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Abstract: Incorporating the nanoscale properties of carbon nanotubes (CNTs) and their assemblies
into macroscopic materials is at the forefront of scientific innovation. The electrical conductivity,
chemical inertness, and large aspect ratios of these cylindrical structures make them ideal electrode
materials for electrochemical studies. The ability to assemble CNTs into nano-, micro-, and macroscale
materials broadens their field of applications. Here, we report the fabrication of random arrays of CNT
cross-sections and their performance as nanoelectrode ensembles (NEEs). Single ribbons of drawable
CNTs were employed to create the CNT-NEEs that allows easier fabrication of nanoscale electrodes
for general electrochemical applications. Surface analysis of the prepared NEEs using scanning
electron microscopy showed a random distribution of CNTs within the encapsulating polymer.
Electrochemical testing via cyclic voltammetry and scanning electrochemical cell microscopy revealed
voltametric differences from the typical macroelectrode response with the steady-state nature of
NEEs. Finally, when the NEE was employed for Pb?* detection using square-wave anodic stripping
voltammetry, a limit of detection of 0.57 ppb with a linear range of 10-35 ppb was achieved.

Keywords: carbon nanotubes; nanoelectrodes; SECCM; nanoelectrode ensembles and arrays

1. Introduction

Nanoelectrodes have many characteristics that are important for analytical and physi-
ological applications, including a low charging current [1,2], enhanced mass transport [1-8],
and the ability to perform in more resistive media [2,3,9,10]. However, working with an
individual nanoelectrode can be difficult because the small size complicates fabrication,
and the low current response requires more sensitive instrumentation. To overcome the
low current response of an individual nanoelectrode, nanoelectrode arrays (NEAs) or
ensembles (NEEs) have been fabricated [2]. Although the literature makes little distinction
between these terms, NEAs tend to consist of nanoelectrodes with controlled interspacing,
typically equidistant, whereas NEEs have randomly arranged nanoelectrodes [11]. In both
cases, the nanoelectrodes work in parallel, which significantly improves the signal-to-noise
ratio [3,5,8,9].

NEAs and NEEs can be fabricated from various materials such as gold [10,12-19],
platinum [16], TiO, [20,21], ZnO [22,23], CeO, [24], nickel [25], boron-doped diamond [26],
carbon fibers [27,28], SiO, with a Ti/Pt coating [29], and carbon nanotubes (CNTs). NEAs
and NEEs are typically fabricated using one of two methods. The first method is a template
synthesis approach, which involves either electroless or electrical deposition of a metal
into a porous template [10,30]. Common template membranes include anodic aluminum
oxide [16,20] and porous polycarbonate [10,12,13,17-19,21,25]. The second method uses
self-assembled monolayers to fabricate NEAs and NEEs [30].

NEAs and NEEs have been applied as biosensors [16,22,24,27], dopamine
sensors [14,15,23,26], immunosensors [12,13,19], and glucose sensors [17,31], as well as for
intercellular electrophysiological imaging [29,32]. A crucial factor in the increased sensi-
tivity of NEAs and NEEs as sensors is analyte diffusion to the electrode surface. Because
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the sensing areas of NEAs and NEEs are on the nanoscale, the diffusion layer thickness
is comparable to that of the electric double layer, which leads to an increase in the mass
transport of molecules to the electrode surface [33]. In cyclic voltammetry (CV) tests with
NEAs or NEEs, a redox-active analyte either rapidly establishes a steady-state diffusion
profile or exhibits a time-dependent diffusion-limited response. When the spacing between
the nanoelectrodes within an array is 12.5 times greater than the nanoelectrode radius,
the diffusion profiles of the nanoelectrodes do not overlap. The resulting convergent flux
of dissolved redox species leads to a sigmoidal voltammogram, indicating a steady-state
response [33]. When the spacing between the nanoelectrodes is less than 10 times the
nanoelectrode radius, the radial diffusion to neighboring nanoelectrodes overlaps, leading
to a diffusion-controlled CV response for reversible redox analytes. Even with such overlap,
NEAs and NEEs can provide greater sensitivity than macroelectrodes [33]. Because an
NEE has a smaller electroactive area than a planar electrode, the charging current is lower,
which is an important factor for achieving enhanced faradaic signals [3,4,8].

