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lectrochemical impedance spectros-
E copy (EIS) is one of the most effec-

tive techniques for studying the
properties at the electrode —electrolyte in-
terface. It is used in a wide range of applica-
tions like label-free biosensors,'? corrosion,
coatings, cell culture monitoring and
screening,® and electrode performance
studies in fuel and solar cells. In EIS, the sys-
tem under study is subjected to perturba-
tions by applying a sinusoidal voltage of
small amplitudes (5—10 mV) with variable
frequency (0.1 Hz to 100 kHz), and the re-
sulting change in impedance (2) is mea-
sured. The imaginary impedance (Z,,,) and
the real impedance (Zg.) are recorded as a
function of the applied frequency. By fitting
the resulting Nyquist plot (Z, vs Zge) to
simple circuits, important information of
the interface such as electron transfer resis-
tance (R), solution resistance (R;), double
layer capacitance (Cy4), and Warburg ele-
ment (R,,) is measured. Typically, three types
of Nyquist plots are observed in electro-
chemical systems: (1) a straight line, which
represents a diffusion-limited process with
facile electron transfer; (2) a semicircle ac-
companied by a straight line at the low-
frequency region of the spectrum; and (3)
a semicircle, which represents electron
transfer-limited process. The diameter of
the semicircle (x-axis) corresponds to the
R at the electrode. For biosensor applica-
tions, a semicircle spectrum with negligible
noise from a bare, unmodified electrode is
preferable as it provides higher sensitivity.

Various groups have employed EIS for

DNA and enzyme-based*® sensors, where a
modification of the electrode by immobili-
zation of probes and target biomolecules
changes the R and Cy of the electrode in-

Www.acsnano.org

ABSTRACT We report here how the electrochemical impedance spectra change as (i) electrode size is reduced
to nanometer scale and (ii) spacing between vertically aligned carbon nanofiber (VACNF) electrodes is varied. To
study this, we used three types of electrodes: standard microdisks (100 pum Pt, 10 pum Au, and 7 pum glassy
carbon), randomly grown (RG) VACNFs where spacing between electrodes is not fixed, and electron beam
patterned VACNF nanoelectrode arrays (pNEAs) where electrode spacing is fixed at 1 um. As the size of the
microdisk electrode is reduced, the spectrum changed from a straight line to a semicircle accompanied by huge
noise. Although a semicircle spectrum can directly indicate the electron transfer resistance (R.) and thus is useful
for biosensing applications, the noise from electrodes, particularly from those with diameters <10 pm, limits
sensitivity. In the case of VACNFs, the electrode spacing controls the type of spectrum, that is, a straight line for
RG VACNFs and a semicircle for pNEAs. In contrast to microdisks, pNEAs showed almost insignificant noise even at
small perturbations (10 mV). Second, only pNEAs showed linearity as the amplitude of the sinusoidal signal was
increased from 10 to 100 mV. The ability to apply large amplitudes reduces the stochastic errors, provides high
stability, and improves signal-to-noise (S/N) ratio. This new class of nanoelectrochemical system using carbon
pNEAs offers unique properties such as semicircle spectra that fit into simple circuits, high S/N ratio, linearity, and
tailor-made spectra for specific applications by controlling electrode size, spacing, and array size.

KEYWORDS: carbon nanofibers - electrochemical impedance
spectroscopy - nanoelectrode array - ultrasensitive nucleic acid
detection - biosensor - linearity

