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ABSTRACT: Scanning electrochemical microscopy (SECM) is a
powerful tool for mapping surface reactivity. Electrochemical
mapping of electrocatalytic processes at the nanoscale is, how-
ever, challenging because the surface of a nanoelectrode tip is
easily fouled by impurities and/or deactivated by products and in-
termediates of inner-sphere surface reactions. To overcome this
difficulty, we introduce a new type of SECM nanotips based on bi-
molecular electron transfer between the dissolved electroactive
species and a redox mediator attached to the surface of a carbon
nanoelectrode. Tris(2,2'-bipyridine)ruthenium complex, Ru(bpy)s,
that undergoes reversible oxidation/reduction reactions at both
positive and negative potentials was used to prepare the SECM
nanoprobes for mapping a wide range of electrocatalytic pro-
cesses through oxidation of H,, reduction of O, and both oxidation
and reduction of H,0; at the tip. In addition to high-resolution
reactivity mapping and localized kinetic measurements, chemi-
cally modified nanoelectrodes can serve as nanosensors for a
number of important analytes such as reactive oxygen and nitro-
gen species and neurotransmitters.

Significant recent advances in nanoscale electrochemical map-
ping of heterogeneous surface reactivity have been made by using
nanometer-sized metal electrodes as scanning electrochemical
microscopy (SECM) tips.1® Metal nanoelectrodes are most suita-
ble for measuring currents produced by outer-sphere electron
transfer (ET) reactions that have often been the subject of earlier
SECM studies.”® By contrast, electrocatalytic, electrosynthetic,
and bioelectrochemical systems typically involve inner-sphere
processes that can be probed in the substrate generation/tip col-
lection (SG/TC) mode of SECM, in which the tip collects the redox
species generated at the substrate surface.?*> Unlike outer-
sphere ET processes, reactants, products, and intermediates of
heterogeneous inner-sphere reactions (oxygen, reactive oxy-
gen/nitrogen species, catecholamines) typically passivate the
nanoelectrode surface. Inner-sphere reactions are also sensitive
to adsorbed impurities that block active atoms needed to carry
out such a reaction.>! The smaller the tip electrode, the stronger
the effects of its surface deactivation or contamination, and the
harder to measure signals produced by electrocatalytic processes.

Herein we introduce chemically modified nanoelectrodes for
mediated oxidation/reduction of electroactive species that deac-
tivate the surface of bare metal nanotips. A reversible redox me-
diator is attached to the surface of a carbon nanoelectrode (CNE)
produced by chemical vapor deposition of carbon into a quartz ca-

pillary.1213 Although chemically modified nanosensors have pre-
viously been fabricated,'*1” nanoelectrodes and SECM nanotips
based on mediated ET have not yet been reported.

We previously used Pt nanotips for mapping of MoS; ° and
MXenes?®® activity toward the hydrogen evolution reaction (HER).
In those experiments, ferrocenemethanol (Fc) mediator was
added to the solution to image surface topography and locate a
microscopic domain of interest for reactivity mapping. Surpris-
ingly, HER mapping could not be done without Fc mediator be-
cause the tip current (ir) produced by hydrogen oxidation reaction
(HOR) at the tip decreased precipitously with time, precluding
substrate surface imaging. In Fig. S1, a nanotip with the radius, a
= 50 nm was positioned at a micrometer distance from the mac-
roscopic Pt substrate generating H, in 10 mM HCIQ4 solution. The
it decreased rapidly with no Fc present (red curve in Fig. S1), but
no similar decay was observed after adding Fc to the solution
(black curve). The essentially time-independent it = 60 pA could
not be due to Fc oxidation at the tip surface that could only pro-
duce <10 pA diffusion-limited current. Moreover, the black curve
in Fig. S1 was obtained with a carbon (rather than Pt) tip at whose
surface the direct oxidation of hydrogen is immeasurably slow at
the applied potential value (0 V vs. Hg/Hg,SO, reference). This
data suggests that the tip current measured in the presence of Fc
is produced by the mediated H, oxidation:

Fc—e =Fc* (nanotip) (1)
H, + 2Fc* = 2H* + 2Fc (tip/substrate gap) (2)

Unlike the inner-sphere, surface-dependent HOR at a Pt tip, the
oxidation of Fc (reaction 1) is a rapid outer-sphere ET process’
whose rate is less sensitive to the surface contamination and pas-
sivation.>!! Reaction 2 is fast because of the sufficiently positive
standard potential of Fc*/Fc couple (~0.15 V vs. Ag/AgCl).

