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ABSTRACT

Scanning electrochemical microscopy (SECM) has been extensively used for mapping
electrocatalytic surface reactivity; however, most of those studies were carried out using
micrometer-sized tips, and no quantitative kinetic experiments on the nanoscale have yet been
reported to date. Because the diffusion-limited current density at a nm-sized electrode is very high,
an inner-sphere electron-transfer process occurring at a nanotip typically produces a kinetic current
at any attainable overpotential. Here we develop the theory for the substrate generation/tip
collection (SG/TC) and feedback modes of SECM with a kinetic tip current and use it to evaluate
the rates of hydrogen and oxygen evolution reactions in a neutral aqueous solution from the
current-distance curves. The possibility of using chemically modified nanotips for kinetic
measurements is also demonstrated. The effect of the substrate size on the shape of the current-

distance curves in SG/TC mode SECM experiments is discussed.



Since the introduction of scanning electrochemical microscopy (SECM), surface reactivity
imaging has been one of the most promising applications of this technique.! The capacity for
mapping and quantitatively measuring the rates of heterogeneous electrochemical reactions made
SECM a valuable tool for probing electrocatalytic processes and evaluating the activities of various
electrocatalysts.>  Electrochemical mapping of the reaction rates at the active sites of
electrocatalysts, including defects, edges, and corners, with nanoscale spatial resolution is crucially
important for investigating and improving their activity.>> Numerous recent studies have used
SECM to investigate electrocatalytic processes, including oxygen reduction reaction (ORR),*”
oxygen evolution reaction (OER),'*!” hydrogen evolution reaction (HER),'®® and hydrogen
oxidation reaction (HOR).23242?

A typical approach to probing a catalytic surface reaction by SECM is to use the tip electrode
to oxidize or reduce the reaction product (or/and intermediate) in the substrate generation/tip
collection (SG/TC) mode.>* However, reactants, products, and intermediates of various inner-
sphere electron transfer (ET) reactions, e.g., oxygen, hydrogen, reactive oxygen species, catechol
amines, can passivate the electrode surface.® These processes 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 inner-sphere processes. For instance, in the study of HOR at
individual nanoparticles using a 90-nm-radius Pt tip by Bard and coworkers,? the proton reduction
current at the tip exhibited instability and gradual decline. After two-hour-long activation, the tip
current became more stable, yet the voltammograms still displayed significant hysteresis. The
deactivation of the nanoelectrode surface has also been observed during HER.*> For water

oxidation reaction, the formation of anodic film on the surface caused current instability even at



micron-sized gold tips.®  While catalytic activity mapping with nanotips has been
reported, 23262833 these images have likely been affected by tip current instability, making
quantitative kinetic measurements in such systems problematic.

To overcome these problems, we recently introduced carbon and Pt nanoelectrodes
chemically modified with different surface-bound redox molecules, which enable mediated ET
between the electrode surface and dissolved electroactive species.®?> For instance, nanoelectrodes
modified with ferrocene (Fc) can oxidize hydrogen? or hydrogen peroxide** and be used as
nanotips for probing HER or ORR. One hurdle in using chemically modified tip is that the rate of
mediated ET is typically too slow to attain the diffusion limiting current because the steady-state
diffusion current density at a nm-sized electrode is very high (the same is true for inner-sphere ET
processes, such as ORR, which produce a kinetic current at a nanotip at any feasible overpotential).
The currently available SECM theory is based on the assumption that either the substrate or the tip
process is diffusion limited,*® and no treatment is available for SG/TC mode experiments with
kinetically controlled tip and substrate currents.

