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Abstract
Objective. Neural interfaces based on carbon fiber (CF) electrodes have demonstrated key positive
attributes such as minimal foreign body response and mechanical strength to self-insert in brain
tissue. However, carbon does not form a low impedance electrode interface with neural tissue.
Electrodeposited platinum iridium (PtIr) has been used to improve electrode interface properties
for metallic bioelectrodes. Approach. In this study, a PtIr electrodeposition process has been
performed on CF microelectrode arrays to improve the interfacial properties of these arrays. We
study the film morphology and composition as well as electrode durability and impedance.
Results. A PtIr coating with a composition of 70% Pt, 30% Ir and a thickness of∼400 nm was
observed. Pt and Ir were evenly distributed within the film. Impedance was decreased by
89% @ 1 kHz. Accelerated soak testing in a heated (T = 50 ◦C) saline solution showed impedance
increase (@ 1 kHz) of∼12% after 36 days (89 equivalent) of soaking.

1. Introduction

Neural electrodes are a proven technology for record-
ing and stimulating neuronal activity in a vari-
ety of clinical and biomedical research applications.
Clinical treatments using neural electrodes include
brain stimulation [1–5] to treat movement disorders
and epilepsy [6–9], cochlear implants [10, 11] to
restore auditory function, retinal prostheses [12, 13]
to provide visual sensation [14, 15] and spinal cord
stimulation for pain [16]. Neuroscience research also
benefits from increasingly sophisticated systems for
recording and stimulation in 1000 s of distinct loc-
ations in the brain [17]. Pioneering work in human
brain-machine interfaces utilize arrays of many (in
the 100 s) microelectrodes to form a parallel, func-
tional connection with individual cortical neurons
[18, 19].

Electrode materials are a critical part of neural
interfaces [20]. Neural stimulation requires specific
capability to transfer charge efficiently. Examples
of materials used for neural stimulation include
sputtered iridium oxide [21, 22], titanium nitride

[23], and platinum grey [24]. While neural record-
ing is possible with many materials (e.g. carbon,
tungsten), high performance materials, like those
used for stimulation, also benefit neural record-
ing by decreasing noise. Electrodeposited platinum-
iridium (PtIr) is a high performancematerial that has
been evaluated for neural stimulation [25, 26] and
recording [27]. In this report, we provide the first
detailed materials analysis of electrodeposited PtIr.
Prior works have reported the relative percentage of
Pt and Ir in the material [26, 27], but the distribu-
tion of the Pt and Ir within the film was not known
until our study. Recently, Sarno et al [28] analyzed
the composition of PtIr nanoalloy formed by surfact-
ant free, ethylene glycol mediated synthesis. Bymeans
of scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM), energy dispersive
x-ray maps and x-ray diffraction spectra techniques,
they found that higher pressures and the presence of
hydrogen lead to a homogeneous and well distributed
PtIr nanoalloy. Others have used similar materials
analysis techniques to deepen the understanding of
themicrostructure and composition ofmaterials (e.g.
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iridium oxide films, nanoporous gold/oxide) used to
enhance microelectrodes [29–31].

In our work, we inspect the cross section and sur-
face of electrodeposited PtIr using SEM and scanning
transmission electron microscopy (STEM) to per-
form a high resolution EDS (energy dispersive spec-
troscopy). A focused ion beam (FIB) cut was used to
expose a cross section of the coating film to assess con-
sistency and the uniformity of the coating. Carbon
fiber (CF) electrodes are used as the platform for elec-
trodeposition of PtIr. CF are an emerging technology
for neural interfacing that have demonstrated excel-
lent biocompatibility due to small cross sectional area
[32]. Here, we assess the electrochemical properties
and longevity of the PtIr films deposited on carbon
fibers (PtIr-CF) under conditions of long-term soak
testing.

2. Materials andmethods

2.1. CFs microelectrode arrays fabrication
Printed circuit board (PCB) with 8 CF of ∼6.8 µm
of diameter were fabricated as described in Patel et al
[33, 34]. CF were coated with a parylene-C insulation
layer (∼800 nm).

Two distinct PCB designs were used:

(a) a wide board (WB) design with eight fibers with
a pitch of 2 mm and fiber length of 5 mm;

(b) a smaller PCB (ZIF Probe, ZIF), designed for
in vivo neuronal recordings [34], with eight
fibers with a pitch of 150 µm and fiber length of
2 mm.