To avoid possible interference of dissolved mediator species with
the system under study, we immobilized electroactive moieties on
the nanotip surface. Although ferrocene moieties can be attached
to a CNE surface and used to mediate ET reactions (Fig. S2), be-
cause of space limitations our discussion will focus on Ru(bpy)s-
modified carbon nanoelectrodes that showed the best electro-
chemical responses. Modified nanoelectrodes were prepared by
applying a sufficiently positive potential to a CNE in solution con-
taining Ru(bpy)s®* (Supplementary materials and methods). Simi-
lar to the literature protocol used for glassy carbon electrodes,*®
this procedure requires no additional chemical agents and results
in direct attachment of Ru(bpy)s to the carbon surface with no
spacer.



Ru(bpy)s-modified CNEs yielded well-shaped cyclic voltammo-
grams (CVs; Fig. 1A) with the peak current directly proportional to
the potential sweep rate (v; the inset) and excellent response sta-
bility (Fig. S3) over a time period of several days. The integration
of the current under either the anodic or cathodic peak yields the
charge corresponding to the total amount of Ru(bpy)s bound to
the CNE surface. Very similar charge values (52.5 = 3 pC) corre-
sponding to 0.54 + 0.03 fmol of Ru(bpy); have been obtained from
five anodic and cathodic peaks in Fig. 1A.

02 04 05 08 10 12 02 04 06 08 10 12
E, V vs. Ag/AgCI E, V vs. Ag/AgClI

Figure 1. Voltammograms of Ru(bpy)s*?* couple (A) and of mediated H»0.

oxidation (B) at the same Ru(bpy)s-modified 50-nm-radius CNE. Solution

contained 0.1 M KNOs. (B) Cyy,0,, MM =10 (1), 5 (2), and 1 (3). Curve 4 is

the voltammogram of 10 mM H;0; at a bare CNE. v = 3 mV/s. Insets: (A)

scan rate dependence of the anodic peak current; (B) dependence of the

plateau current on Cy, o, obtained from curves 1-3.

The same Ru(bpy)s-modified CNE was used to measure the me-
diated oxidation of hydrogen peroxide (Fig. 1B). The ability to
monitor H,0; at the nanoscale is important for mapping of elec-
trochemical reactivity of catalysts and biomedical research.?%-2*
The oxidation of H,0, rapidly passivates the surface of a Pt
nanotip, so that platinized nanoelectrodes with a much larger true
surface area had to be used to measure H,0; and other reactive
oxygen and nitrogen species in biological cells.!>?> However, such
nanoelectrodes are not suitable for surface reactivity mapping.
Unlike a bare carbon nanoelectrode (curve 4 in Fig. 1B), a
Ru(bpy)s-modified CNE produced well-defined steady-state volt-
ammograms of H,0, oxidation (curves 1-3) with the limiting cur-
rent directly proportional to its bulk concentration (the inset).

The plateau current can be either diffusion limited or kinetic,
i.e., controlled by the rate of reaction between the surface-bound
mediator (e.g., Ru(bpy)s:3*) and the redox species dissolved in so-
lution (e.g., H205; reaction S2 in Supporting Information). The dif-
fusion-limited current is

iqg = 4xnFacy,o,Du,o0, (1)

where n is the number of transferred electrons (i.e. 2 for H,0,), F
is Faraday constant, Dy, o, = 1.4 x 10> cm?/s % and ¢y, o, are the
diffusion coefficient and concentration of H,0, in the aqueous
solution, respectively. The factor x is a function of RG (i.e., the
ratio of glass radius to that of the conductive tip); x = 1.16
corresponds to RG = 1.5 typical of thick-wall quartz pipettes used
in this study.?’” The limiting currents in Fig. 1B are less than one
third of the i; values expected from Eq. (1), pointing to the finite
kinetics of the mediated charge-transfer process. The kinetic
limiting current is:

i = AnFkcy, o, [Ru(bpy)s] (2)

where A is the surface area of Ru(bpy)s-modified CNE, k is the rate
constant of reaction (S2) and [Ru(bpy)s;] is the surface
concentration of the mediator. Using the amount of charge
corresponding to the Ru(bpy)s?* oxidation (AF[Ru(bpy)s;] = 52.5
pC from Fig. 1A), the apparent rate constant value, k = (3.0+0.5)
x10° Ms? was extracted from H,0, voltammograms in Fig. 1B
(Supporting Information). As expected, the peak potentials in Fig.
1A (~0.93 V) are very close to the half-wave potential of the H,0,
oxidation in Fig. 1B.

