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Abstract: A chronically stable electrode material with a low impedance for recording neural activity,
and a high charge-injection capacity for functional electro-stimulation is desirable for the fabrication
of implantable microelectrode arrays that aim to restore impaired or lost neurological functions
in humans. For this purpose, we have investigated the electrochemical properties of sputtered
ruthenium oxide (RuOx) electrode coatings deposited on planar microelectrode arrays, using an
inorganic model of interstitial fluid (model-ISF) at 37 °C as the electrolyte. Through a combination of
cyclic voltammetry (CV) and an electrochemical impedance spectroscopy (EIS) modelling study, we
have established the contribution of the faradaic reaction as the major charge-injection contributor
within the safe neural stimulation potential window of £0.6 V vs. Ag| AgCl. We have also established
the reversibility of the charge-injection process for sputtered RuOx film, by applying constant charge-
per-phase current stimulations at different pulse widths, and by comparing the magnitudes of the
leading and trailing access voltages during voltage transient measurements. Finally, the impedance
of the sputtered RuOx film was found to be reasonably comparable in both its oxidized and reduced
states, although the electronic contribution from the capacitive double-layer was found to be slightly
higher for the completely oxidized film around 0.6 V than for its reduced counterpart around —0.6 V.
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1. Introduction

Electrode coatings are an integral part of implantable microelectrode arrays (MEAs) that
are intended to restore lost or impaired physiological functionality in humans. Clinical appli-
cations that use MEAs include the use of brain—-machine interfaces (BMIs) that allow for the
volitional control of robotic assistive prosthetics, restoration of vision, and sensory feedback for
amputees [1-5]. Electrode coatings are deposited on the exposed electrode sites of the MEAs
during the fabrication process and, when implanted into the patient, allow bi-directional com-
munication between the device and the nervous system. Low-impedance electrodes allow the
recording of single units with high signal-to-noise ratios (SNRs) [6], and a high charge-injection
capacity allows for electrical stimulations for functional responses with high current levels,
without exceeding the potential-harm limits [6,7]. However, MEAs are known to decline in
stimulation and recording performance overtime, due to a number of failure mechanisms,
thereby making it challenging to establish the chronic neural interface [8].

Although noble metal electrodes are useful in recording neural activity, including resolving
single-action potentials (single units), the charge-injection levels for functional electrical stim-
ulation are well beyond their capacity [9,10]. It is therefore necessary to investigate electrode
materials with a low impedance that allow the injection of the appropriate levels of charge to
evoke functional responses, without undergoing corrosion or reacting with the tissue to produce
toxic by-products at the electrode-tissue interface. Additionally, these high-charge-capacity
electrodes must be chronically stable in the physiological environment.

The materials that have been investigated as electrode coatings in MEAs include
platinum (Pt), platinum/iridium (Pt/Ir), titanium nitride (TiN), and conducting polymers,
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such as PEDOT:PSS and iridium oxide [10-13]. The performance of these electrode ma-
terials for neural stimulation has been detailed in several comprehensive reviews [6,7].
Here, we report on ruthenium oxide (RuOx) as a possible electrode coating candidate for
neural stimulation and recording. Ruthenium oxide is a multivalent oxide, with multiple
reduction—oxidation (redox) states that are accessible over a potential range that avoids the
electrolysis of water [14,15]. These redox states provide a mechanism for charge storage
within the three-dimensional structure of the ruthenium oxide film, and provide facile
changes in the oxidation state that result in a large charge-storage capacity, low impedance
for neural recording, and a high-rate of charge injection for electro-stimulation. Previously,
we reported on the microstructure, charge-storage, and charge-delivery properties of sput-
tered RuOx films, with respect to the changes in reactive gas ratios (O,:H,0O) during DC
magnetron sputtering [16,17]. The charge-injection characteristics, resistance to oxygen
reduction, and long-term pulsing stability in buffered saline solution for this sputtered
RuOx film were also established in previous studies [17,18]. In this study, we have further
investigated the electrochemical properties, particularly the charge-delivery mechanism,
the contribution of different circuit components, the reversibility of charge injection, and
the impedance states during the electrochemical stimulation of the RuOx film, sputtered
using the previously identified optimal oxygen-to-water-vapor ratio of 1:3, in the reactive
plasma, using an inorganic model of interstitial fluid (model-ISF) at 37 °C.