As cylindrical macromolecules with nanoscale diameters, CNTs are an ideal material
for fabricating NEAs and NEEs, where dimensions of 1-100 nm are required [2]. NEAs and
NEEs typically employ vertically aligned CNTs (VA-CNTs) that are grown through chemical
vapor deposition (CVD). CNTs have been reported to exhibit excellent performance as
electrodes due to their wide working potential range [5,6,34], chemical inertness [5,9,35],
good electrical conductivity [3,5,9,35-37], high surface area [9], functionalization ability [5],
electrocatalytic properties [8,9,38], and biocompatibility [6,9,34,37]. CNTs also show fast
electron transfer characteristics [6,8,9]. Electron transfer by CNTs has been studied at both
their open ends and sidewalls, with faster electron transfer observed at the open ends [5,34].
During growth, VA-CNTs can be encased in a passivation layer (e.g., silicon dioxide or
epoxy) to cover the sidewalls and restrict chemistry to the open ends. As the density of
CNTs within an array can be controlled during the synthesis process, it is possible to achieve
a wide range of CNT-NEAs that exhibit different electrochemical responses, with high-
density arrays behaving as macroelectrodes, and low-density arrays showing steady-state
responses. However, current fabrication methods for CNT-NEAs, especially low-density
CNT-NEAs, require catalyst patterning techniques and instrumentation that are expensive
and not readily available. There are also difficulties associated with encapsulating CNT
arrays in a passivation layer [28]. Despite these fabrication difficulties, VA-CNT arrays have
been used to create NEAs and NEEs for glucose biosensors [8], heavy metal detection [4,5],
dopamine detection [6,37], and DNA /RNA sensors [34,39-43]. The use of drawable (also
called spinnable) CNTs provides a simpler bottom-up assembly method that can be used to
fabricate nano-, micro-, or macroelectrodes [37,44]. Lin et al. employed spinnable CNTs to
fabricate band electrodes, which are macro-sized in length but sub-micron sized in width,
allowing for high mass transfer coefficients and response currents [37]. Our team has
fabricated microelectrodes of different diameters below 100 micron from spinnable CNTs
that have shown excellent performance when employed as sensors [44].

There are many advantages of using NEAs and NEEs in research. Their low charging
current, enhanced mass transport, and ability to be used in resistive mediums has attracted
many electrochemical sensor developers. Most CNT-NEAs and NEEs fabrication methods
reported have employed expensive fabrication methods to synthesize well-spaced CNTs
and encapsulate them with a passivation layer that also has drawbacks. This work reports a
simpler method for fabricating CNT-NEEs that employs drawable or spinnable multiwalled
CNTs. Rather than controlling the catalyst amount and position when growing the CNTs,
aligned CNTs were easily drawn out into a CNT film/ribbon, and a passivation polymer
layer of hydrogenated nitrile butadiene rubber (HNBR) was employed to separate each
CNT layer. The electrochemistry of these CNT-NEEs was investigated using CV and
scanning electrochemical cell microscopy (SECCM) to demonstrate their steady-state nature.
Finally, the CNT-NEEs were employed to detect toxic Pb?* in acetate buffer.
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2. Materials and Methods
2.1. Chemicals and Instrumentation