The focus of this Article is on probing OER and HER occurring during the overall water
splitting in a neutral aqueous solution containing no added redox mediator — a practically important
system employed for photochemical fuel generation.*®* We develop the theory for three types of
SECM experiments with kinetic tip current (Figure 1). In the feedback mode experiment (Figure
1A), Oz dissolved in solution is reduced at the tip, and the tip potential (ET) is such that the tip
current (it) is only due to kinetically controlled ORR at its surface. When the separation distance
between the tip and substrate (d) is small (i.e., comparable to tip radius, a), it decreases with

decreasing d because of the hindered diffusion of Oz (negative feedback; the tip current near the



surface is lower than in the bulk solution; it < i), since no oxygen regeneration occurs on the

substrate.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 1. Schematic representation of SECM experiments used for studying water splitting
processes in a neutral aqueous solution. (A) Negative SECM feedback based on ORR at the tip.
(B) SG/TC of O2 coupled with the diffusion of dissolved oxygen to the tip. (C) SG/TC of Hz
coupled with the positive SECM feedback due to the H2 oxidation at the tip and proton reduction

at the substrate surface. Not to scale.

In the substrate generation/tip collection (SG/TC) mode of SECM, the tip collects a product
of water oxidation or reduction that occurs on the substrate surface. At a negative Et, oxygen is
reduced at the tip surface (Figure 1B), while at a positive ET, the tip collects H2 produced by the
substrate (Figure 1C). The HOR occurring at the tip produces protons that diffuse to the substrate
surface and get reduced back to H2. This process results in the positive SECM feedback coupled
with the SG/TC process, as shown in Figure 1C. The tip current can be recorded either as a
function of d (approach curve) or tip x—y position (imaging).

THEORY

The existing SECM theory is mostly applicable to feedback-mode experiments employing
outer-sphere redox mediators, and either the tip or the substrate reaction has typically been treated
as a diffusion-controlled process.> We carried out COMSOL simulations to develop a theory for
finite irreversible tip kinetics and an insulating substrate (Figure 1A) and two kinds of SG/TC

experiments (Figs. 1B and 1C).



Negative feedback mode of SECM with finite ORR Kkinetics on the tip. Pure negative
feedback is typically used to establish the zero tip—substrate separation point and image the sample
topography. In studies of electrocatalytic and photochemical reactions, the addition of a reversible
redox mediator to the solution can affect the process kinetics, and a better choice is to use dissolved
oxygen for tip positioning and distance measurements. Although the electrocatalytic mechanism
of ORR occurring at the tip surface is complicated and not completely known, the kinetic current
density can be defined as:

Jj(r,d) = nFkrco,(r,d) (1)
where 7 and z are the co-ordinates in the directions radial and normal to the tip surface,
respectively, z = d corresponds to the tip surface and z = 0 — to of the substrate surface; n is the
number of transferred electrons (i.e., 4 for ORR at a Pt tip), F is the Faraday constant, kr is the
effective heterogeneous rate constant at a specific Et value, and co,(r,d) is the local O2
concentration at the tip. The krvalue determines the ratio of the kinetic tip current to the diffusion-
limited ORR current at the same tip (iT»/iT,d) in the bulk solution, where

iteo= 21 [ rj(r)dr 2)

itd = 4xnFaDo,c® 3)

x is a function of RG (= r¢/a, i.e., the ratio of glass radius to that of the conductive disk of the tip),?’

Do, = 2.4 x 107° cm?/s *® and c° are the diffusion coefficient and bulk concentration of Oz in

solution, respectively. ¢°= 0.25 mM was calculated for a 0.1 M K2SOs aqueous solution using

the concentration of oxygen in air-saturated pure water (0.27 mM?>**%) at room temperature and
the reported dependence of Oz solubility on K2SO4 concentration.*!