terface. This change in response is mea-
sured and rendered as detection. Unlike
other electrochemical techniques, EIS has
several advantages such as specificity, sen-
sitivity, rapidity, and low cost, all of which
are important for successful field implemen-
tation. The most commonly used elec-
trodes for biosensing are bare and modi-
fied macro- and microdisk electrodes made
from noble metals. The electrodes are modi-
fied (for example, with nanoparticles®”) to
enhance the sensitivity, which requires ad-
ditional steps and adds to cost and time. Re-
cently, one-dimensional (1D) electrode ma-
terials such as carbon nanotubes (CNTs),®
carbon nanofibers (CNFs),>'° silicon nanow-
ires,”" and diamond nanowires'? were ex-
plored as alternatives to build better
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Figure 1. Fabrication of VACNF chips. SEM images of (a) 3 X 3 array chip, (b) one individual array with VACNF growth, (c)
as-grown randomly grown (RG) VACNFs, (d) as-grown nanopatterned VACNF on 100 nm diameter Ni catalyst spots, (e,f) sur-
face of a polished RG and nanopatterned VACNFs embedded in SiO, matrix; (c,d) 30° perspective views, (a,b,e,f) top views.
The scale bars are (a) 750, (b) 100, (c) 6, (d) 1.5, (e) 3, and (f) 1 pm.

electrochemical sensors. Such nanoscale electrodes ex-
hibit radial diffusion dominant behavior providing
higher sensitivity and low limits of detection using ultr-
asmall volumes, but not many studies have been con-
ducted that provide similar understanding for EIS tech-
niques. A recent review'? underlined the importance of
understanding the effect of scaling down electrode
size for impedance-based biosensing. Here we studied
how the impedance spectra (Nyquist plot) change as (i)
electrode size is reduced to nanometer scale and (ii)
spacing between vertically aligned carbon nanofiber
(VACNF) electrodes is varied. We used three types of
electrodes: standard microdisks (100 wm Pt, 10 um Au,
and 7 pwm glassy carbon electrode, GCE), randomly
grown (RG) VACNFs where spacing between electrodes
is not fixed (Figure 1c,e), and e-beam patterned VACNF
nanoelectrode arrays (pNEAs) where spacing is fixed at
1 wm (Figure 1d,f). VACNFs were grown on a 3 X 3 ar-
ray chips (Figure 1a) using plasma-enhanced chemical
vapor deposition (Figure 1b). In this work, we present
the characteristics of impedance spectra of RG and
pNEA chips that were systematically compared with mi-
crodisk electrodes in terms of spectra shape, linearity,
electrode size, potential, electrode kinetics, and signal/
noise (S/N) ratio.

RESULTS AND DISCUSSION

Electrochemical properties of bare, unmodified
VACNF chips were evaluated through cyclic voltamme-
try (CV) and impedance spectroscopy (EIS). The electro-
chemically etched VACNFs (for more details, refer to
the Methods section) can be approximately treated as
inlaid nanodisk electrodes. From SEM images, the den-
sity of exposed CNFs and the average nearest-neighbor
distance for high-density RG chips is ~2 X 10° elec-
trodes cm~2 and ~125 nm. For low-density and ultra-
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low-density chips, it is ~6.5 X 107 and ~9 X 10° elec-
trodes cm™2, and the nearest-neighbor distance is fixed
at 1 wm by e-beam patterning. The low- and ultra-low-
density pNEAs are etched for 15 and 30 s, respectively.
We observed that, with longer etch time, more carbon
atoms were removed from the fiber tip, resulting in
lower currents and shallower fibers, that is, recessed
from the SiO, surface. The CV from high-density RG
chips (Figure 2a) shows a macroelectrode behavior with
anodic and cathodic peak currents and high charging/
discharging (background) currents. This is expected be-
cause they were grown from a continuous Ni catalyst
film where spacing between exposed VACNFs was not
fixed; consequently, the average interspacing between
them is lower than twice that of the steady-state diffu-
sion layer of an individual nanoelectrode by empirical
estimation (i.e., ~6R,.e =~ 300 nm, where R,,e = ~50 nm
is the average electrode radius). In contrast, pNEAs pre-
pared from e-beam patterned 100 nm diameter Ni cata-
lyst dots provide a well-controlled spacing of 1 pm,
which is much larger than 6R,,.. This ensures that there
is no overlap of the radial diffusion layers from neigh-
boring electrodes and each CNF truly behaves as a
single nanoelectrode showing a sigmoidal CV curve
with the steady-state current dominated by radial diffu-
sion (Figure 2c,e). Such arrays are preferred for ultrasen-
sitive biomolecule detection because of their high S/N
ratio." The question we need to ask is whether pNEAs
can offer similar sensitivity using EIS technique. In this
work, we explored the electrochemical properties of
pNEAs as a first step toward answering this question.
Effect of Electrode Spacing of VACNFs on Impedance Spectra.
Figure 2b,d,f shows the impedance spectra of high-
density RG, low-density pNEAs, and ultra-low-density
pPNEAs at 0 V dc potential vs saturated calomel elec-
trode (SCE), respectively. The spectrum of high-density
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Figure 2. CV and EIS spectra of different types of carbon nanofiber (CNF) chips. (a,c,e) CV and (b,d,f) impedance curves of
high, low, and ultralow density VACNF chips, respectively. A solution of 5 mM K4Fe(CN)e/5 mM K;Fe(CN)g in 0.1 M phosphate
buffer (pH 7.4) (1:1 mixture) was used. CVs were taken at 20 mV/s scan rate. Impedance spectra were taken at 10 mV, 0.1