Drawable CNT arrays were synthesized using CVD with ethylene from Wright Broth-
ers (Cincinnati, OH, USA) as the carbon source and argon as the carrier gas. Physical-vapor-
deposited Fe/Co was employed as the catalyst from GoodFellow Corporation (Coraopolis,
PA, USA). The synthesis details have been reported by our team elsewhere [45,46]. Zetpol
1020 HNBR from Zeon Chemicals L.P. (Louisville, KY, USA) was used in the fabrication of
CNT-NEEs. The CNT-NEEs were cleaned using a Plasma Prep III solid-state air plasma
cleaner from SPI Supplies (West Chester, PA, USA). The CNT-NEEs were assembled using
quick dry epoxy resin (J-B Weld), fast dry silver paint (Ted Pella, Redding, CA, USA),
and a copper wire. Electrochemical measurements used hexamineruthenium(III) chloride
(Ru(NH3)6Cls or Ruhex, 98%) from Acros Organics (Waltham, MA, USA) and potassium
chloride (KCI, 99%) from Sigma-Aldrich (St. Louis, MO, USA) prepared in Milli-Q ultra-
pure water (18.2 MQ) cm). Lead detection was performed using sodium acetate trihydrate
(BioXtra, >99.0%) from Sigma-Aldrich, glacial acetic acid (Pharmco, Shelbyville, KY, USA),
and a lead standard for ICP (Sigma-Aldrich), which were prepared in Milli-Q ultrapure
water (18.2 MQ) cm). Optical microscope images of the electrodes were obtained using a
Keyence digital microscope (Osaka, Japan). Electrochemical testing was performed using
a CH Instruments electrochemical workstation (CHI760E) (Austin, TX, USA) and a BASi
Epsilon EClipse potentiostat/galvanostat (West Lafayette, IN, USA). Scanning electron
micrographs were obtained on a Philips FEI XL30 ESEM (North Billerica, MA, USA).

2.2. CNT-NEE Fabrication

CNT-NEEs were fabricated by alternating layers of HNBR with ribbons of spinnable
CNTs, as shown in Figure 1. The spinnable or drawable CNTs were grown in a vertically
aligned forest, typically with heights of ~450 um [45,47], and then drawn into ribbon-like
films (Figure 1b). The CNT films were relatively dense (Figure 2a) but contained separated
CNTs and bundles (Figure 2b). HNBR was chosen as the encapsulating polymer due to its
strong interaction with CNTs, as previously reported by Alvarez et al. [48]. Initially, a layer
of HNBR dissolved in acetone was sprayed on the Teflon belt, which moved continuously
on a motorized drum. The bottom side of the Teflon belt was positioned 10 mm away from
a hot plate, allowing acetone to evaporate and HNBR to dry before collecting the CNT
film. The spinnable CNTs were pulled out as a thin film onto the HNBR layer, and more
HNBR was then sprayed over the CNT film, encapsulating the CNTs. To build up multiple
layers (hundreds), the HNBR layer was allowed to dry before adding another layer of
CNTs. The layers on the belt were cut and stacked to create a bulk material of aligned
CNTs within HNBR, which was then cured under heat (160 °C) and pressure (4000 PSI).
Using a cryomicrotome, the HNBR-encapsulated CNTs were sectioned orthogonal to the
direction of the CNTs with ~100 pm thickness, in a similar manner to our prior work [44].
The resulting CNT-NEE had exposed open ends that were employed as nanoelectrodes.
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Figure 1. Illustration of the CNT-NEE fabrication process. (a) Ribbon-like CNTs drawn by a moving belt onto a Teflon
substrate, where liquid HNBR is sprayed onto the CNT ribbon. (b) Photograph of the ribbon-like CNTs employed for
CNT-NEE fabrication.

Figure 2. SEM images of drawable CNTs assembled into ribbon-like porous structures at magnifica-
tions of (a) 650x and (b) 20k x.

(8) CNT-NEE Cross-Sectional View (b)  CNT-NEE Top View
Epoxy
/ Epoxy
-~ CHI-NEE

\
\ Silver Paint

Metal Wire Connection

Metal Wire

Figure 3. Illustration of the CNT-NEE assembly. (a) Cross-sectional view of the fabricated CNT-NEE. (b) Top view of the
CNT-NEE with a higher magnification illustration of the layering of CNTs and HNBR.

