced biphasic
pulsing, one can anticipate an absence of H2O2,
because of compensation of all produced peroxide by
the reversed reaction. Experiments show net H2O2

efflux from the cathodic electrode surface. To explain
this effect, we performed calculations of ORR during
one and ten AC pulses, summarized in figure 5(e).
One AC pulse consists of three phases: forward 250µs
pulse, reversed 250 µs pulse, and 99 ms relaxation
phase. It is essential to underline that current dens-
ity, applied to the cathodic stimulation electrode in
AC case (⩾40 mA cm−2) is orders of magnitude
larger than in the DC case (⩾10 µA cm−2). This
means that the process which takes seconds in the DC
case and occurs in milliseconds in the AC case. It is
apparent in figures 5(e1) and (e2), where almost all
oxygen near the production zone is consumed dur-
ing the first 250 µs forward pulse, regardless of the
faradaic efficiency. The concentration of H2O2 near
the production zone also reaches large numbers. In
case of maximized production (assuming all O2 is
reduced into H2O2), the recorded cH2O2 ≈ 350 µM
can even surpass Csaturated

O2
= 300 µM. This fact is

explained by the difference in diffusion coefficients of
O2 and H2O2—oxygen inflow occurs faster than out-
flow of peroxide. After the forward pulse, the reverse
pulse starts. It is reasonable to assume that the fara-
daic yield for H2O2 oxidation back to O2 is close
to unity. Therefore, H2O2 located near the cathode
zone is oxidized into oxygen. cH2O2 immediately drops
to zero and cO2 regains its initial value. While in
figures 5(e1) and (e2) itmay look as if all H2O2 is con-
sumed during the reverse pulse, approximately half of
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the total H2O2 produced during the AC pulse remains
in the system (figure 5(e3)). This is due to diffusion.
During the forward pulse, there is a flux of perox-
ide from the production zone. An additional gradient
direction opens during the reversed pulse: towards
the production zonewith further consumption, while
the gradient from the production zone remains. At
this moment, there is a wave of peroxide near the
stimulation electrode, which diffuses in two oppos-
ite directions, where the concentration of peroxide is
zero. The duration of the reversed pulse is too low
to reoxidize all the produced peroxide. At the same
time, O2 concentration is recovered not only by the
consumption of peroxide but also by the diffusion
of O2 from the deeper electrolyte medium. After the
reversed pulse, a relaxation stage occurs, where for
more than 99 ms there is no current in the system.
During this phase, H2O2 diffuses uniformly around
all available space (resulting in a minor increase of
cH2O2 near production zone) and cO2 decreases to
compensate losses in electrolyte medium. At the end
of the relaxation phase, the system almost recovers
into its initial stage. Simulation of the sequential ten
AC pulses shows a linear step-like increase of total
H2O2 amount with each pulse figure 5(e4). The sim-
ulation shows that while DC conditions operate at
small current values and thus a relatively slow reaction
at the cathode goes for minutes, AC biphasic condi-
tions result in rapid consumption of all available O2

near the production zone at each current pulse and
net oxygen depletion and, dependent on faradaic effi-
ciency, peroxide accumulation.

The 2-electron reaction pathway implies the pro-
duction of peroxide, and is to a lesser or greater degree
present on all electrode materials tested in our work.
However, some materials like Pt and IrOx produce
only trace amounts of peroxide, consistent with the
expectation that they catalyse four-electron oxygen
reduction to water. Four-electron reaction leads only
to deoxygenation of electrolyte around the stimula-
tion electrode. The electron multiplicity of the reac-
tion translates to larger current requirements for the
reaction, meaning twice slower consumption of dis-
solved oxygen at the same current density than during
two-electron reaction. Oxygen concentration slices
formed during DC faradaic production at a different
time from 0 s to 1200 s can be found in figure 5(f).
Oxygen is reduced with the formation of an apparent
reversed gradient from the cathode zone. An oxygen-
free region is formed at some distance from it, where
all of the dissolved oxygen is consumed. A depletion
of oxygen is observed at up to several mm from the
pixel. Precise values of O2 concentrations at a distance
from 10 nm to 800 µm from the cathode are in plot-
ted in figure 5(g). While four-electron reaction takes
place, full deoxygenation is observed at 10 nm. How-
ever, at the distance of 200 µm, the simulation shows
noticeable cO2 presence. This effect is a manifestation
of gradient formation because of the diffusion of O2