The RuOx film was sputter-deposited on exposed the gold sites of a planar micro-
electrode array, resulting in circular electrodes of 50 um diameter, which amounted to
a geometric surface area of ~1960 pm?2. To understand the charge-injection mechanism,
the electrochemical properties of these planar electrodes were studied in the model-ISF
at 37 °C, using electrochemical techniques such as cyclic voltammetry (CV), electrochemi-
cal impedance spectroscopy (EIS), and voltage transient measurements. The impedance
modelling study was performed using the Randles circuit model [19], to understand the
contributions of the different circuit components during charge injection. The circuit com-
ponents allowed us to probe into the different contributors to the charge injection. We
found that the faradaic component was the major contributor to the electrochemical charge
injection into the model-ISF at 37 °C. The capacitive component was also found to be a
secondary contributor to the charge injection, therefore making the sputtered RuOx a mixed
conductor [6]. The sputtered RuOx film conduction, associated with the electronic contri-
bution from the capacitive double layer, was found to be slightly higher for the oxidized
state at 0.6 V, in comparison to the reduced state at —0.6 V, although the impedance trend
across these voltages at 1 Hz, 1 kHz, and 100 kHz frequencies was found to be constant.

For continuous and chronic neural stimulation, it is important that the reactions occurring
during charge injection must be reversible. Irreversible reactions can cause damage to the
electrode coating, exposing the electrode sites, which in turn might cause unwanted tissue
damage during stimulation. Through analytical studies of the sputtered RuOx coating using
voltage transient measurements, we have established the reversibility of the faradaic reaction
that contributes toward the charge injection. In a previous study, we had already established the
capability of this electrode coating to undergo constant current stimulation for up to 1 billion
cycles, in a model-ISF at 37 °C [18]. Therefore, by using the best practice stimulation wave-
forms [6], we can safely inject charge into the tissue via the sputtered RuOx electrode, thus
enabling continuous and chronic functional neural stimulation.

2. Materials and Methods
2.1. Planar Microelectrode Fabrication

The planar microelectrode arrays were fabricated on 100 mm diameter single crystal sil-
icon wafers, following the microfabrication procedure described previously [16,20]. Briefly,
2 um amorphous silicon carbide (a-5iC) was deposited on the wafer via plasma-enhanced
chemical vapor deposition (PECVD). Using lift-off photolithography, gold (Au) metal traces
were sputter-deposited, using Ar plasma, in an AJA ATC 2200 (AJA Internationals, Scituate
MA) DC magnetron sputtering system. A second 2 um a-SiC layer was deposited on top
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of the Au layer, in effect making a 200 nm patterned Au trace sandwiched between 4 pm
a-SiC. The bond pads and 50 pm diameter electrode sites were created via the reactive
ion etching of the a-SiC, using SF/O, plasma. Finally, using lift-off photolithography;,
the sputtered ruthenium oxide film, with a 1:3 O,:H,O ratio in the reactive plasma, was
deposited on the electrode sites. The details of the ruthenium oxide deposition process
have been described previously [16]. Based on another previous study [17], a 300 nm RuOx
film thickness was sputtered. Figure 1a shows an optical image of the circular fabricated
electrode sites. Figure 1b shows a scanning electron microscopic (SEM) image of a single
circular electrode site, coated with the sputtered RuOx film.

(a) (b)

Figure 1. A fabricated planar microelectrode array with sputtered RuOx electrode sites of 50 um
diameter. (a) Image taken at 20 x magnification, using an optical microscope. (b) Image of an electrode
site, taken using a scanning electron microscope.

2.2. Electrolyte Preparation

All electrochemical measurements were performed in either phosphate-buffered saline
(PBS) at room temperature (~20 °C), or in an inorganic model of the interstitial fluid
(model-ISF) at 37 °C, which resembled the physiological environment more closely than
PBS [21]. The pH and the conductivity of these electrolytes were measured using a Thermo
Scientific Orion pH-meter, and a Fischer Scientific Traceable Bench Conductivity Meter, re-
spectively. The PBS solution comprised 126 mM NaCl, 22 mM NaH,PO4-7H,0, and 81 mM
NayHPO4-H,O, with a pH of 7.2, and an ionic conductivity of 25 mS cm 1. The model-ISF
comprised 110 mM NaCl, 28 mM NaHCO;3, 7.5 mM KHCO3, 2 mM Nap,HPO4-7H,0, and
0.5 mM each of NaH,PO4-H,0, MgSOy, MgCly, and CaCly. The pH was maintained at a
near-physiological level of 7.4, by purging mixed gas consisting of 5% CO,, 6% O,, and
89% Nj for at least 30 min. Thereafter, the gas mixture was left to flow continuously over the
surface of the solution during the electrochemical measurements. The ionic conductivity of
the model-ISF was 15 mS cm™!, and a laboratory oven was used to conduct measurements
for this electrolyte, in order to maintain the near-physiological temperature of 37 °C.