An electrical connection to the CNT-NEE was established by attaching a copper wire
to the backside of the CNT-HNBR material using fast drying silver paint. Subsequently,
an epoxy resin was placed over the copper wire and silver paint and around the edges
of the CNT-HNBR material, which, after drying, acted as a dielectric protection layer.
An illustration of the CNT-NEE assembly is shown in Figure 3a, and Figure 3b illustrates
the nature of the nanoelectrodes at higher magnification.

2.3. SECCM Measurements

Nanopipettes were fabricated from single-barreled quartz capillaries (1 mm OD, 0.7 mm
ID, Q100-70-10, Sutter Instrument (Novato, CA, USA), using a P2000 laser puller (Sutter
Instrument, Novato, CA, USA). Electrochemical characterization was performed by filling
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the nanopipettes with 0.1 M KCl solution and measuring the resistance at the nanopipette
opening using CV. Based on the measured resistance, the average nanopipette diameter
was determined to be ~240 nm. Subsequently, the nanopipette was filled with 5 mM
Ruhex in 50 mM KClI solution, which formed a nanodroplet-sized meniscus at the tip.
To create an electrical connection, an Ag wire (99.9%) was polished and bleached to create
Ag/AgCl and then inserted into the filled nanopipette. The nanopipette was attached to a
piezoelectric positioner (P621-ZCD, Physik Instrumente, Auburn, MA, USA). The prepared
CNT-NEE sample was mounted on an xy piezoelectric positioner (MCLS03792, Mad
City Labs, Madison, WI, USA). The nanopipette was positioned over the CNT sample
with the aid of stepper motors (MPC-200, Sutter Instrument, Novato, CA, USA) and
an optical camera. Cyclic voltammograms were obtained using Chem-Clamp (CHEM
N =1, Dagan Corporation, Minneapolis, MN, USA) coupled with Warwick Electrochemical
Scanning Probe Microscopy Software. The experiments were carried out in a home-built
Faraday cage.

3. Results and Discussion
3.1. CNT-NEE Surface Analysis

Figure 4 shows scanning electron microscopy (SEM) images of the CNT-NEE cross
section after cryomicrotoming, where the brighter spots in Figure 4a correspond to the CNT
open ends. The SEM images reveal that HNBR completely encapsulated the CNTs, leaving
no void spaces between the polymer and the CNTs. The CNT-NEE sample in Figure 4b
was treated for 60 s using an air plasma cleaner, which etched the polymer layer, thus
cleaning the surface and exposing more CNTs. A visual comparison of the SEM images in
Figure 4a,b shows that the plasma-cleaned CNT-NEE contained more CNTs, but greater
lengths of the CNTs were exposed. To limit the CNT sidewalls exposed, the plasma
cleaning time was decreased to 15 s for the CN'T-NEE electrodes employed in this work.
Although this fabrication method does not allow the precise positioning of CNTs and
bundles, the spacing among the nanoelectrodes should be statistically similar because it
is related to the CNT density in the drawn ribbon. As shown by the high-magnification
SEM image in Figure 2b, the ribbon-like CNTs were extremely porous. Although the
CNTs form small bundles of multiple CNTs, no bundle should be larger than 50 nm in one
direction, as determined by the previously nature of the drawable CNTs. This thickness
of the individual film was reported by our team elsewhere [49]. The observed porosity of
the CNT film is important for the fabrication of CNT-NEEs, because it provides separation
between random nanoscale bundles and individual tubes.

Figure 4. SEM images of the CNT-NEE: (a) untreated thin film after microtoming and (b) film after plasma treatment for
60 s at 1000 x magnification.

Using high-magnification SEM images and Image] software, the approximate percent-
age areas occupied by CNTs and HNBR within the CNT-NEE were estimated (Supplemen-
tary Materials Figure S1; for details, please see the supporting information). The CNT-NEE
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(a)

was found to contain approximately 22.16% CNTs. Although this approach may only
provide an estimate of the maximum area, it can act as a guide for future comparisons
with electroactive areas determined using electrochemical methods. The obtained areal
coverage may also be affected by the employed method, as SEM images are subject to
distortion due to the brightness of CNTs and lack resolution for accurate assessments.