from the electrolyte medium towards the production
zone and explains the impossibility of detecting full
deoxygenation at 200 µm experimentally. Gradual
increase of current density from 20 to 40 µA cm−2

allows recording of slow saturation of cO2 towards its
minimal value at the distance of 200 µm with the
formation of a clear plateau (figure 5(h)). As for the
AC case, similarly to the hydrogen peroxide produc-
tion, the forward pulse almost immediately deoxy-
genates the whole cathodic zone on tens of nm deep
(figure 5(i)). Assuming the absence of the reversed
reaction, slow redistribution of oxygen starts after the
cathodic phase, similar to the AC hydrogen peroxide
production (figure 5(e1)).

6. Conclusions

Thermodynamically, oxygen is the most favourable
electron acceptor present in physiological environ-
ments [22]. The formal potential of four-electron
ORR to water as the product is 1.23 V more posit-
ive than the hydrogen evolution reaction. The formal
potential of two-electron ORR to H2O2 is 0.7 V
more positive than hydrogen evolution. However, this
value is often cited misleadingly, as it is important
to remember that formal potential assumes stand-
ard conditions, i.e. [H2O2] = 1 M. Under physiolo-
gical conditions, peroxide evolution is even more
favourable since starting equilibrium concentrations
of hydrogen peroxide are orders of magnitude lower
than 1M. By applying the Nernst equation, the actual
thermodynamic potential for peroxide evolution is
approx. 1.2 V, therefore as favourable as four-electron
reduction [27]. Despite this likelihood of ORR hap-
pening at neurostimulation electrodes, the effects of
ORR have not been extensively studied. The work we
have done was aimed at introducing a set of methods
for directly probing oxygen and peroxide concentra-
tions at different neurostimulation electrodes. Using
amperometric sensor measurements of oxygen and
hydrogen peroxide concentration in the vicinity of
electrodes we can unambiguously conclude that ORR
occurs at all the studied materials, and that charge-
balanced biphasic pulsing still leads to irreversible
ORR. The method we present can in principle be
applied in vivo by using appropriate microelectrodes
which are commercially available.

Our results imply that during certain neuromod-
ulation procedures, ORR may have consequences.
Conditions near the electrode surface become hyp-
oxic, whichmay significantly affect neuronal viability.
Just a few minutes of hypoxia can trigger irreversible
neuronal cell death [28, 29]. Many electrode materi-
als additionally foster the accumulation of hydrogen
peroxide. Hydrogen peroxide can be toxic at higher
concentrations, and at lower concentrations func-
tions as a signalling molecule in numerous pathways
[30]. From the point of view of disturbing the balance
of physiological oxygen the least, we can conclude
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that IrOx, Pt, and TiN appear to be the most prom-
ising. This applies to our in-house fabricated samples
and depending on morphology and surface catalytic
properties, results may vary significantly. An interest-
ing observation is that the porous commercial TiN
appears to be more active with respect to ORR than
our planar thin film TiN. Therefore, just increasing
double-layer capacitance of a sample does not neces-
sarily minimize irreversible faradaic charge injection.
Several of the other studied materials emerge as pos-
sibly problematic in neurostimulation applications
due to relatively large hydrogen peroxide produc-
tion: Au, W, and PEDOT:PSS can yield local perox-
ide concentrations in the mM range. All three mater-
ials are well-known to be active electrocatalysts for
two-electronORR, therefore our findings are not sur-
prising. Extracellular peroxide concentrations in the
range of 0.1–1 mM are toxic to cells [31]. More mod-
erate concentrations in the range of tens of micro-
molar [H2O2] can have distinct electrophysiologic
effects. Concentrations in this range cause oxidative
modification of certain Kv7.x channels, which result
in significantly higher outward potassium currents
(the so-calledM-current) and by thismechanismper-
oxide downregulates cellular excitability [19, 32]. On
the other hand, cells expressing transient receptor
vanilloid voltage-gated channels can be depolar-
ized by the presence of such peroxide concentrations,
therefore peroxide may cause action potential firing
[33]. Our results for the different ORR behaviours
occurring on different electrode materials can serve
as a guide to eliminating problematic variables from
electrophysiology experiments. Our findings of hyp-
oxia being produced by DC currents, on the other
hand, may be useful for electrically-addressable on-
demand hypoxia or ROS delivery, which can be a use-
ful experimental technique.
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