Three families of dimensionless approach curves (it/it~ vs. d/a) were calculated for

different values of it /it ratio and RG (Figure 2). The formulation of the diffusion problem for



the negative feedback mode of SECM with ORR is given in the Supporting Information. For a
given RG, there is a unique correspondence between the it/it» value and the dimensionless rate

constant (Kt = kra/Do,) of ORR (Table S1). While Kris a general parameter defining the ORR

kinetics at the tip, it»/iT.d values are readily accessible by dividing the experimental it ,d measured
in the bulk solution by the it4 value calculated from Eq. (3) for a given tip. Clearly, the shape of
the approach curves in Figure 2 depends strongly on both the ORR kinetics and the RG value. The
higher the Kt value (and the corresponding it«/iT.d ratio), the more significant the mass-transfer
limitations at the tip, and the stronger the effect hindered diffusion on the tip current. A larger RG
value also results in stronger diffusion blocking and, thus, lower normalized tip current at a given
d/a. Taking these factors into account is essential for avoiding significant errors in evaluated d
values, which led some authors to conclude that using ORR-based approach curves for distance

determination is not reliable.*

Figure 2. Simulated dimensionless current vs. distance curves for a disk-shaped tip with RG =
1.5 (A), 4 (B), and 10 (C) approaching an inert substrate in solution containing oxygen. From
top to bottom, it/it,d = 0.04, 0.1, 0.2, 0.3, 0.5, 0.8, and 1 (dashed curve; diffusion-limited tip

current).

SG/TC mode of SECM with OER at the substate. Unlike negative SECM feedback
considered above, the shape of SG/TC approach curves depends on the substrate size. Because of

space limitations, we will consider in more detail the theoretical results for a micron-sized substrate



(substrate radius, as = 2 um), which are relevant to our recent studies of the complete water

splitting on semiconductor microcrystals*>#*

and also used for fitting the experimental data
reported below. Two other cases, i.e., SG/TC experiments at macroscopic (as = 1 mm) and
nanoscopic (as = 100 nm) substrates, are presented in Supporting Information.

Because the oxidation of water molecules involves no diffusion limitations, we assume that
the Oz flux is uniform over the entire substrate surface. The changes in it with d, in this case
reflect the competition between two opposing effects: generation of oxygen at the substrate and
hindered diffusion of dissolved Oz from the bulk solution to the tip surface (Figure 1B). The
former produces a slow increase in it with decreasing d at longer separation distances, while the
latter results in a lower it at shorter d, where the diffusion blocking by the substrate is most
significant.

For a given substrate size, the shape of the approach curves is largely determined by two

parameters, i.e., the flux of Oz generated at the substrate (fo,) and the Kr (or the corresponding

iT»/iTd) value, and the interplay between these factors complicates the analysis. If the tip process
is diffusion-limited (it.«/it,da =1; Figure 3A), the dimensionless current-distance curves simulated
for different fo,values pass through a maximum whose height increases with the oxygen flux at
the substrate. The larger the fo, value, the more significant the contribution of the generated

oxygen to the tip current, and the higher the normalized tip current value at a given d/a. The
position of the current maximum depends on the substrate radius (as = 2 um in Figure 3).

With moderately fast tip kinetics (it/itd =0.3; Figure 3B), the shape of the approach
curves is qualitatively similar to that in Figure 3A, but the diffusion layer at the tip is thinner, and
blocking of oxygen diffusion from the bulk solution by the substrate is significant only at short d.

Hence, the current maxima in Figure 3B occur at much shorter separation distances than in Figure



3A. Ata much slower tip kinetics (it«/it,d = 0.04; Figure 3C), the blocking effect is so weak that
the current increases monotonically with decreasing d, and the current maximum can be observed

only at a very small fo, value (e.g., 1.7 nmol cm™s™!; yellow curve).
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Figure 3. Simulated dimensionless current vs. distance curves for ORR at a disk-shaped tip
approaching the substrate oxidizing water in solution containing 0.25 mM Oxz. ite/it,d =1 (A),
0.3 (B; Kr=0.5550), and 0.04 (C; K1=0.0524). From top to bottom, the flux of Oz generated at
the substrate, f0,, nmol cm?s™! = 40, 30, 20, 15, 10, 5, and 0 (dashed curve — negative feedback).