Hz to 100 kHz, and 0 V dc potential vs SCE.

RG is a monotonically increasing straight line, and this
linear correlation between Z,,, and Zg. corresponds to
diffusion-limited process. The spectra of low-density
pNEAs consist of a large semicircle (charge transfer-
limited) with a very small straight line (diffusion-limited)
in very low frequency range known as Warburg ele-
ment. By reducing the density of CNF electrodes in an
array further (i.e., ultra-low-density pNEAs), the spec-
trum changes to just a semicircle and no Warburg ele-
ment is observed (Figure 2f). This demonstrates that by
choosing the right electrode size, electrode spacing,
and array size, the impedance spectra can be changed
from “straight line” to “semicircle” feature. The main ad-
vantage of semicircle behavior is that it can be de-
scribed through a simple Randles circuit (Figure 3, in-
set). The semicircle obtained through experimental
data perfectly fits the circuit model (Figure 3). Hence
the value of each component of the system (R, Cq, and
Re) can be readily obtained using the model. The semi-
circle spectrum from bare pNEAs is very useful for bio-
sensing applications because one can observe a direct
change in the value of R.; upon binding of probes. This
allows one to perform quantitative studies of probe
lengths and probe concentrations for sensor
development.

We observed that, by applying a more positive dc
potential (+0.3 V), R decreases and a more negative
dc potential (—0.3 V) causes an increase in R when
compared with 0 V dc potential (data not shown). Table
1 lists the fitting parameters for the EIS data of the
three types of VACNF chips. The constant phase ele-
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ment (CPE) decreases due to reduction in active elec-
trode area, and its behavior is close to an ideal capaci-
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Figure 3. Comparison of actual and fitted impedance spec-
trum of a low-density VACNF chip. The experimental data
(open circles) fit perfectly to the fitted curve (solid curve)
based on Randles circuit (inset). A solution of 5 mM
K4Fe(CN)s/5 mM KsFe(CN)g in 0.1 M phosphate buffer (pH
7.4) (1:1 mixture) was used. The spectra were taken at 10 mV,
0.1 Hz to 100 kHz, and 0 V dc potential vs SCE.

