Communication

J]OURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Tunneling Ultramicroelectrode: Nanoelectrodes and Nanoparticle

Collisions

Jiyeon Kim, Byung-Kwon Kim, Sung Ki Cho, and Allen J. Bard*

Center for Electrochemistry, Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712, United States

© Supporting Information

ABSTRACT: We describe the fabrication of a nanometer-
size electrode based on an insulating TiO, film and a metal
nanoparticle (NP). The TiO, film is deposited on the
conducting Pt surface of an ultramicroelectrode (UME) to
block electron transfer (ET) to solution species. The film
thickness is, however, thin enough to enable tunneling to
Pt NPs; thus, the subsequent contact of metal NP to the
TiO, film restores the ET to solution species solely on the
NP surface via facile electron tunneling. Consequently, the
composite of UME/metal oxide film/NP offers nm-scale
active area. The TiO, film is electrochemically deposited
on the Pt UME (Pt UME/TiO,), monitoring the cyclic
voltammetry (CV) of ferrocenemethanol until the
oxidation wave just disappears. A single Pt NP is captured
in a collision experiment by observing the current increase
upon contact of the Pt NP with the Pt UME/TiO, by
means of Pt NP-mediated electrochemical reduction of
Fe(CN),*". The resultant Pt UME/TiO,/Pt NP (or
tunneling UME, T-UME) showed long-term stability and
robustness with well-defined electrochemical response,
suggesting applicability as a novel nm-size electrode for
CV and steady-state measurements such as those with
scanning electrochemical microscopy (SECM). Here, we
employed the T-UME to measure SECM approach curves
and showed remarkable approach capability for a nm-size
SECM probe.

he reduction of ultramicroelectrode (UME) dimensions
to the nanometer (nm) scale provides several significant
advantages. First, the small area decreases the electrical double-
layer capacitance, Cy and the shorter time constant, R ,Cy,
enables measurements in the nanosecond (ns) time regime.1
Second, the small dimension allows for electrochemical imaging
adjacent to or even within single biological cells.” Moreover,
faster mass transfer to the electrodes can enhance the signal-to-
noise ratio, so electroanalysis can be performed at low analyte
concentrations.” Because of these advantages, nm-size electro-
des have been quite extensively investigated, especially as tips
for scanning electrochemical microscopy (SECM).*"® How-
ever, their fabrication and maintenance are difficult and often
involve use of a focused ion beam (FIB) or time-consuming
fabrication techniques. Their stability and lifetime can also be
problematic.7 What is required is a simple, low-cost and robust
electrode that can provide the needed high resolution.
Here, we propose that recent work in the study of metal/
insulator/nanoparticle (NP) systems, where the insulator is
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usually a self-assembled monolayer (SAM),*™"* can provide the
basis for a tunneling UME (T-UME) of nm dimension.
Electrodes covered with long-chain SAMs can easily be
prepared, and the layer essentially blocks electron transfer
(ET, i.e., tunneling) to solution species. In the presence of even
a single metal nanoparticle (MNP), more facile ET from the
substrate electrode to the MNP can completely restore ET to
solution species. The basis of this effect is that tunneling from
the metal substrate to a MNP is much more probable than
tunneling to molecules in solution. This is ascribed to a better
overlap between the high density of states (DOS) of the metal
nanostructures as compared to the dilute molecular redox
species in solution; i.e, the higher DOS in MNPs promotes
electron tunneling across the insulating layer.'® Suitable NPs
might include, in addition to metals,*” semiconductor quantum
dots™® and carbon-based nanomaterials, such as grapheme-
oxide."' However, the presence of defects and pores in SAMs,
as well as instability in certain potential ranges,'* makes the
SAMs less useful in electrode construction. In contrast, metal
oxides can offer stable and robust insulating films, and thereby
they have an enormous potential in systems of metal/insulating
film/NP electrodes. We demonstrate below that the formation
of a suitable insulating film requires frequent electrochemical
testing to find the optimal thickness. We formed the film, TiO,,
by electrodeposition."> A schematic of the overall approach is
shown in Figure 1. Considering the generality of Pt UMEs,' %"
we chose to deposit the TiO, film on a Pt UME for the metal/
metal oxide film/NP composite system. In this approach, a sub-
micrometer-size Pt UME was prepared as reported elsewhere'®
by laser pulling and milling with a dual-beam FIB as described
in the Supporting Information (SI). The surface of this well-
defined Pt UME with nm-scale smoothness was covered with a
TiO, film that permits tunneling with essentially defect-free
blockage of the conductive Pt surface. This film was deposited
by anodic hydrolysis in an aqueous 50 mM TiCl; solution at
pH ~2.3 at (open circuit potential (OCP) + 20) mV vs Ag/
AgCl (see SI)."” The deposition was followed by transferring
the electrode to a 1 mM ferrocenemethanol (FcMeOH), 0.2 M
NaCl solution and carrying out an anodic cyclic voltammetry
(CV) scan after each deposition step. Each showed a typical
UME steady-state voltammogram with a well-resolved limiting
current decreasing as the deposition procedure was repeated
and the porosity of the film decreased (Figure 2a).'* This
procedure allows the formation of a TiO, film that just blocks
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Figure 1. Schematics of the fabrication and the characterization of T-
UME by electrodeposition of TiO, on Pt UME, collision with MNP,
removal of UME from the solution, and running CV in new solution
without additional MNPs.
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Figure 2. (a) CVs in 1 mM FcMeOH, 0.2 M NaCl after each TiO,
deposition step. (b,c) SEM images of bare Pt UME milled by FIB (b)
and TiO, deposited Pt UME (c). Scale bars = 500 nm.