WBs were used both for deposition process devel-
opment and to produce coatings formaterials analysis
(N = 71 CF). In addition, WBs were used for soak
testing due to ease of handling. A ZIF probe with 6
CF was used for the deposition process and for cross
sectional analysis as will be described in the following
sections.

Based on our results with the CF arrays described
above, we also deposited PtIr on a small number of
CF made with an alternative tip preparation process
using a blowtorch to produce a sharpenedCF tip [35].
The ZIF board has eight fibers (pitch of 150 µm and
fiber length of 2 mm) and the tip sharpening process
exposed∼100 µm of carbon.

2.2. Pt–Ir electrochemical deposition protocol
PtIr coatings were electrodeposited using a poten-
tial cycling technique in a solution of 0.2 g l−1 of
Na3IrCl6H2O and 0.186 g l−1 of Na2PtCl6H2O in
0.1 M of nitric acid (HNO3), as previously described
in Lee et al [26]. The solution was boiled until the
color become reddish and then cooled down to room
temperature. A PtIr wire electrode (∼70 µm) was
used as counter and an Ag/AgCl as reference elec-
trode (3 M NaCl, BASi, West Lafayette, IN, USA). A

continuous sonication at a power of 2 W was used to
improve the coating rate at initial solution temper-
ature of 42 ◦C. The potential range for the electrode-
position process was−0.1 to 0.1 Vwith 200mV s−1 of
scan rate for 600 cycles, which corresponds to a coat-
ing process time of 22 min. A Gamry 600+ poten-
tiostat was used to apply potential cycles. A Qsonica
A700 (Qsonica L.L.C. Newtown, CT, USA) sonicator
was used for sonication.

2.3. Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) was
collected by applying 10 mV RMS sine wave in a fre-
quency range of 1MHz–10Hz. All EISmeasurements
were performed in 0.01 M phosphate buffered saline
(PBS) solution in a three electrode configuration at
open circuit potential using a stainless steel electrode
as counter and anAg/AgCl as reference electrode (3M
NaCl, BASi,West Lafayette, IN, USA). AGamry 600+
potentiostat (Gamry Inc. Warminster, PA, USA) was
used for measurement collection.

2.4. SEM and images acquisition
SEMwas used to image CFs. Tescan Rise SEM (Tescan
Orsay Holding, Brno—Kohoutovice, Czech Repub-
lic) was used for the acquisition of SEM images in
low vacuum mode (LVSTD, low vacuum secondary
electron Tescan detector) with an excitation voltage
between 5 and 20 kV. This mode allows imaging
without deposition of a conductive film, which is
needed for pre-coating imaging due to the charging
artifact of bare carbon. Chemical analysis was done
using EDS with an excitation voltage of 20 kV, which
allowed discrimination between the platinum and
iridium molecules despite their similar energy level
properties.

To analyze the cross section of the PtIr coating, a
FIB was used to cut through the PtIr coating and car-
bon core, done on the Nova Nanolab 200 DualBeam
SEM (FEI, Hillsboro, Oregon). The cut required the
application of Au coating to the fibers to reduce char-
ging. A layer of Pt was deposited on the side of the
fiber in the direction of the ion bombardment to pro-
tect the surface from the cutting process. An excita-
tion voltage of 30 kV and a current of 0.3 nA were
used.

EDS analysis was also performed in STEM mode
using the FEIHelios 650Nanolab SEM/FIB after thin-
ning the sample up to 30 nm. With this mode, the
beam is finely focused and scans the sample area (as
an SEM), while the image is generated by the trans-
mitted electrons (like TEM), in this way a higher res-
olution power is obtained, and a more accurate EDS
can be collected.