The two top curves are not shown in C. @ = 100 nm, RG = 10.
The effect of tip kinetics is clearer in a family of SG/TC mode approach curves simulated

for a constant fo,, and different Kt values (Figure 4). With a moderate flux (fo, = 5 nmol cm™s™)

and rapid ORR kinetics at the tip (ir«/ita = 1; dashed curve), the tip current decreases
monotonically with decreasing d at relatively short d/a, and the shape of the approach curve is
similar to that for pure negative feedback. At slower tip kinetics, the diffusion blocking effect is
less pronounced, and the approach curve exhibits a maximum (green curve), or even a monotonic
increase in it with decreasing d (yellow curve). However, even at a very small d, the tip current
remains much lower that the diffusion-limited oxygen current in the bulk solution (e.g., it/iT.c= 2
in the yellow curve corresponds to it = 0.08it,q).

Thorough characterization of the tip, including independent evaluation of a and RG, is

critical for quantitative measurements of OER because these parameters cannot be accurately



determined from kinetic tip current. The dependence of the shape of the approach curves on RG
is complicated (Figure S1) because of different effects of this parameter on the collection of the

Oz flux by the tip and the diffusion blocking.

itfir,

2
d/a

Figure 4. The effect of ORR kinetics at the SECM tip on the shape of approach curves. The
dimensionless current-distance curves were simulated for ORR at a disk-shaped tip approaching
the substrate oxidizing water in solution containing 0.25 mM Oz. fo, =5 nmol cm?s™!, a = 100
nm, RG = 10. From top to bottom, it»/ita = 0.04, 0.1, 0.2, 0.3, 0.5, 0.8 and 1 (dashed curve;
diffusion-limited tip current); the corresponding kr values are: 0.17, 0.46, 1.05, 1.8, 4.4, 20, and
1000 cm/s.

The SECM theory has previously been developed for feedback mode experiments at either a
biased* or an unbiased*® finite disk-shaped substrate. For OER under SG/TC conditions, the size
of the conductive portion of the substrate affects the shape of approach curves in two ways —
through the magnitude of the Oz concentration near its surface and the thickness of the substrate-
generated diffusion layer. With a 100-nm-radius substrate (i.e., the substrate radius equal to a;
Figure S2A), the diffusion layer of generated O2 is very thin and its concentration near the substrate
surface is only slightly higher than the bulk value. Thus, the diffusion blocking dominates even at

the Oz flux values as high as 100 nmol cm™ s™!, and a significant increase in the tip current is
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expected only at very short d and extremely high f0, (e.g., 500 nmol cm™?s™), as compared to the
approach curves at a pm-sized substrate (Figure S2B), where the diffusion layer is much thicker,
and a much smaller flux of oxygen is needed for it to increase near the sample surface. Finally,
in Figure S2C the tip travels through a very thick diffusion layer of oxygen generated at a
macroscopic substrate. The Oz concentration does not change much on the micron scale, and it is
almost constant until the onset of the diffusion blocking at d/a ca. 2 to 4. One should notice that
the O2 concentrations in the vicinity of the substrate are very high even at modest flux values (e.g.,
coy is ~25 times the bulk value at fo, = 2 nmol cm™s™'; orange curve in Figure S2C), which may
cause bubble formation at relatively low anodic overpotentials.