Both diffusion-limited and kinetic currents are directly
proportional to cy,p,, and so each of them can be used for
measuring the H,0, flux and mapping surface reactivity by SECM.
The currents of H,0, oxidation (Fig. S4A) and HOR (Fig. S4B) at
Ru(bpy)s-modified CNEs are very stable because these mediated
processes are not sensitive to surface contamination/deactivation
(see above). The iy stability enables feedback mode (Fig. 2A) and
SG/TC mode (Fig. 2B) imaging with Ru(bpy)s-modified CNEs tips.
In Fig. 2A, H,0, was oxidized at the tip and regenerated via the
oxygen reduction (ORR) at the Au nanoparticle (NP) attached to
the HOPG surface (Scheme Sl1a). H,O; is known to be a major
product of the ORR at Au NPs.?® A feedback topographic image of
an AFM standard (Fig. S9) shows that the SECM with a Ru(bpy)s-
modified CNE tip faithfully reproduces the shape of a sample.
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Figure 2. Feedback mode (A) and SG/TC mode (B) images of 100 nm
diameter Au NP on the HOPG/aminophenyl surface obtained with ~100
nm Ru(bpy)s-modified CNEs. Solution contained (A) 10 mM H;02in 0.1 M
phosphate buffer (PB; pH7.2) and (B) 0. 1 M PB. The substrate potential,
Es=-0.8V (A) and -0.9 vs. Ag/AgCl (B). The tip potential, Er= 1.3V vs
Ag/AgCl.

In addition to Ru(bpy)s¥?* peaks (Fig. 1A), CVs of Ru(bpy)s
complex obtained in organic solvents over a wide potential range
show several pairs of peaks of ET reactions occurring at more
negative potentials.?® In voltammograms obtained at Ru(bpy)s-
modified CNEs in aqueous solutions such peaks are less
prominent, like those occurring at about -0.6 V and +0.3 V (labeled
with the blue and green circles in Fig. 3A). Importantly, the ET
process occurring at -0.6 V efficiently mediates inner-sphere
reduction reactions, including the reduction of H,0, (Figs. 3B and
3C) and ORR (Fig. 3D). The half-wave potential of the well-defined

H,0; reduction voltammogram (—0.6 V; curve 2 in Fig. 3B) is very
close to the mid-peak potential marked the blue circle in Fig. 3A.
By contrast, the voltammogram of 10 mM H,0, obtained at a bare
CNE under the same experimental conditions (curve 1 in Fig. 3B)
is essentially flat and featureless. The plateau current of the
mediated H,0, reduction is directly proportional to cy,q, (the
inset in Fig. 3C). The limiting current values are similar to those of
H,0, oxidation (Fig. 1B), indicating that the rate of the Ru(bpy)s
mediated reduction is also kinetically controlled. The linear
concentration dependence of it and its high temporal stability (Fig.
S5A) suggest that the H,0, reduction at Ru(bpy)s-modified tips is
suitable for SECM imaging and nanosensing applications.

The half-wave potential of the Ru(bpy)s-mediated ORR (about

—0.6 V; Fig. 3D) is very similar to that of the H,0, reduction (Fig.
3C) because both processes are mediated by the same ET at the
CNP surface (labeled with the blue circle in Fig. 3A). The ORR
plateau current is directly proportional to the bulk concentration
of 02 (the inset in Fig 3D) and stable on the time scale of minutes
(Fig. S5B). By contrast, ORR passivates the surface of metal
nanoelectrodes hindering the SECM imaging.