2.5. Accelerated soak test
Accelerated soak testing was done following the pro-
cess used byWelle et al [32] to test the PtIr coated CF.
In summary, EIS measurements were taken before
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Figure 1. Soak test setup. (a) Thermo Fisher water bath set to 50 ◦C. (b) Soak test jar lid with the four WBs attached (the yellow
box inset shows CFs, with higher magnification, on the edge of the WB). (c) Soak test jar filled with 0.01 M PBS and four attached
WBs. CFs are submerged into the PBS solution by 2–3 mm.

starting the soak test and each day for the first 10 days,
every 2 days from day 10 to day 20, and every 4 days
until the completion of the soak test (day 36). For
day 5 and day 12 we were unable to perform the EIS
measurements. For the setup, four WBs were glued,
using insulating epoxy (353ND, Epoxy Technology,
Inc. Billerica,MA) to the bottomof the lid of two glass
jars (using a 16-pin DIP socket (figure 1). Each jar
contained 0.01 M PBS to a level such that the fibers
were submerged about 2–3 millimeters into the solu-
tion, but the PCBwas not submerged. Jarswere placed
in a water bath set to 50 ◦C. Each jar contained one
controlWBwith bare CF (no insulation layers and no
PtIr coating). WBs were removed from the soak jars
and rinsed with DI water for EIS measurements. At
this time, fresh PBS was placed in the soak jars. Equi-
valent soak time at body temperature was determined
by the equation below [32, 33]:

t37 = tT ×Q10(T−37)/10 (1)

in which t37 is the simulated aging time at 37 ◦C, tT is
the amount of actual soak time atT = 50 ◦C, andQ10
is an aging factor that is equal to 2.283 according to
ASTM guidelines for polymer aging [36]. Calculating
the simulated time for tT = 1, the accelerating factor
t37 is equal to 2.46 and all real time measurements are
scaled by this amount to obtain the simulated time.
In our case the simulated time is 89 days.

The test structure used (WB) is designed for rapid
and economical assembly, at the expense of yield and
robustness. Thus, we noted (during soak test) failures
consistent with open circuits, which were character-
ized by 1 kHz impedance exceeding 1 MOhm and
a capacitive impedance spectrum. This impedance
change was noted when fibers were visibly missing,
but also with fibers that appear intact (including
PtIr remaining on the CF). The latter we attributed
to an internal fault in the bonding. Open circuits
were not included in the impedance data analysis (see
section 3.4). For the control bare CF (see section 3.4),
we noted a sudden increase in impedance on the last

day of testing, with multiple CF measuring above 500
kOhm, where none had measured above this level on
any prior day. We excluded this last day of measure-
ments from the control bare CF data analysis.

2.6. Equivalent circuit model and statistical
analysis
To analyze impedance data before and after the
PtIr coating, an equivalent circuit model was fitted
using the Gamry Echem Analyst software. The circuit
model is shown in the inset of figure 2(a). The model
components are defined as follows: Ru—electrolyte
resistance, C—parasitic capacitance, Y0—the admit-
tance of the constant phase element (CPE), α expo-
nent of the CPE, r.e.—reference electrode, w.e.—
working electrode. Impedance data were fitted for
CF, PtIr-CF, and overcoated PtIr-CF (see results
sections 3.1 and 3.2). Model components values
extracted from fitting were compared using a paired
t-test for comparison of CF to CF-PtIr. Since CF-PtIr
and overcoated PtIr-CF had different sample sizes, a
two-sample t-test was used. In both cases, signific-
ance was set at p = 0.05. Impedance (@ 1 kHz) of
CF and PtIr-CF were compared using a paired t-test
with significance difference at 0.05. Themean imped-
ance trends (@ 1 kHz and @100 kHz) during soak
testing were analyzed using a linear regression model
for which the trend-lines and the statistic coefficients
(p-value, slope, R2 and R) were computed. Matlab
version 2018b (Mathworks, Natick, MA, USA) was
used both for the paired t-test, the two sample t-test
and for the linear regression analysis.

3. Results

3.1. PtIr Coating process development
A total of 77 CF on 16 WBs and 1 ZIF were coated
with PtIr. EIS measurements were collected prior
to and after PtIr coating. EIS magnitude consist-
ently decreased after the coating process, with a mean
impedance magnitude (N = 70 coated CF) decrease
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Figure 2. EIS measurements of PtIr-CF. (a) Magnitude impedance trend of one PtIr-CF is reported before (solid blue line)
and after the coating process (solid red line). As inset the equivalent circuit model used to fit impedance data is reported; fitted
impedance magnitude and phase as reported before (blue dashed line) and after the coating (red dashed lines). (b) Mean
and standard deviation of impedance @ 1 kHz before (blue) and after (red) the coating (N = 70 CF); the ∗∗∗ indicates a
p-value= 9.37× 10−7.