3.2. CV Characterization of CNT-NEEs

Using optical microscope images and Image] software, the geometrical surface area
of the CNT-NEE was determined. Figure 5a shows the CNT-NEE surface, where the area
outlined in red corresponds to the geometrical area of the CNT-NEE (Table 1) and the shiny
region outside the red line corresponds to the dielectric epoxy that covered the edges to
prevent electrolyte leaching into the metal connection sites. It is important to note that
the area exposed to solution (named as the geometrical area) varied between CNT-NEE
samples, as shown in Figure S2 and Table 1. The CNT-NEEs were initially tested using
CV in the potential window of +0.2 V to —0.45 V at a scan rate of 0.01 V/s. A solution of
50 mM KClI was used as a blank to ensure the electrical connection was sufficient and that
no contamination peaks were present.

~~~
O
N

Current Density (nA/cm?)

400

200 -

Glassy Carbon

——CNT-NEE 1

——CNT-NEE 2

——CNT-NEE 3

-200 T T T
0.2 0.0 -0.2 -0.4

Potential (V)

Figure 5. CNT-NEE characterization. (a) Optical microscope image of the electrode face at 150 x magnification. The exposed
area of the CNT-NEE is outlined in red. (b) Cyclic voltammograms of the GC electrode (black) and CNT-NEE 1 (red),
CNT-NEE 2 (blue), and CNT-NEE 3 (pink) in 2.5 mM Ruhex and 25 mM KCl at a scan rate of 0.01 V/s normalized by the
active area of each electrode.

Table 1. Characteristics of CNT-NEEs and the glassy carbon electrode.

Cathodic Peak Anodic Peak Active Area Geometrical

Current (nA) Current (uA) (cm?) from ipc Area (cm?)
CNT-NEE 1 1.59 —1.42 0.0101 0.0084
CNT-NEE 2 1.62 —1.41 0.0051 0.0120
CNT-NEE 3 1.70 —1.41 0.0062 0.0082
Glassy Carbon 14.9 -129 0.1493 0.0706

Using a solution of 2.5 mM Ruhex in 25 mM KCl, the redox activities of the electrodes
were investigated. The CV results for three CNT-NEEs (CNT-NEE 1, CNT-NEE 2, and CNT-
NEE 3) and a traditional glassy carbon (GC) electrode are shown in Figure 5b. Owing
to the differences in electrode areas, comparisons were made using the current densities,
as determined by dividing the current response of each electrode by the corresponding
active area (Table 1). The active areas of the electrodes were determined by capacitance
measurements, as follows. In a solution of 0.1 M acetate buffer (pH 4.5), the CV response
was recorded in the potential window of +0.2 V to +0.1 V at a scan rate of 0.2 V/s. From
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the CV response, the charging current was determined, which was then used to calculate
the active area. First, the double layer capacitance was calculated using Equation (1).

ic =vCy 1)

where i. is the charging current (A), v is the scan rate (V/s), and Cy; is the double layer
capacitance (F). Subsequently, C; was employed to determine the active area of each
electrode using Equation (2).

Cdl = Soeyg (2)
where g is the permittivity of free space (8.854 x 10712 F/m), ¢, is the dielectric permittivity
of the solution (6.15), A is the active area of the electrode (m?), and d is the diffusion
layer thickness (m). As summarized in Table 1, the active areas of the CNT-NEEs were
smaller than the geometrical areas, indicating that only a small percentage of the CNT-NEE
geometrical area was occupied by CNTs while the remainder was occupied by HNBR. This
finding is consistent with the SEM images and the estimation of the area occupied by CNTs
(Figure S1).

A comparison of the normalized current responses revealed higher current densities
for the CN'T-NEEs than for the GC electrode. Thus, although the electrodes in the CNT-
NEE were smaller than the traditional GC electrode, they showed larger current densities.
To compare the charging currents of the GC electrode and the CNT-NEEs, a similar ap-
proach was used to convert the current response in a blank solution of 50 mM KCl to current