TABLE 1. Fitting Parameters for the EIS Data of Three
Types of VACNF Chips

| (A/mm?)
R+ (KQ)
CPE (1P
n

RG CNF NEA (low density) NEA (ultralow density)
71X 10°¢ 1.8 X107 2.5%1077
N/A 1.8 173
906 33 25
0.79 0.89 0.91
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VOL.4 * NO.2 = 955-961 = 2010 ACSNJANIC) | 957



TABLE 2. Effect of Scaling Down Electrode Dimensions on the Characteristic of Impedance Spectra

electrode type and dimension 1(A) 1(A/mm?) characteristic of Impedance Spectra

RG CNF (high density) 28x10°° 40x10°° straight line (Figure 2b)

100 pm Pt 200 X 107° 25%10°° partial semicircle with Warburg element (Figure 5h)
NEA CNF (low density) 75X 107° 1.8 X107 semicircle with a small Warburg element (Figure 2d)
7 wm GCE 77 X 107° 193 X 107¢ semicircle (Figure 5¢)

NEA CNF (ultralow density) 10X 107° 0.25 X 10°¢ semicircle (Figure 2f)

tor as shown by the value of n, where n is the number
of electrons transferred per molecule of the redox
probe. CPE reflects nonhomogeneity of the electrode
surface and is given by A~ (jo) ", where A is capaci-
tance. When n = 1, A becomes equal to Cy (ideal ca-
pacitor).

We observed an increase in R as the number of
CNFs (electrode area) is reduced. From Figure 2d/f, the
R of low and ultralow density is 4.4 and 42 M(), respec-
tively. This increase in the value of R is due to reduc-
tion in exchange current under equilibrium /fy, as shown
in egs 1 and 2.® Now, from eq 2, I, decreases due to re-
duction in effective electrode area (A), assuming k is
constant. The effective area is defined as the number
of fibers times the area of an individual fiber, assuming
the diameter of all the fibers are the same.

_ RT
¢ nFl,

M

lo = nFAKC %)

where R is molar gas constant (8.31447 Jmol ' K™"), T
is temperature (K), n is stoichiometric number of elec-
trons involved in an electrode reaction, F is the Faraday
constant, A is area of electrode, k is electron transfer
rate constant, and C is concentration of the redox
probes. Thus by controlling the electrode area and k
through careful electrode fabrication, one can obtain
desirable values of R as required for biosensing
applications.

Effect of Electrode Size on the Impedance Spectra of Microdisks
Electrodes. We performed similar studies using micro-
disk electrodes. Table 2 summarizes the overall effect
of electrode size on impedance spectra. We observed
that the spectra change from a Warburg-type spectrum
to that of a semicircle as one reduces the size of micro-
disks. Though the electrode materials used are differ-
ent, our study shows that, for 10 wm Au and 7 pm GCE,
the impedance spectra are similar with a semicircle be-
havior (data not shown). Hence, electrodes made of Pt,
Au, and GCE with similar dimensions exhibit similar im-
pedance spectra. Here, the focus is to observe change
in impedance spectra as one reduces the electrode size
irrespective of the material used. In addition, we ob-
served huge noise (scattered data points) at low fre-
quencies from electrodes (=10 pwm diameters) in spite
of careful electrode preparation and well-defined CV
signals. Similar observations have been reported previ-

ously.' In contrast, pNEAs show almost insignificant
noise at low frequencies even at small perturbations
(10 mV) and are well-suited for sensitive impedance
measurements.

Effect of Electrode Size and Spacing of pNEAs on Linearity.
Electrochemical impedance spectra have a meaningful
interpretation only if the electrochemical cell behaves
linearly; that is, impedance is independent of amplitude
of the applied voltage (also called linearity). Typically,
an electrochemical cell can be represented by a circuit
model of a resistance in series with a capacitor. When a
voltage (V) is applied across this circuit, the total volt-
age drop is equal to the sum of the individual voltage
drops across the resistor and the capacitor, thus