2.3. Cyclic Voltammetry

A three-electrode configuration, consisting of a Ag | AgCl reference electrode, a large
surface area Pt wire counter electrode, and a sputtered RuOx working electrode, was used
for all the electrochemical measurements. The cyclic voltammetry (CV) measurements
were performed using a Gamry Reference 600+ potentiostat, using vendor-provided data
acquisition software. For CV measurements, the potential was modulated with triangu-
lar waveform, at sweep rates of 50 mV s~!. Potential limits of —0.9/0.9 V, —0.8/0.8 V,
—0.7/0.7V, and —0.6/0.6 V vs. AglAgCl were implemented to carry out the CVs, to
establish the water electrolysis window for safe stimulation.
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2.4. Electrochemical Impedance Spectroscopy

Similar to the CVs, the electrochemical impedance spectroscopy (EIS) was also mea-
sured using a three-electrode configuration with a Gamry Reference 600+ potentiostat. The
EIS measurements were obtained using a 10 mV root-mean-square (rms) AC sinusoidal
excitation voltage, over a frequency range of 0.1 to 10° Hz. The EIS was measured about
the open circuit potential (E), and over an applied DC voltage bias range from —0.6 V to
0.6 V vs. the Ag| AgCl reference electrode, at 0.1 V increments. A time delay of 30 min was
allowed between each EIS measurement, to let the RuOx electrode reach the equilibrium
open circuit potential. A similar experiment was described previously, to understand the
effect of potential on the electrode conductivity in electrochemically deposited iridium
oxide (EIROF) electrodes [22].

2.5. Voltage Transient Measurements

The voltage transients in response to current pulsing were measured using a Sigenics
stimulator (Sigenics, Chicago, IL, USA), as described previously [20]. The stimulator uses a
three-electrode configuration, and provides rectangular cathodal current pulses, with an
adjustable pulse width from 100 ps to 1000 ps. The charge-balance is achieved by actively
controlling the interpulse potential of the electrode to a pre-determined interpulse bias
level, usually 0.6 V vs. Ag| AgCl for ruthenium oxide and iridium oxide electrodes [16,20].
There is also an adjustable interphase period of 0.0-1.0 ms between the end of the cathodal
current pulse and the beginning of the anodic recharge phase, in which the electrode is
electrically floating under open-circuit conditions, with no applied current. The potential of
the electrode in the zero-current interphase period is used as an estimate of the maximum
negative electrode potential in response to current pulsing, as overpotentials are minimized
in the absence of an impressed current.
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Figure 2. A representative voltage transient of a sputtered ruthenium oxide electrode, in response to
a rectangular cathodal current pulse.

An example voltage transient in response to the cathodal current pulsing of a RuOx
electrode using ~250 pA, 200 us pulses is shown in Figure 2. Vap represents the access
voltage at the leading edge of the current pulse, and is measured as the abrupt change
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in electrode voltage at the initiation of the current pulse. Ep, represents the polarization
across the electrode—electrolyte interface and, together with V1, defines the electrode-
driving voltage (Vgry = VAL + Ep). VT represents the trailing phase of the access voltage,
and is calculated as the difference between the cathodal electrode potential (E.) and the
maximum negative voltage (Vmin), which is observed at the end of the current pulse. E.
is measured in the interphase period, 12 us after the end of the cathodal pulse, when the
current has decayed to zero (i = 0, iR = 0), so that the measured potential no longer includes
a contribution from an ohmic voltage drop in the electrolyte. We define the maximum
charge-injection capacity of the electrode to be the charge, at the pulsewidth at which the
measurement is made, that polarizes the electrode to an E. of —0.6 V vs. Ag| AgCl. This
maximum potential excursion (Emc) corresponds to a potential that is slightly positive
of the water reduction potential on RuOx, estimated from 50 mV s~1 CVs, and is the
same Ep, typically employed in evaluating iridium oxide- and platinum-based stimulation
electrodes [6,9]. Ejp, is the potential at the end of the zero-current interphase period, just
before the beginning of the anodic recharge current.

2.6. Statistical Analysis

The datasets were tested for normality using the Shapiro-Wilk method, with the level
of significance « = 0.05. All the normally distributed datasets, measured from electrodes of
the same array, were reported as mean =+ standard deviation (SD).