density (Figure S3). The electrodes in the CNT-NEEs displayed a lower charging current
than the GC electrode, which is promising in terms of the sensitivity of the CNT-NEEs
for electrochemical applications, as demonstrated by the low signal-to-noise ratio for the
detection of Pb?* (see below).

The cyclic voltammogram of each CNT-NEE showed diffusion-controlled reduction
and oxidation peaks for Ru(NHj3)s3*/?* instead of a steady-state response, indicating
that the electrodes in the CNT-NEE behaved as a macroelectrode. This macroelectrode
response indicates that the CNTs within the CNT-NEE acted as a bulk material rather than
as an NEA. It was hypothesized that for NEEs with bundles of CNTs as the sensing area,
the CNT bundles would fall within the microelectrode range and thus exhibit a steady-
state current response if each bundle experienced a radially convergent flux. The high
density of CNTs and random distribution of CNTs with in the CNT-NEE material means
the distance between the various sensing areas may not be significantly larger (12 times
the radius) than the diffusion layer thickness resulting in the radial diffusion to all the
CNTs to overlap, leading to planar diffusion to the electrode. These overlapping diffusion
layers were also observed by Lin et al. and Koehne et al. [6,40] for CNT-NEAs with a
high density of CNTs; however, the fabrication process for these CNT-NEAs requires
encapsulating VA-CNT arrays. The CNT-NEEs in this work used a simpler fabrication
process, which also created a large amount of bulk material, allowing for many electrodes
to be fabricated. The CNT-NEEs reported here were fabricated using drawable CNTs
with an average diameter of 8 nm, and the extremely porous CNT ribbon (Figure 2b) was
expected to have large spacings within the constituent CNT bundles. As the CNT-NEEs
exhibited macroelectrode CV responses, it was concluded that the spacing between the
nanoelectrodes was not much greater than the diffusion layer thickness. The diffusion
layer thickness was estimated from the CV response using Equation (3).

[ADRT
=V "R ®)

where ¢ is the diffusion layer thickness, D is the diffusion coefficient (8.2 x 107 cm?/s),
R is the gas constant (8.31 ] /mol-K), T is the temperature (298 K), F is the Faraday constant,
and v is the scan rate (0.01 V/s). The estimated diffusion layer thickness of = 81.3 um was
significantly larger than the estimated distance of tens of nanometers between the CNT
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nanoelectrodes within the CNT-NEE. This finding again indicates that the diffusion layers
of the individual sensing areas overlapped, resulting in a planar diffusion response at the
electrodes in the CNT-NEE.

The peak-to-peak separations (AEp) calculated for the three CNT-NEE samples (107 mV,
124 mV, and 115 mV) were much greater than the reversible peak separation of 59 mV
based on the Nernst equation. A similar quasi-reversible electrochemical reaction on CNT
electrodes was reported by Koehne et al. [40]. The quasi-reversible nature of the CNT-NEEs
was further supported by the observation that the cathodic peak currents were higher than
the anodic peak currents at various scan rates (Figure 6a) [40,41,43]. Both peak currents
were plotted against the square root of the scan rate w72 (Figure 6b) and against the
scan rate (Figure S4). Linear relationships were observed for the cathodic and anodic peak
currents with v1/2, as represented by Equations (4) and (5), respectively, indicating that the
electron transfer process was diffusion controlled.

ipe (A) = (12,05 +0.12)v7 (V/s) + (0.63 + 0.04) 4)
R? = 0.999
ipa (MA) = (=7.91+0.31)v? (V/s) — (0.76 + 0.05) (5)
R? =0.987
(a) (b)
6. 0.2 Vs "
= — 34
] <
= -
e S 0
= £
o o
.34
[ J