Steady-state it-d curves for SG/TC mode and feedback due to HER at the substate. The
current-distance curves simulated for the HER process at the substrate in a neutral aqueous solution
(Figure 5) are strikingly different from those computed for OER due to the unusual combination
of the SG/TC mode and positive SECM feedback (Figure 1C). When the tip is biased at a positive
potential for HOR, it is close to zero because there is essentially no hydrogen in the bulk solution.
With the tip far from the substrate, the reduction of water molecules, which is not limited by
diffusion, produces a uniform Hz flux over the entire substrate surface. At relatively short d (i.e.,
less than or comparable to a), it increases sharply due to the onset of positive feedback caused by
enhanced hydrogen regeneration at the substrate via the oxidation of protons produced at the tip
(Figure 1C). The strong dependence of the tip current on the flux of hydrogen generated by water
reduction at the substrate (fip; Figure 5A) enables the evaluation of the HER rate by fitting an
experimental current-distance curve to the theory. A higher flux of H2 causes the tip current to
increase at longer separation distances. Thus, the smaller the fi, value the shorter the separation

distance at which the HOR current at the tip becomes measurable (e.g., ~1 pA) and the steeper the
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approach curve near the substrate surface. For instance, with a flux of 30 nmol cm™ s™* (blue line,
Figure 5A), it = 1 pA can be measured at d > 400 nm, whereas at a lower flux of 1 nmol cm™2s™
(green line in Figure 5A), the same tip current value corresponds to d = 3 nm. This behavior was

observed experimentally in our SECM studies of water splitting at semiconductor

43 44

microcrystals,”** where relatively small hydrogen fluxes (ca. I nmol cm™ s') could be measured

only at very short separation distances.
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Figure 5. Simulated current vs. distance curves for HOR at a disk-shaped tip approaching the
substrate that generates hydrogen. (A) From top to bottom, the flux of H2 generated at the
substrate, fi1,, nmol cm™s™! = 30, 20, 10, 5, 2, and 1; kr = 0.25 cm/s. (B) From top to bottom, kr,

cm/s = 10, 5,2, 1, 0.3, and 0.1; fi, = 2 nmol cm?s™!. @ = 100 nm, RG = 10. The substrate
radius, as = 2 um. The ranges of kr and fi, in panels A and B, respectively, cover the values used

for fitting experimental current-distance curves (see below).

The HOR current at the tip is kinetic and depends on the effective rate constant (kr; Figure
5B). As expected, the faster the HOR kinetics at the tip, the more efficiently the tip collects Ha,
and the longer the separation distance at which the hydrogen flux generated at the substrate can be
measured. When the HOR rate is lower, a tip can only detect hydrogen in very close proximity to
the substrate, which is technically challenging. Fabricating nanotips exhibiting sufficiently fast
HOR kinetics is not straightforward because £t is directly proportional to the tip surface coverage

of a redox mediator, which is not easy to increase.
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The substrate size greatly affects the shape of the current-distance curves, and the interplay

between this parameter and the At and fi, values is illustrated in Figure S3. The approach curves

simulated for a tip collecting hydrogen generated at a nanoscopic (as = 100 nm; Figure S3, panels
A, D, and G), a microscopic (as = 2 um; Figure S3, panels B, E, and H), and a macroscopic (as =
1 mm; Figure S3, panels C, F, and I) substrate reflect the differences in the diffusion layer thickness
and the H2 concentration profile. The smaller the substrate radius, the thinner the diffusion layer
of Hz, and steeper the gradient of its concentration at the substrate surface. Clearly, it is easier to
measure the hydrogen flux at a mm-sized substrate, where the concentration of H2 changes very
slowly with d within a thick diffusion layer (Figs. S3C, S3F, and S3I). The high concentration of
hydrogen near a large substrate results in a high tip current even for small fi, values. When £t is
small (Figs. S3C) it is essentially independent of & until the tip comes very close to the substrate,

and fii, can be determined from the well-defined it value. The larger the kr value the more

significant positive feedback due to the formation of protons at the tip and their reduction at the
substrate surface (cf. Figs. S3F and S3I).

With the nanoscopic substrate (Figs. S3A, S3D, and S3G), the concentration of hydrogen
generated near its surface is relatively low, the diffusion layer is thin, and the tip current is
measurable only within the range d equivalent to a few tip radii. The approach curves are steep,

and the entire curve must be fitted theory to evaluate the generated hydrogen flux. If fu, is not

very large (e.g., <100 nmol cm?s™") and/or the HOR kinetics at the tip is not very fast (Figs. S3A
and S3D), the tip has to be brought within a few nm distance from the substrate, where it is
amplified by positive feedback. The responses simulated for a micrometer-size substrate (Figs.