3. Results
3.1. Cyclic Voltammetry

In Figure 3a, we observe a very high current onset at both the positive and negative
ends of a cyclic voltammogram for a —0.9/0.9 V potential range vs. Ag | AgCl, compared
toa —0.8/0.8 V potential range CV in the model-ISF at 37 °C. Such a large current onset
associated with charge-injection electrodes is attributed to the water electrolysis reaction,
wherein water is reduced at the negative end, and oxidized at the positive end [6]. Therefore,
the potential limits for the water electrolysis of RuOx were set based on the observed onset
of large reduction and oxidation currents, respectively, at —0.8 V and 0.8 V in the model-ISF
at 37 °C, as shown in Figure 3b. Although a —0.7 V to +0.7 V (Ag | AgCl) potential range
(Figure 3b) seemed to be within the water electrolysis window, a potential range of —0.6 V
to 0.6 V was chosen as the potential limit for safe stimulation. Therefore, most of the
analysis is based on CVs with a —0.6 V to 0.6 V scan range.
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Figure 3. Cyclic voltammograms, at a scan rate of 50 mV s~!, of sputtered RuOx electrodes in a
model-ISF at 37 °C. (a) Comparison between the CVs of the same electrode taken at a scan range of
—09Vt00.9Vand —0.8 V to 0.8 V, showing the water electrolysis window from the observation of
high current onset. (b) Comparison between the CVs at three different scan ranges, —0.8 V to 0.8 V,
—0.7Vt00.7V,and —0.6 Vto 0.6 V.
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3.2. Electrochemical Impedance Characteristics

The EIS in the model-ISF at 37 °C was measured as a function of the DC bias voltages
from 0.6 to —0.6 V vs. Agl AgCl, with an increment of 0.1 V, to understand the effect of
the potential on the conductivity of the sputtered ruthenium oxide electrodes. A time
delay of 30 min was allotted between each EIS measurement, to allow the RuOx electrode
to reach equilibrium open circuit potential. Figure 4a shows the Bode plot for the EIS
measurements of RuOx electrodes (mean £ SD, n = 3) as a function of bias. The impedance
plots measured at all the applied bias values were found to be on top of each other, along
the entire frequency range. The impedance values at 1 Hz, 1 kHz, and 100 kHz (mean + SD,
n = 3) was also plotted, in association with the cyclic voltammogram on a common voltage
axis (x-axis) in Figure 4b. A similar absence of bias dependence across this frequency range
was also observed for sputtered iridium oxide, but not for activated or electrodeposited
iridium oxide [22-25]. The bias dependence of activated and electrodeposited iridium oxide
has been attributed to the low density of these oxides, combined with a notable decrease
in the electronic conductivity when the oxide is in the Ir3* redox state [25]. Similarly, it
appears that the density of sputtered RuOx was sufficient to maintain an adequately low
impedance in the reduced films to support charge injection, as evidenced by the substantial
cathodal currents observed in the CV response of the RuOx at negative potentials.

No observable changes in these values were found to be associated with the change in
potential for all three chosen frequencies. Therefore, the sputtered ruthenium oxide film
is almost equally impeding in both its oxidized and reduced states, allowing reversibility
during charge-injection.
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Figure 4. Impedance characteristics of the sputtered RuOx electrode in a model-ISF at 37 °C.
(a) Representative impedance curve for a sputtered RuOx electrode as a function of
DC bias vs. Ag | AgCl. (b) Impedance magnitude at 1, 10%, and 10° Hz against the DC bias plotted
(x-axis) in comparison to the CV plotted using the same potential range (x-axis).

3.3. Impedance Modelling Study

A Randles circuit model [19] was used to calculate the circuit elements from the
electrochemical impedance spectroscopy of sputtered RuOx electrodes. A similar model
was used previously to characterize electrodes for biomedical implants that used sputtered
iridium oxide films [26,27]. The model consists of contributions from the electrolyte
resistance (Rs), a capacitive double-layer between the film and ions in the electrolyte
(Cq1), resistance due to the faradaic charge-transfer reaction in the ruthenium oxide (R¢),
and a constant phase element (CPE), defined by the CPE impedance as follows:

ZCPE = W/ (1)



Electrochem 2023, 4

356

where Y° is the CPE admittance at a frequency of 1 rad/s in units of Ss™?, j is the imaginary
number, w is the frequency in rad/s, and “a” is a value between 0 and 1, describing
the characteristics between resistive and capacitive behavior, respectively [26,28]. Gamry
Echem Analyst software (Gamry Instruments, Inc., Warminster, PA, USA) was used for the
impedance modelling analysis. The fit employed Nelder and Mead’s simplex algorithm [29],
allowing up to 300 iterations. The objective function (x?) was used to define the goodness
of the fit [30], such that a lower value of x? implied a better fit. However, this model cannot
account of the fitting of high-frequency and low-frequency measurements, as previously
predicted for iridium oxide electrodes [31].