Table 1. List of all component extracted from the equivalent circuit model shown in figure 2(a) for CF and PtIr-CF. The p-value from the
paired t-test are reported with a significance difference for the CPE components.

Ru Y0 α C

CF 3.06± 5.4× 104 1.43± 1.26× 10−10 0.86± 0.08 8.09± 3.6× 10−12
PtIr-CF 2.8± 5.4× 104 1± 1.64× 10−8 0.71± 0.06 1.55± 4.7× 10−11
p-value 0.74 4.4× 10−6 7.6× 10−21 0.2

of 89% ± 4.9% @ 1 kHz (mean ± standard devi-
ation). We excluded 7 PtIr-CF due to overcoating. An
example of the EIS measurement of a CF and PtIr-
CF is shown in figure 2(a), blue and red solid lines
respectively. The impedance trend were fitted to an
equivalent circuit model (inset of figure 2(a)) and
the fitted lines are reported as red and dashed blue
lines for CF and PtIr-CF respectively. The fitting was
done for all 70 CF and PtIr-CF. The mean values of
the extracted circuit parameters (Ru, Y0, α, C) are
reported in table 1 with the standard deviation and
the p-values from the paired t-test. The higher value
of the admittance (Y0) of the CPE confirms a lower
electrode impedance for the PtIr-CF. The difference
between the admittance and the α value of CF and
PtIr-CF was statistically significant.

In figure 2(b) the mean impedance @ 1 kHz (N =
70 coated CF) before and after PtIr coating is reported
with standard deviation. The difference in impedance
@ 1 kHz was statistically significant (paired t-test, p-
value= 9.37× 10−7).

To study the PtIr coating morphology on the CF
surface, SEM images were collected. PtIr coating was
observed on most part of the active electrode surface
of a PtIr-CF (figure 3(a)), with some bare areas (yel-
low arrow). To quantify the PtIr percentage compos-
ition, an energy dispersive x-ray spectroscopy map
was collected and the percentage of Pt and Ir was
calculated on the PtIr-CF surface. From the spectra
(figure 3(b)) collected with the EDS map, Pt and Ir
peaks can be distinguished at 9 keV corresponding to
a percentage of 74% and 26%of Pt and Ir respectively.

3.2. OverCoated PtIr-CF
Out of 77 PtIr-CF, 7 appeared overcoated, mean-
ing that PtIr was deposited outside the carbon elec-
trode area and over the parylene-C insulated fiber,
effectively increasing the geometric surface area. The
impedance data of the overcoated CF (N = 7) were
fitted to the equivalent circuit of figure 2(a). The
mean values of the extracted parameters (Ru = 9.10
± 2 × 103, Y0 = 1.47 ± 0.81 × 10−08, α = 0.72 ±
0.01, C = 1.03 ± 0.069 × 10−11) were not statistic-
ally significant with the respect to the PtIr-CF that
did not appear overcoated (N = 70), with the excep-
tion of Ru (two sample t-test, pRu = 0.006, pY0 = 0.3,
pα = 0.12, pC = 0.35). The lower Ru with the respect
to regular PtIr-CF suggest a lower impedance at high
frequency which indicates an increased electrode geo-
metric area.

3.3. PtIr cross-sectional analysis
A FIB cut of an overcoated probe was performed to
inspect both the carbon-PtIr interface and the region
of overcoating (carbon-parylene-PtIr interface). In
figure 4(a) the SEM image of the PtIr-CF before the
FIB cut is shown, with the yellow rectangular cutting
pattern highlighted.

The PtIr coating was found to be mostly continu-
ous (figure 4(b)) with some voids as shown on the CF
tip (figure 4(c), green box, red arrows) and an aver-
age PtIr coating thickness of 418.7 ± 86 nm along
the fiber surface (11 measured areas). This thickness
is consistent with other earlier reports of PtIr [37].
In figure 4(c) (green box) some PtIr deposits appear
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Figure 3. SEM image and EDS measurement of PtIr-CF. (a) SEM image of one PtIr-CF showing the insulation parylene-C layer
and the PtIr coating deposited on the CF electrode site (yellow arrow indicating CF bare area). (b) Chemical spectra from the EDS
map on the CF active surface showing the two different peaks associated to Pt and Ir at 9 keV.