The ORR current was used to obtain an approach curve and
position a Ru(bpy)s-modified CNE tip near the HOPG surface using
the SECM negative feedback in PB solution with no added redox
species (Fig. S6 and Scheme S1B). Then, the tip potential was



switched to a positive value (Er = 1.3 V vs. Ag/AgCl) to oxidize H,0,
generated at the Au NP surface. The tip was scanned over the Au
NP attached to the HOPG/aminophenyl surface to obtain a SG/TC
map of the H,0, flux (Fig. 2B and Scheme S1C). The lateral
resolution of SG/TC maps is affected by the diffusion broadening,
and so the particle in Fig. 2B appears to be much larger than a
feedback-mode topographic image of a similar Au NP (Fig. 2A).
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Figure 3. CV of Ru(bpy)s attached to a CNE surface (A) and
voltammograms of Ru(bpy)s-mediated H.0: reduction (B,C) and ORR (D)
at a modified CNE. a = 50 nm. v, mV/s = 100 (A) and 3 (B-D). Electrolyte
solution was: (A) Ar purged 0.1 M KNOs; (B) 10 mM H20:in 0.1 M PBS;
and 0.1 M PBS containing (C) 0 (1), 1 (2), 5(3) and 10 (4) mM H:02; and
(D) O (Ar purged; 1), 0.075 (2), 0.15 (3), and 0.3 (4) mM O.. Curve 1in
panel B was recorded at a bare CNE.

Mediated ET at nanoelectrodes can significantly improve
sensitivity of electrochemical nanosensing.  Amperometric
sensors for many important analytes, such as reactive oxygen and
nitrogen species and catecholamines, are based on inner-sphere
ET processes that require a sufficiently large electrode surface
area to obtain a well-defined and stable response. For instance,
no analytically useful response to dopamine can be recorded at a
flat disk-shaped nanoelectrode (curves 1 in Figs. 4A and 4B), and
carbon nanofibers3%3! and nanopipettes3?33 with a relatively large
surface area have been used for dopamine analysis in single cells
and vesicles. Curves 2 in Figs. 4A and 4B show voltammograms of
100 uM (A) and 10 uM (B) dopamine at a 50-nm-radius Ru(bpy)s-
modified CNE with plateau currents close to the diffusion limit
given by Eq. (1) that would not be possible to measure with a bare

161 A 5
124
<s
44 1
04
r r r ‘ -0.54 . - T
00 02 04 0B 08 0.0 0.2 04 08 08

E, V vs. AgiAgCl E, V vs. Ag/AgCI
Figure 4. Voltammograms of dopamine at bare (1) and Ru(bpy)s-
modified (2) CNEs. a = 50 nm. v =10 mV/s. 0.1 M PBS contained (A) 100
UM and (B) 10 uM dopamine.

carbon nanodisk. The half-wave potential of the Ru(bpy)s-
mediated oxidation of dopamine (about 0.3 V) corresponds to the
mid-peak potential for the ET at the modified CNE labeled with the
green circle in Fig. 3A.

In conclusion, we demonstrated the possibility of direct
attachment of an outer-sphere redox mediator to a carbon
nanoelectrode surface to enable mediated oxidation/reduction of
dissolved electroactive species. Using this approach, one can
measure inner-sphere ET reactions at nanoelectrodes, which is
essential for high-resolution electrochemical mapping of surface
reactivity and amperometric nanosensing. Because carbon is
catalytically inert, the rates of inner-sphere reactions on the CNE
surface are negligibly slow, and the measured current was entirely
due to the mediated ET process. A small RG (1.1-1.5) makes CNEs
especially suitable as tips for surface reactivity mapping by SECM
and intracellular measurements.?’

Ru(bpy)s complex is exceptionally useful as a redox mediator for
chemically modified nanoelectrodes. First, it can be attached
directly to the carbon surface without using any additional
chemical agents. Unlike self-assembled monolayers often
employed for immobilizing redox moieties on surfaces, the
Ru(bpy)s coating is robust and not affected by application of high
positive or negative potentials to the modified nanoelectrode.
The absence of a log-chain spacer and the fast self-exchange rate
constant of Ru(bpy)s couple result in a fast mediated ET reaction
between the modified CNE and dissolved redox species that
produces a sufficiently high faradaic current at a nanoelectrode.
Moreover, the same Ru(bpy)s-modified CNE can be used to
measure a broad range of oxidation and reduction processes,
including ORR, HOR, oxidation and reduction of H,0,, and
oxidation of dopamine. Other redox mediators with fast self-
exchange rate constants and different standard potentials (e.g.,
tetrathiafulvalene or tetracyanoquinodimethane3!) can be
immobilized on the carbon tip surface to attain selective detection
of various dissolved electroactive molecules.
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