0.2 0.0 0.2 0.4 0.00 0.15 0.30 0.45
Potential (V) v (VIs)

Figure 6. Scan rate study of the CNT-NEE. (a) Cyclic voltammograms collected at scan rates of 0.001, 0.005, 0.01, 0.02, 0.05,
0.08, 0.1, 0.125, 0.15, and 0.2 V/s in 2.5 mM Ruhex and 25 mM KCl. (b) ip VS. vl/2 plots (black squares: iy; red circles: iy,)

for the CNT-NEE (n = 3).

However, because of the quasi-reversible nature of the CNT-NEE, the anodic peak
currents were lower than the cathodic peak currents, and the linearity of the relationship
was decreased, likely by the adsorption of reduced analyte species. The diffusion of
reduced electroactive species from the electrode surface during reduction can result in the
presence of a lower concentration of product during oxidation [50].

Owing to the proximity of the CNTs in the NEE, the diffusion layers overlapped, re-
sulting in planar diffusion and a bulk electrode response. However, the CNT-NEE is made
up of many nanoscale CNTs, which should individually behave as nanoelectrodes. To in-
vestigate the possibility of a steady-state response for the CNT-NEEs, CV characterization
was conducted using the SECCM technique.

3.3. SECCM Analysis of CNT-NEEs

The SECCM analysis used a CNT-NEE as the working electrode and a quasi-reference
counter electrode (QRCE) consisting of a glass capillary with an approximately 200 nm tip
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containing an Ag/AgCl wire in a solution of 2.5 mM Ruhex and 25 mM KCl. A droplet
of the redox solution protruding from the tip of the glass capillary formed a meniscus,
which was brought into contact with the CNT-NEE (Figure 7a). Establishment of this
connection between the working electrode and QRCE induced the reduction of Ruhex,
and the corresponding CV response was collected (Figure 7b). Because the CNT-NEE was
fabricated from alternating layers of CNTs and HNBR, the CV response as the SECCM
probe was moved across the substrate, indicating whether the analyzed section contained
CNTs or only the polymer. As only a small area (~200 nm) of the CNT-NEE was in contact
with the meniscus, a steady-state current response was observed (Figure 7b). The main
information extracted from SECCM was the homogenous nature of the CNT nanoelectrodes
on the surface. By moving across the electrode active area, we were able to evaluate the
similarity of the CNT nanoelectrodes distribution in the CNT-NEE. Unless the meniscus
was moved to the protecting epoxy surface, the current responses determined by SECCM
were quite similar.

(b)
04
g_ -50 -
— SECCM -
micropipette g
= -1001
S
(&)
150
CNT-NEE -0.45 -0.30 -0.15 0.00

Potential (V)

Figure 7. SECCM characterization of the CNT-NEE. (a) Illustration of the SECCM contact area, where the CNT-NEE is the
working electrode and an Ag/AgCl wire inserted in the micropipette is the QRCE. (b) Sigmoidal voltammogram collected

using SECCM.

3.4. Lead Detection in Acetate Buffer

The CNT-NEE was applied to the detection of Pb?* in 0.1 M acetate buffer (pH 4.5,
40 mL) using square-wave anodic stripping voltammetry (SWASV). The deposition po-
tential (Egqep) was —2.0'V, and the deposition time (fgep) was 300 s. After the deposition
of Pb?* on the CNT-NEE, it was stripped off in the potential window of —2.0 V to +0.3 V
with a potential step (Estep) of 0.010 V, an amplitude of 0.05V, and a frequency of 30 Hz.
The SWASYV response of the CNT-NEE increased as the concentration of Pb?* in acetate
buffer (pH 4.5) increased, as shown in Figure 8a, and a linear range of 10-35 ppb Pb** was
observed. A calibration curve was constructed by plotting the peak height against Pb2*
concentration (Figure 8b).

i,(LA) = (0.065 + 0.001)C(ppb) — (0.555 + 0.017) ©6)

R? = 0.999



Appl. Sci. 2021, 11, 8399

10 of 13

—~~
(V)
N

Current (uA)

2.1

0.0 T

——Blank (
—— 10 ppb

—— 15 ppb
——— 20 ppb