To estimate the thickness of this TiO, film, we measured its
capacitance, corrected for that of the compact (Helmholtz) and
diffuse layer by application of Gouy—Chapman—Stern theory
to the Pt UME/TiO,/electrolyte solution (see SI).*°~** As a
result, the estimated thickness of the TiO, film varies between
1.0 and 2.2 nm, using é;o, = 50—110.> Previously, Gritzel et

al. reported that anodically deposited TiO, films with thickness
of 10—1000 nm without heat treatment showed amorphous
structure in X-ray analysis.>* For amorphous TiO, films, the
€ri0, has been reported to be between 20 and 5027 Note

that a thickness of 1—2 nm is reasonable, but because of
uncertainties in the appropriate 1,0, and the other corrections,

these numbers must be considered approximate.

For further characterization of the TiO, film, we studied the
Pt UME/TiO, by scanning electron microscopy (SEM).
Without any discernible protrusion on the Pt surface as
shown in Figure 2b,c, the contrast difference between the Pt
surface and the glass sheath decreased after TiO, film
deposition compared to the bare Pt UME, which could be
ascribed to the insulating property of the TiO, film. To
characterize the Ti oxidation state and the film composition, we
performed X-ray photoelectron spectroscopy (XPS) and
confirmed that the deposited film is largely TiO, (Figure S1).*

The low background current with Pt UME/TiO, makes it
very useful as an electrode for studying collisions of MNPs.
Indeed, as compared to earlier collision studies of Pt NPs,
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where an inner-sphere ET reaction, such as hydrazine
oxidation, was needed for detection, here even an outer-sphere
reaction, e.g, Fe(CN)¢’~ reduction, is useful (Figure 3a).
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Figure 3. Chronoamperometric curve for attachment of Pt NP at the
TiO,-deposited Pt UME in the presence of 10 mM K;Fe(CN)4 and
(a) 300 pM or (b) 120 pM Pt NPs (red curves), respectively. The data
acquisition time was SO ms, and a constant potential of —0.6 V vs Ag/
AgCl was applied. Black curves represent the background current
without Pt NPs. (c) CVs with Pt UME/TiO,/Pt NP in 10 mM
K;Fe(CN)¢ (red curves) and in 5 mM K;Fe(CN)y + S mM
K,Fe(CN)g (blue curves) at 20 mV/s. Black curves represents CV
after detachment of Pt NP by washing in DI water. The initial CV and
the CV after washing are compared in the inset. (d) CV with Pt UME/
TiO,/Pt NP in 1 mM FcMeOH, 0.2 M NaCl at 20 mV/s.