V=V + V.= V=IiR—jX)—V=1iz (3
where V is rate of change of voltage, | is rate of change
of current, Z = R — jX,, and X. = 1/wC is capacitive re-
actance.'® It can be seen from this expression that the
only variable impedance depends on the frequency of
the applied voltage. In the impedance spectra (Nyquist
plot), ideally one should not observe any change as the
amplitude of the applied voltage is varied. However,
electrochemical cells are nonlinear, and therefore, such
an ideal behavior is not observed. In order to maintain
linearity of the cell during the measurement process, an
ac signal of very small amplitude is generally applied,
but such small amplitudes give rise to poor S/N ratio
and is not suitable for sensitive measurements. One way
to reduce the noise is to increase the amplitude of the
applied voltage, but this introduces nonlinearity into
the system, which makes it difficult to interpret the
spectrum using simple circuit models. In most studies,
it was shown that impedance data are meaningful only
when ac signal of amplitude =25 mV is applied.'”®
Large amplitudes give rise to higher harmonics''® and
thus cause nonlinearity. For biosensor applications, a
larger microelectrode with very low amplitudes (~10
mV) is typically used.

Previously, we observed high S/N ratio from pNEAs
using voltammetry techniques.' This motivated us to
investigate pNEAs for linearity at large amplitudes. In
this work, we systematically studied the linearity by in-
creasing the amplitude from 10 to 200 mV but with
fixed frequency range (0.1 Hz to 100 kHz). Figure 4a,
curve |, shows the CV, and Figure 4b shows the EIS spec-
tra from one of the arrays at different amplitudes with
0V dc signal vs SCE. The spectrum, in general, is a semi-
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Figure 4. Effect of electrode kinetics of pNEAs on linearity.
(a) CV curves of sss- (blue curve) and fss-pNEAs (red curve).
(b) Impedance curves of sss-pNEAs at different amplitudes
(10, 25, 50, 75, 100, and 200 mV). (c) Impedance curves of fss-
pNEAs at different amplitudes (10, 25, and 50 mV). A solu-
tion of 5 mM K4Fe(CN)s/5 mM KsFe(CN)s in 0.1 M phosphate
buffer (pH 7.4) (1:1 mixture) was used. The spectra were
taken at 0.1 Hz to 100 kHz and 0 V dc potential vs SCE.

circle with a very small (almost negligible) Warburg ele-
ment. All of the spectra for amplitudes 10—100 mV are
perfectly the same, and each of them completely over-
lays. This implies that there is no change in the value of
impedance as the amplitude of the applied signal is in-
creased to 100 mV, thus pNEAs show linearity. We have
repeated the experiments several times under the same
conditions using different arrays on different days and
found the results to be reproducible. We always ob-
served a semicircle spectrum and linearity except for
the variations in the values of the interfacial properties,
which is due to the difference in the density of fibers
from the arrays and fabrication inconsistencies. By in-
creasing the amplitude further to 200 mV, a shift is ob-
served at lower frequencies; hence the system starts to
behave nonlinearly. This makes NEAs a unique system
where, due to the array pattern and nanosize of the
electrodes, a new electrochemical property like linear-
ity was observed even at large amplitudes.