S3B, S3E, and S3H) are intermediate between the two extreme cases discussed above. The effect
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of RG on the approach curves in the SG/TC mode is relatively small for HER and may not be
apparent in experiments.
EXPERIMENTAL SECTION

Chemicals. Potassium sulfate (99%), (6-bromohexyl)ferrocene, tetrabutylammonium

tetrafluoroborate (TBABF4, 99%), boric acid (299.5%), sodium hydroxide, sodium sulfate (>
99.0%), and acetonitrile (299.9%), all from Sigma Aldrich, were used as received.

Ferrocenemethanol (FcMeOH; 97%, Alfa Aesar) was sublimed before the experiments. A
phosphate buffer (pH 7) solution was prepared from sodium phosphate monobasic monohydrate
(98%, FisherBiotech) and sodium phosphate dibasic heptahydrate (99%, FisherBiotech). Aqueous
solutions for SECM experiments were prepared using deionized water from the Milli-Q Advantage
A10 system equipped with Q-Gard T2 Pak, a Quantum TEX cartridge, and a VOC pak; total
organic carbon (TOC) <3 ppb.

Fabrication of Pt nanoelectrodes. Disk-type Pt nanoelectrodes were fabricated by pulling
25-um-diameter annealed Pt wires (Goodfellow) into borosilicate capillaries (Drummond; O D,
1.0 mm; ID, 0.2 mm) with the help of a P-2000 laser puller (Sutter Instrument Co.).*” The pulled
tips were polished on a 50 nm alumina disk (Precision Surfaces International) under video
microscopic control and sonicated in deionized water for 10 s. A microforge (model MF-900,
Narishige, Tokyo, Japan) was used to reduce the RG (i.e., the ratio of glass radius to that of the
conductive tip) of the tapered tip. The appropriate protection was used to avoid electrostatic
damage to the nanoelectrodes.*® The tip size and shape were evaluated from TEM images and
SECM approach curves.*

Modification of Pt nanoelectrodes. Ferrocene was attached to a Pt nanoelectrode surface

using an earlier reported procedure for the reduction of primary monohaloalkanes.’® A Pt
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nanoelectrode was biased at a negative potential (-2.0 V vs. Ag/AgNOs) for 20 seconds in
acetonitrile solution of 5 mM (6-bromohexyl)ferrocene containing 0.1 M TBABF4 under an inert
atmosphere. The modified electrodes were washed carefully with acetonitrile and water. While
ORR occurred at the Pt surface, and its current was not greatly affected by chemical modification,
HOR was mediated by the surface-bound Fc molecules.>? A current vs. time curve illustrating the
response stability of a Fc-modified SECM nanotip is shown in Figure S7.

SECM setup and procedures. SECM experiments were carried out using a previously
described home-built instrument.’! The 4-electrode arrangement was employed with either a
commercial mercury/mercurous sulfate reference electrode (CH Instruments, model CHI 151) or
a silver/silver chloride reference electrode (CH Instruments, model CHI 111), and a Pt wire serving
as a counter electrode. A 5-um-radius Pt ultramicroelectrode (UME; CH Instruments, model CHI
107) was polished before the experiment. The nanoelectrode tip was initially positioned a few
tens of micrometers above Pt UME substrate with the help of a long-distance video microscope.
A digital angle gauge (DWL-80Pro, Digi-Pas) was used to ensure the horizontal orientation of the
substrate plane and the correct tip/substrate alignment. A current vs. distance curve was obtained
during the subsequent fine approach. All experiments were carried out in a Faraday cage at room
temperature (23 + 2 °C). The current offset of the potentiostat (~2 pA) was subtracted from all
measured current values.