Recording such NP collisions, as suggested in Figure 1, is thus a
good approach to capture and adsorb a single Pt NP on a TiO,
film (Figure 3b). With a 10 mM Fe(CN)¢*>~ solution in the
absence of Pt NPs, a Pt UME/TiO, showed negligible current
(black curve in Figure 3b), implying electrochemically pinhole-
free blockage of the conductive Pt surface; this low level of
background current enables the detection of any small current
change. After injection of Pt NPs of average 52 nm diameter
into the solution at a concentration of 120 pM (or 300 pM with
a higher frequency of NP collisions), a sudden current increase
to a steady-state value is observed, signaling the collision and
sticking of a single Pt NP (red curve in Figure 3b). This current
is attributed to the onset of electron tunneling from the Pt
UME to the Pt NP across the insulating TiO, film, so that the
Pt NP mediates the outer-sphere ET reduction reaction of
Fe(CN)g>™ just as seen with SAM insulating films.'>"> The
shape of the rise of the current to steady state is more rounded
than that noted with MNP collisions on metal electrodes with
an amplifying inner-sphere reaction. This may indicate some
movement of the particle on or slightly into the insulating film
after initial contact. Additionally, the steady-state response is
different from that found in the electrocatalytic-based collisions
with inner-sphere redox reactions, where a slow decay of the
current (attributed to deactivation of the NP surface by
adsorption of blocking impurities) is frequently seen. Inner-
sphere ET reactions are highly susceptible to impurity
adsorption on the NP surface.* Outer-sphere reactions are
less affected by adsorbed layers, such as SAMs with C; chains.

To demonstrate the use of this composite of Pt UME/TiO,/
Pt NP as a T-UME, the entire electrode was removed from the
solution while the steady-state current was still passing, washed
by dipping in deionized (DI) water, and immersed into a fresh
solution of 10 mM Fe(CN)~ or 1 mM FcMeOH. We
observed retraceable typical UME CVs in the new solution,
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indicating the presence of the adsorbed Pt NP on the TiO, film
(red curves in Figure 3c,d). The limiting current in the CV is
consistent with the steady-state current exgected with a
spherical Pt NP on a planar surface (eq 1),*"

= 47(In 2)nFDCr (1)

where iy, is the limiting current with Faraday constant, F,
diffusion coeflicient of redox species, D, at concentration C with
the electron number, 1, in ET reaction, and r is the radius of a
single MNP. Compared to a spherical electrode, the blocking of
the diffusion pathway by the supporting planar surface is
considered with the In 2 term. The calculated Pt NP diameter
from the 250 pA limiting current in 10 mM Fe(CN)¢>~ or 24
pA in 1 mM FcMeOH is 80 nm, almost consistent with the
results of a Pt NP size distribution characterized by NP tracking
analysis (Figure S2).

Moreover, the subsequent addition of 10 mM Fe(CN)4*™ to
a 1:1 ratio of Fe(II):Fe(IIl) shifted the entire CV vertically,
now showing both anodic and cathodic currents (blue curve in
Figure 3c). The well-defined electrochemical behavior clearly
implies no influence of the TiO, film on the Pt NP-mediated
ET reaction.

The final experiments with the T-UME involved its imaging
by SEM (Figure S4) and a control experiment by detaching the
Pt NP. To exclude the possibility that a pinhole or defect in the
TiO, film could be responsible for any current response, the Pt
UME/TiO,/Pt NP was further washed with vigorous shaking
in DI water following the recording of a CV.

As a result, the current in the CV recovered the initial small
background level because of detachment of the Pt NP from the
TiO, film (black curves and inset in Figure 3c). These
experiments strongly reinforce the idea of mediated ET from
the NP on the insulating film and that the T-UME behaves like
a normal nm-size Pt spherical electrode with well-defined
electrochemical behavior, so that it can be employed for steady-
state measurements. The T-UME has also been used for
SECM.