— 25 ppb
—30 ppb
—— 35 ppb

O
N

g
=)
!

-
]
1

Peak Height (uA)

e
=)
L

-1.0

-0'.5 0.0 10 15 20 25 30 35
Potential (V) Concentration (ppb)

Figure 8. Lead detection using the CNT-NEE. (a) SWASYV response in 0.1 M acetate buffer (pH 4.5) with varying concentra-
tions Pb2* (0, 10, 15, 20, 25, 30, and 35 ppb). (b) Calibration curve for Pb2+ detection (n = 3).

The limit of detection (LOD) was determined to be 0.57 ppb, using LOD = 35,/b,
where S, is the standard deviation of the blank solution, and b is the slope of the calibration
curve. The relative standard deviation (RSD) for the reproducibility of the CNT-NEE
electrodes was 18.3%, while the RSD for repeatability was 14.7%, (see the SI for more
information). Controlled potential electrolysis (CPE) was performed as a cleaning method
between runs for 120 s at +0.1 V, which has shown to be effective to achieve good re-
producibility and repeatability. Previously, Tu et al. reported the detection of Pb?* in
0.1 M NaNOj at concentrations as low as 2 ppb Pb?* using a CNT-NEA modified with a
mercury film [4]. Liu et al. used a CNT-NEA coated with a bismuth film to detect heavy
metals in 0.1 M acetate buffer (pH 4.5), and an LOD of 40 ppt was achieved for both lead
and cadmium [5]. Both mercury and bismuth are known to aid in the detection of lead
in solution. In contrast, the CNT-NEE reported here is capable of detecting the World
Health Organization maximum contamination level of 10 ppb Pb?* without using any
additional metals.

4. Conclusions

This work demonstrated a simple CNT-NEE fabrication method using drawable
CNTs, which limited the nanoelectrode dimensions in at least one direction to a maximum
of 50 nm. SEM imaging clearly revealed the random distribution, spacing, and density
of the CNT nanoelectrodes. Although the CNT nanoelectrodes were visibly isolated
from each other, the CNT-NEE displayed macroelectrode performance for traditional
CV measurements using Ru(NH3)>*/%*, which was attributed to overlapping diffusion
profiles. However, electrochemical characterization of the CNT-NEE using SECCM revealed
true nanoelectrode performance. The observed sigmoidal voltammograms were indicative
of a steady state at the interface due to the reduced electrode area in contact with the
electroactive solution. Furthermore, the CNT-NEE achieved an LOD of 0.57 ppb for the
detection of toxic Pb?* in acetate buffer, thus demonstrating the potential applicability of
the CNT-NEE as an electrochemical sensor.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/app11188399/s1, Figure S1: SEM image at 10,000 x used to determine percentage of CNTs
versus HNBR with in the CNT-NEEs. Red outline around image show total area used, while smaller
read lines shows approximate areas where CNTs are exposed. Figure S2: Light microscope image
at 100x of the CNT-NEE used to determine the total area of CNTs and HNBR exposed to solution.
The red line defines the area. Figure S3: Current density for Glassy carbon, CNT-NEE 1, CNT-NEE 2,
and CNT-NEE 3 in 50 mM KCl at 0.01 V/s. Figure S4: Scan rate versus peak current for CNT-NEE.
Figure S5: Water window on CNT-NEE in 50 mM KCI. Figure S6: (a) Current vs potential for Glassy
carbon, CNT-NEE 1, CNT-NEE 2, and CNT-NEE 3 (b) current density for Glassy carbon, CNT-NEEI1,
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CNT-NEE 2, and CNT-NEE 3 normalized using geometrical areas. Figure S7: (a) Peak heights for
10 ppb Pb?* determined from one electrode over multiple runs blue line indicates peak height for
15 ppb Pb?* while red line indicates the baseline from SWASV. (b) Peak heights compared for different
CNT-NEE electrodes blue line indicated the peak height for 15 ppb Pb?* and the red line indicated
the baseline from SWASV.
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