www.acsnano.org

Some of the other interesting observations that are
characteristic of pNEAs include the following: (i) Linear-
ity of the cell is a potential dependent phenomenon
as expected.?® By making dc potential more positive or
negative, linearity is not observed (data not shown). The
system is linear only when 0 V dc potential vs SCE is ap-
plied. (ii) Linearity of the cell is an electrode kinetics de-
pendent phenomenon. Even though all nine arrays in
an NEA chip are identically prepared, we observed two
types of CV curves with same amplitudes of the limiting
current from these arrays (i.e., the number of VACNFs
exposed or the total surface area of the VACNFs are
about the same between the arrays), one where the
steady-state currents are reached slowly, henceforth
called slow steady state pNEAs (sss-pNEAs) (Figure 4a,
curve 1), and others where it reached faster, henceforth
called fast steady state pNEAs (fss-pNEAs) (Figure 4a,
curve ). The origin of this variation in electrode kinet-
ics may be likely due to the difference in resistance be-
tween the arrays in the same chip, arising from the in-
homogeneity in CNF height and array density and
electrode surface preparation. These are issues critical
to large wafer manufacturing to be addressed later. In-
terestingly, by using Fe(CN)s3~/4~, which is sensitive to
surface defects or impurities,?' we were able to under-
stand the importance of electrode surface conditions
necessary to achieve linearity. We found that linearity
is observed only in those arrays where the steady-state
currents are reached slowly (Figure 4b) and not with the
ones where it is reached faster (Figure 4c). Thus, the
electrode history (i.e., fabrication and activation steps)
plays an important role in observing linearity in carbon-
based nanoelectrode arrays. This prompts us to ask
whether linearity can be observed from similar NEAs
made from noble metal electrodes, which exhibits fac-
ile kinetics. In addition, we also observed that the spec-
trum of fss-pNEAs is accompanied by noise at low fre-
quencies for small amplitudes, =25 mV (Figure 4c). This
noise might have been the cause for nonlinearity, which
is currently under investigation. We conclude that sss-
pNEAs with no noise are the most suitable electrode
platform for biosensing applications. (jii) Linearity is not
observed for RG CNFs and microdisk electrodes (Figure
5a—c). Also, Figure 5c shows the huge noise from GCE
as discussed before. We suggest that sss-pNEAs can be
a potential candidate for high amplitude EIS studies like
DNA switching.?? Our lab is currently working on under-
standing how electrode dimensions and kinetics play
an important role in observing linear systems. We be-
lieve there is a tremendous need to study such nano-
electrode systems within theoretical and experimental
framework to facilitate the use of nanomaterials for new
applications.

CONCLUSIONS
As one scales down the electrode dimensions from mi-
crometers to nanometers, impedance spectra change
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Figure 5. Linearity at different types of electrodes. (a) Randomly grown VACNFs, (b) 100 pm Pt, and (c) 7 pm GCE. Imped-
ance curves were taken at different amplitudes (10, 25, 50, and 100 mV). A solution of 5 mM K;Fe(CN)s/5 mM K;Fe(CN)g in
0.1 M phosphate buffer (pH 7.4) (1:1 mixture) was used. The spectra were taken at 0.1 Hz to 100 kHz and 0 V dc potential vs

SCE.

from a straight line to a semicircle. Hence, by controlling
electrode size, electrode spacing, and array size, imped-
ance spectra can be tailored for specific applications.
VACNF pNEAs offer unique advantages such as perfect
semicircle behavior that fits Randles circuit, low noise, and
linearity at larger amplitudes (>25 mV), which has not

METHODS

Fabrication of VACNF Nanoelectrode Arrays. The details of the fabri-
cation of VACNF arrays are discussed in ref 14. Briefly, a 4 in. wa-
fer with 30 sensor chips is fabricated. Each chip contains nine in-
dividually addressable micropad arrays (3 X 3 format, 200 wm
squares) that use electron beam patterned vertically aligned car-
bon nanofibers (VACNFs) as the sensing element. The underly-
ing oxide electrically isolates all nine micropads. All processes are
done on a 4 in. silicon (100) wafer coated with 500 nm thick ther-
mal oxide (Silicon Quest International, Inc., Santa Clara, CA). The
six major steps for the wafer-scale fabrication of e-beam pat-
terned VACNF NEAs are (1) optical lithography patterning and
electron beam metal deposition (200 nm Cr film) of micropads,
contact pads, and electrical interconnects (Figure 1a); (2) nano-
patterning of Ni catalyst dots where a single micropad consists of
~39000 catalyst dots with 100 = 30 nm diameters; (3) dc-
biased PECVD growth of VACNFs with C;H, feedstock (125 sccm)
and NHjs diluent (444 sccm) at 6.3 mbar, 700 °C and 180 W (Fig-
ure 1d); a 5 min thermal annealing at 600 °C was performed be-
fore initiating the plasma with 250 sccm NHs; each CNF was ver-
tically aligned and free-standing on the surface with Ni catalyst
at the tip, and a 15 min deposition yielded, on average, a height
of ~1.5 um, a base diameter of ~100 nm, and a tip diameter of
~80 nm; (4) silicon dioxide deposition for electrical isolation and
mechanical support; (5) chemical mechanical polishing (CMP)
to expose CNF tips (Figure 1f); and (6) a wet etch with 7:1 HF to
expose contact pads. The wafers were diced into individual chips
of ~14 mm squares in size. The details of the different process
steps are discussed elsewhere.'* The scanning electron micro-
scope images were taken using S4160 field emission SEM (Hita-
chi, Japan) operated at an acceleration voltage in the range of
7—10 kV. For RG high-density chips, all of the above steps were
followed except that a 30 nm thick Ni continuous film was used
as a catalyst instead of nanodots on the 200 nm Cr squares.