Figure 4. FIB cut of PtIr-CF. (a) SEM image of the overcoated CF showing the yellow rectangle pattern cut. (b) SEM images of the
cut intersection with two pattern highlighting the tip (green) with visible voids ((c), green box, red arrows) and the parylene-C
insulation layer (yellow) showing embedded PtIr molecules at high resolution ((c), yellow box).

Figure 5. SEM imaging of the CF—PtIr coating intersection. (a) SEM image of the CF and PtIr intersection after sample thinning.
Some PtIr coating was lost during the thinning process. (b) Magnified SEM image of a cross section of the coating with white
arrow highlighted two dark regions. (c) EDS (at 25 keV) of the coated area showing the Pt and Ir molecules, respectively, in green
and light pink, with callipers showing regions of interest that were examined quantitatively.

to be embedded into the parylene-C insulation layer,
which suggests a mechanism for overcoating noted
earlier.

To inspect the PtIr coating with higher resolution,
a PtIr-CF was thinned to ∼30 nm (In figure 5(a)).
Given that the sample area is placed immediately
under the detector in STEM mode, a thinner sample
is necessary in order to achieve a high-resolution

EDS, but the thinning process results in some miss-
ingmaterial due to sample preparation. In figure 5(b)
the chosen region of the PtIr coating for EDS is
shown and darker areas can be noticed within the PtIr
that may suggest different PtIr density (figure 5(b)
white arrows) as also appeared in TEM analysis where
dark and bright molecules aggregates were appreci-
ated (data not shown).
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Figure 6. SEM of soak tested PtIr-CF. PtIr-CF before (upper panel: (a)–(c)) and after (lower panel: (d)–(f)) 36 days of soak
testing. Comparing (b)–(e) shows evidence of a crack in the film after soaking in this case, but not significant loss of material.

EDS mapping of the entire region yields 72% and
28% of Pt and Ir respectively (figure 5(c)). To assess
the significance of bright and dark regions noticed in
the PtIr coating EDSmaps have been collected in four
regions of interests (figure 5(c)). The average percent-
age values of Pt and Ir for the four analyzed areas
(three of 130× 176 nm2 and one of 60× 81 nm2) was
70.5± 2.3% for Pt and 29.5± 2.38 for % Ir. In addi-
tion, an EDS spectrum of the dark spots overlaid with
a closer brighter area (data not shown) confirmed that
the different appearance was due to different thick-
ness of the sample in distinct areas and not to differ-
ent material composition.

3.4. Soak test
Heated soak test was performed on 59 CFs for 36
days (six WB with N = 43 PtIr-CF and 2 WB with
N = 16 bare control CF). SEM images were collec-
ted for all CF before and after the soak test. A rep-
resentative panel of PtIr-CF before (upper panel, a–
c) and after (lower panel d–f) the soak test is shown
in figure 6. Out of 43 PtIr-CF that underwent soak
testing, two were mechanically broken (the fiber was
not attached anymore to the PCB). Of the remaining
41 CF-PtIr samples examined after the soak test, 33
showed no obvious changes in appearance (represen-
ted by figures 6(a) and (d)), three showed insulation
layer covering the coated area (data not shown), three
showed loss of PtIr coating (figures 6(c) and (f)) and

two showed evidence of cracking (figures 6(b) and
(e)). Residue was observed on 16 CF (both PtIr-CF
and control CF). EDS analysis on three PtIr-CF con-
firmed that the residue was NaCl (see figure 6(e)).

Regular impedance testing revealed that 16 PtIr-
CF were electrically disconnected within the first 10
days of soak test, based on a capacitive impedance
spectrum consistent with an open circuit. Although
the PtIr coating remained adherent, impedance could
not be measured on these PtIr-CF due to the open
circuit. These 16 samples, the three that lost PtIr
plus the three that had insulation covering the coated
area were removed from the long-term impedance
analysis.