In the negative feedback mode, a nanotip was biased at -0.95 V vs. Hg/Hg>SO4 for ORR to
occur on its surface. Using the SG/TC mode for OER studies, the Pt UME substrate was biased at
0.8 V vs. Hg/Hg>SOu4 for water oxidation, and the tip was biased at -0.95 Hg/Hg2SO4 to collect the
generated oxygen. Using the SG/TC mode for HER studies, the substrate was biased at -1.4 V vs.

Hg/Hg>SO4 for water reduction, and the tip was biased at 0.4 V vs. Hg/Hg>SOu4 to collect the
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generated hydrogen. No oxygen or hydrogen bubble formation was detected in SECM
experiments at the selected potentials and under given conditions.

Finite-element simulations. Simulations were carried out using COMSOL Multiphysics
commercial package, version 6.1. Axisymmetric 2D models were built to simulate the SECM
experiments, including negative feedback and SG/TC modes. The “transport of dilute species”
model was used to solve steady-state diffusion problems. The COMSOL modeling reports are
available in the Supporting Information.

RESULTS AND DISCUSSION

To demonstrate the feasibility of quantitative SECM experiments with a kinetically
controlled tip process, we fitted an experimental approach curve based on ORR at the tip (a = 74
nm, RG = 4) to the negative feedback theory developed above (Figure 6A). The kinetic tip current
far away from the substrate (it~ = 18.5 pA) was significantly lower than the value of the diffusion-
limited current of dissolved Oz (it,d =71.8 pA) calculated from Eq. (3), corresponding to it,«/itd =
0.26. To validate these parameters, an approach curve based on the diffusion-limited current of

ferrocene methanol (FcMeOH) oxidation at the same tip approaching the same glass substrate was

0 2 8

4.8
Figure 6. Experimental (symbols) and theoretical (solid lines) i7—d curves obtained with the same
microforged Pt tip approaching a glass surface. Both theoretical curves were calculated for a = 74
nm and RG = 4. (A) The tip current is due to ORR in 0.1 M PB solution (pH 7). Er=-0.8 V vs.
Ag/AgCl. itwx/itd=0.26. (B) it is due to the oxidation of 1 mM FcMeOH in 0.1 M PB solution.
iTo=1iTd. ET=0.4V.
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fitted to the conventional SECM theory>? using the same a and RG values (Figure 6B). Clearly,
ORR-based approach curves obtained in the negative feedback mode can be used for establishing
the d scale and precisely evaluating the tip/substrate separation distance, which is required for the
accurate quantitative analysis of substrate kinetics. An additional example of fitting an
experimental ORR-based approach curve to the theory with a significantly larger tip radius value
(a =160 nm) validated by TEM is shown in Figure S4.

Figure 7 shows a current-distance curve obtained with a Fc-modified Pt tip approaching a
micron-sized Pt substrate electrode biased at £s = 0.8 V vs. Hg/Hg2SO4 to generate oxygen in 0.1
M borate buffer solution (pH 8.5) containing 0.5 M Na2SO4. The fit of the experimental approach
curve (black symbols) to the simulated one (red solid line) yielded fo, = 0.6 nmol cm™s™. This
small flux is due to the low Es value selected to prevent the formation of oxygen bubbles.

Measuring such a small flux was especially difficult because of the slow ORR kinetics at the tip

(cf- itw/it,a = 0.05 in Figure 7 and it/it,d = 0.26 in Figure 6A).