We performed fitting on the EIS of sputtered RuOx films obtained in the PBS, as well
as the model-ISF at 37 °C, over a frequency range of 0.1-10° Hz. The Bode plots for the
measured EIS and the fitted results are shown in Figure 5a,b. The x2 values obtained were
0.0032 and 0.0078, respectively, for the PBS and model-ISE. However, lowering the frequency
range to 10-10* Hz shows a better fit, as shown in the Bode plots in Figure 5¢,d. The value
obtained for this fit was 0.0008 for both the PBS and model-ISF at 37 °C and, therefore, a
better goodness of fit was obtained for the 10-10* Hz frequency range. When measuring the
EIS of electrode coatings at low frequency, artifacts and noise from connecting wires start
contributing toward the EIS measurement [32]. Therefore, by eliminating low frequency
impedance from 0.1 to 10 Hz, we minimized the components from the connecting wire,
and achieved a better model fitting for our electrode coating. The circuit parameters were
obtained for the sputtered RuOx electrodes in the PBS and model-ISF from this frequency
range, and have been tabulated in Table 1.
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Figure 5. Electrochemical impedance spectra for the sputtered RuOx electrode fitted to the Randles
circuit model. (a) The Bode plot against the frequency range of 0.1-10° Hz in the PBS, model-ISF,
and the model fit. (b) The phase angle plotted against the frequency range of 0.1-10° Hz in the PBS,
the model-ISF, and the model fit (c) The Bode plot against the frequency range of 10-10* Hz in the
PBS, the model-ISF, and the model fit (d) The phase angle plotted against the frequency range of
10-10* Hz in the PBS, the model-ISF, and the model fit.
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Table 1. Circuit parameters evaluated from the Randles circuit model for the sputtered RuOx
electrode. Mean and standard deviation (SD) taken for n = 3.

Electrolyte R; (k) R¢ (k) Cq1 (nF) Y° (nSs~2) a
y Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD
PBS 232 +0.12 1.08 +£0.14 6.54 +1.05 601.70 4 30.90 0.85 £+ 0.00
model-ISF 495+ 0.62 2.96 +0.31 8.86 +3.75 328.90 + 33.40 0.87 +0.01

3.4. Contribution of Circuit Components in Charge Injection

The EIS data were obtained (Figure 4) by applying bias from —0.6 to 0.6 V were
fitted using a Randles circuit (only within 10 to 10* Hz), and the percentage change in
the circuit parameters from equilibrium value at the open circuit potential is plotted in
Figure 6. Figure 6 shows the percentage charge in the circuit components of the EIS
obtained at different bias levels vs. Ag| AgCl with respect to the EIS vs. the open circuit
potential, obtained by fitting the Randles circuit model (shown in the inset of Figure 6) to
the measured EIS in the model-ISF at 37 °C. An approximate 5% increase in the component
associated with double-layer capacitance, C4;, was obtained at 0.6 V potential. However,
a decrease of ~5% in the C4 was observed at the —0.6 V potential. This is indicative
of a higher electronic contribution toward double-layer capacitance associated with the
completely oxidized state of the film at 0.6 V. In contrast, the completely reduced film at
—0.6 V showed lower electronic conduction, and therefore a lower contribution toward Cg;.
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Figure 6. Percentage change in the circuit components calculated from the Randles fit from the
measured EIS at different bias levels from —0.6-0.6 V vs. Ag|AgCl, with respect to the circuit
components modelled from the EIS, measured with respect to the open circuit potential.

The CPE admittance, Y°, showed an average (n = 3) increase of ~10% for the potential
range from —0.4-0.4 V, and fell off to the equilibrium value at both the positive and negative
end of the CV. The initiation of the increase in the Y° value was observed from 0.5V at the
oxidation end, and the increased value was observed until —0.5 V at the reduction end.
This is attributed to the initiation of the faradaic redox process at these potentials, also
indicated by the redox peaks observed in the CV (plotted with the right y-axis on Figure 6).
Between these potentials, the film was in a redox transient state and, therefore, the Y°,
which is associated with redox reaction rates, showed higher values, and also aligned with
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the redox peaks of the CV. The Y° value fell off to the equilibrium value, indicating the
endpoint of the redox processes at both the positive and negative ends of the CV, where
the film was in a completely oxidized state, and completely reduced state, respectively.
We also observed that at 0 V vs. the Ag| AgCl, or at the open circuit potential value (vs
Ag 1 AgCl) for RuOx film (~0.2 V), the percentage change in the Y° value did not fall off
to zero, which was expected. This is most likely due to the time required to reach the
equilibrium after biasing at higher potentials being more than the 30 min used as a delay
for each EIS measurement. So, this observation is associated with the transient redox state
of the film, rather than its equilibrium state. Minimal changes in both the R¢ and “a” values
of the circuit component were observed. The minimal change in the R¢ value, observed at
all the bias levels, indicates a reversible redox process contributing to the charge-injection,
and that the ionic pathways are not impeded at these potential ranges (—0.6-0.6 V).