Electrochemical Characterization Measurements. All EC experiments
were carried out with an Autolab potentiostat (GPSTAT12, Eco-
chemie, Netherlands) in a three-electrode setup using a Pt coil
counter electrode and a saturated calomel electrode (SCE, Accu-
met, New Hampshire, USA) as the reference electrode. The em-
bedded NEAs on individual micropads (Figure 1b) were used as
the working electrode. Only the micropad arrays were exposed
to the solution sealed with a 3 mm i.d. O-ring in a Teflon cell. For
each sensor array chip, the electrical isolation of the pads was
checked using a multimeter. This ensures the integrity of the SiO,

been demonstrated before. The pNEA-based EIS is a bet-
ter and well-suited technique for biosensing applications
and kinetic studies because it offers higher sensitivity and
stability. The ability to use large amplitudes using pNEAs
will open up new applications for this emerging class of

1D carbon nanostructures.

passivation, which is essential for stable sensors. The cyclic volta-
mmograms (CV) were recorded between —0.3 and + 0.8 V vs
SCE with a scan rate of 20 mV/s in a solution of 5 mM K;Fe(CN)y/5
mM K;Fe(CN)s in 0.1 M phosphate buffer (pH 7.4) (1:1 mixture).
Prior to electrochemical characterization, VACNFs were pre-
treated by the combination of soaking in 1.0 M HNOs and etch-
ing in 1.0 M NaOH for several reasons including removal of dam-
ages, if any, to the VACNF tips during various microfabrication
processes, improving electrode kinetics, preserving the nano-
electrode behavior, and introducing —COOH groups for subse-
quent covalent binding of the oligonucleotide probes for biosen-
sor development.'* After pretreatment, the electrode
performance dramatically improved as indicated by the de-
crease of redox peak separation (AE,) to ~100 mV and an ap-
proximately 200% increase in steady-state currents. All commer-
cial electrodes were manually polished using 0.3 and 0.05 pm
Alpha micropolish alumina, respectively (Buehler, Lake Bluff, IL),
and sonicated in distilled water for 2 min before the experiments.
All data were normalized to the geometric area, which is 7.065
mm? for high-density chips based on the 3 mm opening of the
electrochemical cell and 0.04 mm? for low and ultralow density
based on 200 pm square pads. Note: In Figure 2a, the normalized
current for RG chips is only ~2X that of low-density pNEAs, but
the actual current values varied by ~1000X. This discrepancy is
due to a huge difference between the geometric and effective
area of RG and pNEA chips. Therefore, a meaningful comparison
of current densities can be made only between low and ul-
tralow density pNEAs.

Electrochemical Impedance Spectroscopy (EIS) Measurements. EIS mea-
surements were carried out in a mixture of 5 mM K;Fe(CN)s and
5 mM KsFe(CN)g in 0.1 M phosphate buffer (pH 7.4) using a GP-
STAT12 potentiostat/galvanostat equipped with a frequency re-
sponse analyzer module (FRA 4.9.007 version). The impedance
spectra were recorded between 100 kHz and 0.1 Hz at different
ac signal amplitudes (rms value) (10, 25, 50, 70, 100, and 200 mV).
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