0.9

d/a
Figure 7. Experimental ir—d curve (symbols) obtained with a Fc-modified Pt tip approaching a Pt
UME substrate and fitted to the theory (solid line). Theoretical curve was calculated for a = 305
nm and RG = 5. The 0.1 M borate buffer solution (pH 8.5) in 0.5 M NaxSO4 contained no redox
species other than dissolved O2. Et =-0.95V, Es = 0.8 V vs. Hg/Hg2SO4. it/itd = 0.05 (kr =
0.055 cm/s), fo, = 0.6 nmol cm™ s™!. The approach velocity was decreased from 50 nm/s to 10

nm/s at d/a = 4.
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The developed theory is applicable to a disk-shaped tip made from any suitable metal or
carbon, either bare or chemically modified. The &t value for ORR at the tip needs to be determined
independently prior to fitting an approach curve. An approach curve obtained with a Fc-modified
carbon nanotip (symbols) and fitted to the theory (solid line) is shown in Figure S5.

HOR at a ferrocene-modified nanotip occurs via a mediated electron-transfer process, and
the kr value is largely determined by the density of the attached Fc molecules and varies
significantly for different tips. Prior to measuring HER kinetics, the zero-separation point was
determined and the distance scale established using ORR-based approach curves in the negative
feedback mode (data not shown). The two experimental SG/TC mode approach curves (Figure
8)) were obtained at E1 = 0.4 V vs. Hg/Hg>SO4 and Es = -1.3 V vs. Hg/Hg>SO4 (Figure 8A) and -
1.4 V (Figure 8B) and fitted to the theory (solid red lines) to determine the flux of hydrogen

generated by the reduction of water at the substrate, fi, = 9 nmol cm™? s and 17 nmol cm?s™!,

respectively.

0o éd’;m{o 150 éddltm{o 15
Figure 8. Experimental (symbols) and theoretical (solid lines) ir—d curves obtained with Fc-
modified Pt tip approaching a Pt UME substrate. Both theoretical curves were calculated for a =
400 nm and RG = 10. (A) kr = 0.5 cm/s, fi, = 9 nmol cm? s, Er =04V, Es = -13 V vs.
Hg/Hg>SO4. (B) kr =1 cm/s, fit, = 17 nmol cm?s™, ET=0.4 V, Es = -1.4 V vs. Hg/Hg>SOa4. The

tip current is due to HOR in 0.1 M PB solution (pH 7).
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The fu, value extracted from the fit can be validated by comparing it to hydrogen flux

determined independently from the substrate current. In Figure S6, the ORR current density
measured on the substrate (5.86 mA cm™) was subtracted from the total substrate current density
of 6.75 mA cm™. The resulting value (0.89 mA cm™) corresponds to fi2 = 4.62 nmol cm™s™!. This
iz value was used to simulate the theoretical curve (red line in Figure S6) in good agreement with
the experimental approach curve (symbols).
CONCLUSIONS

To realize the SECM potential for mapping active sites on electrode surfaces and
quantitatively evaluating electro(photo)catalytic activity with a nanoscale resolution, one has to
measure fluxes of products and/or reactants and intermediates of such processes with nanometer-
sized tip electrodes. Measuring inner-sphere charge-transfer reactions at nanotips presents
significant technical challenges, including rapid passivation or contamination of the nanoelectrode
surface that necessitates the use of chemically modified nanoprobes. Electrocatalytic processes at
either bare or chemically modified nanotips typically produce kinetic rather than diffusion-limited
currents. We carried out finite-element simulations to develop the theory for water splitting on the
substrate surface probed in a SG/TC mode coupled with either negative (oxygen detection) or
positive (hydrogen detection) SECM feedback and kinetic tip current. Although the water splitting
processes are not diffusion controlled, and the generated O2 and Ha2 fluxes are uniform over the
substrate surface, the concentration profiles in solution and the shape of the SECM current-
distance curves depend strongly on the substrate size. Experimental curves obtained for HER and
OER were fitted to the theory to measure the rates of these processes at a micron-sized substrate.
m ASSOCIATED CONTENT

Supporting Information. Formulation of the diffusion problem, Table S1, Figures S1 — S3, and
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COMSOL simulation reports. This material is available free of charge via the Internet at

http://pubs.acs.org.
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