3.5. Charge-Injection Reversibility

The charge-injection capacity is dependent on the current density and, therefore, to
understand the limitations of RuOx films during charge-injection, we measured the voltage
transient at the relevant current densities. The voltage transient response of a sputtered
RuOx electrode at an interpulse bias of 0.6 V vs. Ag| AgCl in response to a current pulse of
36 nC phase ! or 1.8 mC cm ™2, at six different pulse widths from 0.1 to 0.5 ms, is plotted in
Figure 7. The current waveform at 50 Hz consisted of a cathodal current pulse followed
by a zero-current interphase period of 0.7 ms, before the anodic recharge phase set in, to
reestablish the interpulse bias. To keep the charge-per-phase constant at 36 nC phase !, we
applied current densities from 3.67 A cm =2 to 18.34 A cm ™2, for 0.5 ms to 0.1 ms cathodal
pulse durations, respectively. The E. was found to vary from —0.16 V at 3.67 A cm~2 to
—0.44 V at 18.34 A cm~2, corresponding to a larger activation potential for higher current
density. The Ej;, values for the different pulse durations were also found to be very close to
each other (~0.02 V), implying the reversibility of the charge-injection process, especially
at higher current densities. We also observed that the electrode potential during the zero-
current interphase period recovered rapidly from E. to Ejp, indicating the fast equilibration
of the reduced RuOx film during charge injection.

50 Hz frequency
model-ISF, 37° C

Voltage vs Ag|AgCl, V

-0.3 0.0 0.3 0.6 0.9 1.2 1.5

Time, ms

Figure 7. A comparison of the voltage transient response of a sputtered ruthenium oxide microelec-
trode (GSA ~ 1960 um?) at the 36 nC phase ™!, with pulse durations 0.1-0.5 ms.
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The voltage transient response as a function of the current pulse amplitude, using
0.6 V interpulse bias, was examined, to understand the change in film properties during
stimulation using a cathodal pulse at 0.2 ms pulse duration. Such voltage transients for
a sputtered RuOx electrode are plotted in Figure 8a. The electrode cathodal potential
(Ec) shifted negative, and the driving voltage (V4;v) increased with the increasing current
amplitude. We also observed minimum inflection in the polarization for all the current
amplitudes. The magnitudes of the leading (Var) and trailing (V aT) access voltages were
also similar up to the point when the electrodes were polarized to an Ey. of —0.6 V
(Ag | AgCl). This effect is further shown in detail in Figure 8b, where the access voltages
are plotted as a function of E, with a representative CV from the sputtered RuOx electrode
(mean % SD, n = 5) plotted on the same potential axis (0.6 V to —0.6 V). The values of the
VL and VT were found to be very close to each other, going from 0.6 V to —0.6 V, which
is different from activated iridium oxide film (AIROF) or electrodeposited iridium oxide
film (EIROF) electrodes, and similar to sputtered iridium oxide films (SIROF) [6,22]. The
implication is that the admittance of sputtered RuOx film is comparable in both its oxidized
and reduced state, and this is consistent with the previous assessment, in the study of
impedance that applied DC bias against the reference electrode.
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Figure 8. (a) Voltage transient response of a sputtered RuOx microelectrode as it is polarized to
different potential excursions (E.), starting from a 0.6 V bias, to an Ey,¢ value of —0.6 V. (b) Comparison
of Va1 and Var as a function of E. (at 50 Hz, 0.6 V bias, and 0.2 ms pulse duration). A CV curve is
plotted on the right y-axis for comparison with the same potential range on the x-axis.