We performed a statistical analysis considering
the 19 PtIr-CF that had complete impedance data.
The mean impedance and standard deviation @ 1
and 100 kHz is reported in figures 7(a) and (b). An
increase of 12% and 13% was detected after 36 days
of the soak test respect to day 0 @1 and @100 kHz,
respectively. We applied a linear regression model of
which the trend-lines (dashed blue and red lines) and
the statistic coefficients (p-value, slope, R2 and R) are
reported in figures 7(a) and (b). The correlation coef-
ficient R of 0.7 suggest a strong correlation between
the impedance variation @1 kHz and the increasing
of soak testing days. The rate of change of 4 kΩ day−1

@1 kHz was statistically significant (p-value= 0.003).
In contrast, the 100 kHz impedance did not show a
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Figure 7. Average soak test impedance. (a) Mean and standard deviation of the impedance trend @ 1 kHz and (b) 100 kHz for
N = 19 Pt-Ir CF that completed the soak test (Z1kz < 1 MΩ from day 0 to day 36); the blue and red dashed lines represent the
trend-lines of the linear regression model and the slope, the p-value, the R2 and the correlation coefficient R are reported in the
inset.

Figure 8. SEM Images of a Blowtorched PtIr-CF. (a) SEM of a sharpened CF; (b) EDS analysis of the PtIr-CF (green for Pt and
blue for Ir) and of a small section (8× 32 µm2, yellow inset).

clear trend and any changes in this impedance are
unrelated to days in soak test (p-value= 0.48> 0.05).
For the control bareCF an impedance increase of 13%
@1 kHz was detected between the last (day 28th, see
section 2.5) and the first day of soak testing (data not
shown).

3.5. Improving coated surface coverage
Some defects were apparent in the PtIr films ana-
lyzed and tested. Figures 3(a) and 6(a)–(c) show PtIr
films with gaps in coverage or cracks. Possible causes
for these defects include surface contamination from
incomplete cleaning before coating and plating solu-
tion contamination fromdegradation of the sonicator
tip, the latter resulting in deposition of poorly adher-
ent titanium chunks that later dislodge and leave
behind a gap in the film.

To investigate methods to improve film uniform-
ity and continuity of coverage, we used CFs produced
by an updated manufacturing process that included
more cleaning steps. The new process uses blowtorch-
ing [35] technique to sharpen the CFs tip and oxygen
plasma as final cleaning step before the coating. Both
blowtorching and oxygen plasma removed residual
parylene from the electrode surface. The plating pro-
cedure has been modified with a higher initial tem-
perature that is held constant during deposition as
well with a pulsed sonication (instead of a continuous
sonication).With thesemodifications, no gaps in cov-
erage were apparent and the composition of the film
was maintained at 71% Pt and 29% Pt (figure 8(b)).
EDS of a small area (8 × 32 µm2, yellow box in
figure 8(b)) confirms the homogeneous distribution
of Pt and Ir of the film (Pt= 69% and Ir= 31%)).
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4. Discussion and conclusions

We have analyzed PtIr composition and showed that
deposition of this alloy on CFs improves the imped-
ance characteristics without increasing the geometric
area. Analysis of the deposited PtIr film showed that
platinum and iridium were evenly distributed within
the film. Cross sections of the film appear generally
uniform in thickness withminimal evidence of cracks
and/or voids. Accelerated soak testing for a simu-
lated 89 days (36 soak testing days) showed that the
film remained adherent to 38 of 41 samples analyzed
after soak testing. PtIr films tested in this study did
show some undesirable properties, including cracks
(figure 6(c)) and gaps in coverage (figures 3(a) and
6(a), (b)). We demonstrated a potential solution to
these problems using a meticulously cleaned carbon
surface and minor adjustment to our plating pro-
tocol.With thesemodifications, uniform tip coverage
was shown and the composition of the film main-
tained at ∼70% Pt and 30% Ir. These findings sug-
gest that PtIr electrodeposition is a viable option for
improving the electrical properties of CFs electrodes.

Devices fabricated using the process described in
this report require further validation with acute and
chronic in vivo neural recordings. For microstimula-
tion applications, in vitro and long-term in vivo test-
ing, similar to what has been done with PtIr on other
electrode substrates [27], will be required to extend
PtIr-CF into neurostimulation applications.

The process as described is sufficiently reliable
for research electrodes, although overcoating must be
avoided. For a clinical device, near 100% reliability
will be needed. Thus, process development, like those
presented to improve coverage, must continue to fur-
ther improve film consistency and durability, if PtIr-
CF are to be translated to human use.
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