A nm-size tip has been of interest because of its advantages of
high spatial resolution and applicability to carry out studies of
fast kinetics. A challenge with nm-size SECM tips is the ability
to obtain good approach curves (current vs tip—substrate
distance, d) without contacting the substrate with the metal tip
or surrounding insulator. We employed a T-UME with a nm-
size Pt NP to generate SECM approach curves over an
insulating Si/SiO, wafer or a conductive glassy carbon (GC)
substrate. As the probe approaches the insulting substrate,
diffusion of the redox species in solution is hindered by the
presence of insulating substrate; thus, the tip current decreases
with a decrease of d, ie, negative feedback. In contrast, the
conductive substrate can regenerate the solution redox species,
leading to redox cycling, where the tip current increases as d
decreases. SECM approach curves were obtained in 10 mM
Fe(CN)*~ in 70 mM KCl and fitted with theoretical curves for
a spherical tip using the finite element method (Figure 4 and
SI). The feedback of a spherical electrode is smaller than that of
an inlaid disk electrode, as shown in Figure S6, as a conical or
hemispherical electrode shows smaller feedback than the
equivalent size disk.*> From the limiting current in CV (inset
in Figure 4), the diameter of the Pt NPs was calculated as S and
40 nm for the T-UMEs used for the positive and the negative
teedback approach curves, respectively. The experimental
curves fit well with theory, and the corresponding tip diameters
show a remarkable approach capability up to less than 1-2 nm

Lim

8175

)
=

Normalized Current ( 1f1fim)
Normalized Cureent ( 1/ilim)

1 3 4 5 [ 1 1 3 4
Normalized Distance (d/a) Normalized Distance (d/a)

Figure 4. SECM approach curves in 10 mM K;Fe(CN),, 70 mM KCL
(a) Negative feedback approach curves measured over the Si wafer
with Ey, = —0.2 V vs Ag/AgCl at scan rate = 10 nm/s. (b) Positive
feedback approach curves measured over GC wafer with Ey, = —02'V,
Equbstrate = 0.6 V vs Ag/AgCl at scan rate = 10 nm/s. Both experimental
curves (open circles) were fitted with theory (red lines) based on

spherical Pt electrode geometry.

contact distance. Such a close approach might be attributed to
the geometry, where the insulating glass sheath is spaced
behind the bottom of the conductive Pt NP, so that early
contact between the glass and the substrate could be avoided,
even with a large RG (RG = insulating sheath diameter/NP
diameter). However, we cannot exclude the possibility that the
highest current in the positive feedback approach curve
includes the tunneling current between Pt NP and the GC
substrate. In that sense, a more precise piezo positioner will be
required to characterize these nanoprobes more accurately, and
the onset of tunneling will always be a problem with positive
feedback. Overall, the good approach capability of the proposed
Pt NP attached electrode represents a high quality of the nm-
size SECM probe, thereby promising its application to
nanoscale SECM imaging or kinetic studies. Certainly, a stable
nanogap between the probe and the target should be
prerequisite, so that thermal drift control will be necessary
for further work.>*

In summary, we report the fabrication of a nm-size electrode
based on an insulating metal oxide film and Pt NP. This general
approach includes the blocking of the conductive Pt UME
surface with a robust, stable, and electrochemically pinhole-free
TiO, film and the attachment of a Pt NP on it. The deposited
TiO, film is thin enough to allow for electron tunneling upon
contact of a Pt NP to the film, which is readily detectable by the
Pt NP-mediated ET reaction of redox species in the solution.
The resultant T-UME shows the expected nm-size spherical
electrode behavior with a well-defined electrochemical
response. Finally, this electrode was employed to measure
SECM approach curves, adding to demonstrated approach
capability with nm-size tips. The TiO, filmed UME is also
useful for collision experiments, e.g., blocking events, perhaps
to the molecular level. Clearly more experiments are needed to
test the metal/insulator/NP model as well as to determine how
the thickness of TiO, and other insulating layers, the number of
Pt NPs on the surface, the NP concentration in solution, and
the magnitude of the ET rate affect the response.
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Experimental details and COMSOL model report. This
material is available free of charge via the Internet at http://
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