4. Discussion

We have investigated the electrochemical properties of sputtered RuOx electrode coat-
ings, relevant to their use as neural stimulation and recording electrodes. Several electrode
coatings have been studied previously, and published in comprehensive reviews, [6,33]
including noble metals, metal oxides, carbons, and polymers [33]. However, due to its
high charge capacity and long-term stability, iridium oxide (IrOx) has been the material
of choice for FDA approved devices [34,35]. The similarity in the electrochemical charge-
injection mechanism and the long-term stimulation stability of RuOx in comparison to
IrOx [20] makes this film an appealing alternative electrode coating for neural stimulation
and recording electrodes. The study was conducted with a model-ISF at 37 °C as the
electrolyte, and with a —0.6/0.6 V potential window as the safe stimulation limit. The
EIS study and analysis in Figure 4b, at three different frequencies, show no change in the
| Z 1 values within the stimulation safe limits. This indicates that the sputtered ruthenium
oxide film is almost equally impeding in both its oxidized and reduced states, allowing
reversibility during charge-injection. This observation is also consistent with the voltage
transient measurement analysis study shown in Figure 8. No observable difference between
the leading and trailing access voltages (V o1, and V at, respectively) during charge injection
stimulation with safe stimulation limits were found, as shown in Figure 8b. Therefore, it is
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clear that the impedance states of this electrode coating do not change between the safe
charge injection potential limits. However, sputtered RuOx is a pseudo-capacitive electrode
and, therefore, it is difficult to isolate the effect of only the Ru** /Ru?* reversible faradaic
charge-injection mechanism. So, we cannot state with certainty that the impedance of the
oxide in the Ru** and Ru>* valence states is equal. For this reason, the EIS modeling study
of the RuOx electrode coating was performed in terms of a suitable circuit model, because
it would shed some light on the impedance state of the two oxidation states of Ru, as well
as the charge-injection mechanism.

The Randles circuit EIS model was fitted to the 10-10* Hz impedance measurement in
the PBS and in the model-ISF at 37 °C, as shown in Figure 5¢,d. High frequency impedance
is mostly dominated by solution resistance, and low frequency receives contributions
from artifacts and noise from the connecting wires [6,32]. Although the bode plot for
the EIS seems to be matched with the model in Figure 5a,c, the phase angle in Figure 5b
does not fit with the model, specifically at a low frequency. Figure 5d shows that the EIS
model fits better, in comparison to Figure 5b. The x? value is representative of the EIS
model compared to the experimental data, and a lower x? value represents a better fit,
in order to characterize the circuit components of the electrode coating by eliminating
electrolyte resistance at higher frequencies, and artifacts and noise from the connecting
wires contributing at lower frequencies. The Randles circuit EIS modelling on the sputtered
RuOx coatings, and the analysis of the different circuit elements within the safe limits
of electrochemical charge injection, give us a preliminary understanding of the charge-
injection mechanism. From Figure 6, we observe that the faradaic impedance (R¢) does
not change, and the CPE admittance (Y°) has an increased value with the —0.5/0.5 V
window. The Y° being inversely related to Zcpg is indicative of the admittance state of
the RuOx film contributed from only the faradaic charge transfer. Therefore, it is clear
that the major contributor to the charge injection is the faradaic contribution, or the ionic
contribution, where Ru*" /Ru®* transition occurs with the participation of a counter-ion
from the electrolyte. Additionally, we observed that there was a positive percentage change
in the C4; component from —0.3 to 0.6 V, which is indicative of a higher charge contribution
toward the double-layer capacitance associated with the oxidized state of the film, which is
the Ru**, as indicated by a previous XPS analysis [16]. Further, the ~5% increase in the Cy;
at 0.6 V, and a ~5% decrease in Cq; at —0.6 V, with respect to the equilibrium state, indicate
a higher electronic conduction toward the double-layer capacitance associated with the
completely oxidized state of the film (Ru**) at 0.6 V, in contrast to the lower electronic
conduction of the completely reduced state of the film (Ru*) at —0.6 V. The decrease in the
double-layer capacitance indicates the lower conductivity of Ru(IlI) oxide in comparison to
Ru(IV) oxide and, as a result, the Ru(III) oxide film will produce a poor charge-injection
capacity for stimulation, as well as a higher impedance, degrading the neural recording.
Therefore, during stimulation, we must employ a charge-balanced waveform or, at the end
of a monophasic cathodal stimulation pulse, must push the electrode, electrostatically or
otherwise, to its open circuit potential, to avoid the complete reduction of the RuOx film.
Further, it is clear from this study that the sputtered RuOx is a mixed conductor, where
contribution from both electrons and ions partake in the charge-transfer mechanism. This
is consistent with previous studies [36], and is also similar to an iridium oxide film that is
currently used in neural stimulation and recording [6].

We have also studied the reversibility of the charge-injection mechanism for the
sputtered RuOx film. To perform safe neural stimulation, as well as record neural single
units with good SNR chronically and consistently, the reversibility of the film state after an
applied charge injection waveform is crucial. Our study indicates that, during stimulation,
the electrode potential during the zero-current interphase period recovered rapidly from
E. to Ejp (Figure 7), indicating the fast equilibration of the reduced RuOx film during
charge injection. This observation is similar to that of an activated iridium oxide film
(AIROF) reported previously [6], and is attributed to the rapid internal equilibration of the
non-uniformly reduced RuOx film, to reach a uniform potential (E;p) throughout the film.
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This non-uniform reduction is due to a non-uniform current distribution, leading to a larger
potential at the edges of the electrodes, which is a known limitation of voltage transient
measurements [6]. There is also non-uniform potential distribution though the thickness
of the porous three-dimensional structure of RuOx, which is very similar to sputtered or
activated iridium oxide films [6,16,20]. Additionally, the diffusion-controlled dissipation of
the counter-ion concentration gradient within the porous film, and the adjacent electrolyte
reestablishes the counter-ion concentration levels to those of the pre-pulse condition. An
associated change in the electrode potential occurs. This also contributes to the rapid
potential shift in the interphase period [6].

From previous studies on sputtered RuOx film, we found that the counter-ion contri-
bution comes from the H* ion in the electrolyte [16,17]. Consistent with our results and
analysis, we propose a charge-injection model associated with the sputtered RuOx film, as
shown in Figure 9, consistent with a previous model studied from iridium oxide films [6].
Charge is injected into tissue from valence changes in multivalent (+4/+3) RuOx electrode
coatings that undergo reversible reduction-oxidation (redox) reactions [6]. The Equation (2)
shows the reversible redox reaction associated with the ionic contribution indicated in this
charge-injection model.

RuOx(OH)y + 8H' + 8¢~ ¢ RuO,_5 (OH)p5 @)

The sputtered RuOx is, therefore, a mixed conductor, exhibiting both electron and ion
transport within the bulk of the coating, similar to an iridium oxide film [6]. The three-
dimensional structure of the coating provides more charge for stimulation, but access
to this charge is limited by the rate of electron and ion transport within the coating [6].
Although the effect of the sputtered RuOx film thickness on the charge-injection capacity
has been published previously [17], the effect of the thickness toward the contribution of
different circuit components on charge-injection has not been studied, and may make for
an interesting future work. However, the charge-injection reversibility and impedance state
of this coating were found to not be affected by the film thickness.

Cl-
OH"

e e <«—— H*
<« <« H+

OH- H+ CI

Figure 9. The three-dimensional faradaic charge injection mechanism of the sputtered RuOx electrode.
C* indicates cation, and A~ indicates anion.

Previous studies of the sputtered RuOx film, deposited using an apparent optimal
condition of Oy:HyO-vapor = 1:3 in the reactive plasma Ref. [16], show that this film is
capable of recording a neuronal single-unit in the rat motor cortex [37]. The long-term
stimulation capability of this film has also been studied in PBS, as well as in a model-ISF
at 37 °C, and the sputtered RuOx film was found to be stable for up to 1 billion cycles of
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biphasic stimulation, at 8 nC per phase [17,18]. The present study of the electrochemical
charge injection mechanism of the sputtered ruthenium oxide electrode coating indicates
that this film can deliver charge reversibly into the tissue, and is capable of chronic neural
stimulation and recording. Although this study is consistent with the previous literature,
and corroborates well within the scope of our experiments and analysis, we would like to
point out that our model is a simplistic one, and must not be extended to animal models,
where electrolyte inhomogeneity exists. An in-depth electrochemical modelling study of
these and similar electrode coatings is currently underway. Additionally, a chronic in vivo
study using these electrode coatings is also currently underway, and will pave the way for
the use of these electrode coatings in FDA-approved neural implants.

5. Conclusions

The electrochemical properties of the sputtered ruthenium oxide film as an electrode
coating for neural stimulation and recording are presented in this work. The sputtered
RuOx film was found to be almost equally impeding in its oxidized and reduced state, at
0.6 V and —0.6 V, respectively, indicating the ease of stimulation using either cathodal or
anodal currents for monophasic current stimulation protocols. The oxidized film shows
a comparatively higher contribution from the double-layer capacitance than its reduced
state does. The faradaic redox process is dominant in the —0.5 to 0.5 V potential range
vs. Ag | AgCl, primarily contributing toward charge-injection. The fast reversibility in the
oxidation states of the sputtered RuOx film during stimulation ensures no irreversible side
-reactions during stimulation. The reversible charge-injection mechanism allows for safe
neural stimulation, without producing any toxic side-products or tissue damage, as well
as chronic neural recording capability. Previously, we have also established that this film
does not contain extractable cytotoxic constituents and is, therefore, deemed non-cytotoxic
in accordance with ISO protocol 10993-5 [37]. Additionally, RuOx films sputtered from
ruthenium targets are cost-effective alternatives to SIROFs sputtered from iridium targets,
as ruthenium is one of the least expensive platinum group metals, having typically less
than 10% of the cost of iridium metal [38].
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