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ABSTRACT: Development of better catalysts for the oxygen reduction reaction
(ORR) and other electrocatalytic processes requires detailed knowledge of reaction
pathways and intermediate species. Here we report a new methodology for
detecting charged reactive intermediates and its application to the mechanistic
analysis of ORR. A nanopipette filled with an organic phase that is immiscible with
the external aqueous solution was used as a tip in the scanning electrochemical
microscope to detect and identify a short-lived superoxide (O,®”) intermediate
and to determine the rate of its generation at the catalytic Pt substrate and its
lifetime in neutral aqueous solution. The voltammogram of the O,®~ anion
transfer to the organic phase provides a unique signature for unambiguous
identification of superoxide. The extremely short attainable separation distance
between the pipette tip and substrate surface (~1 nm) makes this technique
suitable for detecting and identifying charged intermediates of catalytic processes
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with a lifetime of a few nanoseconds.

B INTRODUCTION

The quest for efficient energy conversion and storage has
resulted in significant research activity in the field of
heterogeneous electrocatalysis." Oxygen reduction reaction
(ORR) is central to many technological systems (e.g., fuel
cells and metal—air batteries) as well as biological processes
and numerous diseases.” * A large number of research
publications during the last five decades focused on
identifying efficient and economically viable catalysts for
ORR and clarifying the details of its mechanism. Despite
extensive efforts, basic questions about the ORR pathways and
intermediate species involved in this process remain open.
One controversial issue is the nature of the first step in the
overall four-electron/four-proton ORR at Pt-based catalysts.
Three possibilities considered in the literature include® (i)
splitting of the O—O bond upon adsorption on two active
sites, O,* = O* + O%; (ii) formation of the superoxide anion,
O,* + ¢~ = O,7*; and (iii) proton-coupled electron transfer,
0,* + H* + ¢~ = HO,*. One can differentiate between these
pathways by detecting short-lived intermediate species
involved in different steps. Adzic and co-workers reported
decisive proof of superoxide intermediate (0,®”) formation
on a polycrystalline Pt surface in alkaline solutions.® In
contrast, a detailed microkinetic model developed by the
Norskov group does not include this species as an ORR
intermediate at the Pt(111) surface.® The higher complexity
of ORR at Pt electrodes has recently been inferred from
experiments in which a significant amount of hydroxyl (OH®)
radical was produced in aqueous solution during the overall
4¢” + 4H" electrochemical process.”
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Adsorbed superoxide on catalytic surfaces has been
observed using surface-sensitive spectroscopic techniques
such as surface-enhanced infrared reflection absorption
spectroscopy (SEIRAS)® or surface-enhanced Raman scatter-
ing (SERS).® However, detecting and identifying this species
in aqueous solutions is difficult because of the short lifetime
and the lack of a suitable spectroscopic technique. More stable
ORR intermediates (e.g., hydrogen peroxide) have been
measured in solution using rotating ring-disk electrodes,’,
interdigitated array electrodes,'® or the scanning electro-
chemical microscope (SECM)."'™** For short-lived inter-
mediates, quantitative studies by fast electrochemical
techniques are complicated by nonideal behavior due to the
fouling, dissolution, and deactivation of the electrode
surface.''® Superoxide anion was detected electrochemically
during ORR only in strongly alkaline aqueous solutions (i.e., 1
M KOH' or >6 M NaOH'”), where this species is relatively
stable. Differentiation between O,®” and other reactive
oxygen species is also difficult because of the lack of
selectivity, and the identification was based on the number
of transferred electrons.'”

Here we describe a new approach for the detection of
short-lived charged intermediates based on electron transfer/
ion transfer (ET/IT) mode of the SECM operation.'® In an
ET/IT SECM experiment (Figure 1), the tip is a nanometer-
sized pipette filled with organic phase that is immiscible with
the external aqueous solution. Oxygen is initially present only
in the organic solution inside the pipette; during the
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Figure 1. Schematic representation of the detection of superoxide
intermediate (O,®”) generated during ORR at the Pt substrate by
ET/IT SECM technique: (I) oxygen partitioning from organic filling
solution to the external aqueous phase; (II) diffusion; and (III)
transfer of O,®~ anion across the liquid/liquid nanointerface.

water

experiment, it partitions from organic to the aqueous phase.
When the pipette is brought to within a few orifice radii of
the catalytic Pt substrate, O, can diffuse to it and be reduced
at the microscopic portion of the substrate surface facing the
tip. A negatively charged ORR intermediate (0,®”) can
desorb from the Pt surface, diffuse to the pipette orifice, and
be transferred into the filling organic solution by applying
positive voltage between the reference electrode inside the
pipette and the external reference. The resulting ion transfer
(IT) current across the nanometer-sized liquid/liquid inter-
face'” is used to detect and identify the charged intermediate
species—an important difference between the ET/IT SECM
technique and previously reported agplications of micrometer-
sized pipettes to reagent delivery™ and studies of electro-
catalytic reactions.

B EXPERIMENTAL SECTION

Chemicals and Materials. Sulfuric acid (H,SO, 99.999%),
sodium sulfate (Na,SO,, >98%), sodium carbonate (Na,COs;,
>98%), sodium hydroxide (NaOH, >97.0%, pellets), sodium
hexafluorophosphate (NaPFg, 98%), tetraethylammonium hydrogen
sulfate (TEAHSO,, 98%), 1-octanol (98%), methanol (98%), 1,2-
dichloroethane (DCE, anhydrous, >99%), dimethyl sulfoxide
(DMSO, BioReagent, for molecular biology, >99.9%), trimethyl-
chlorosilane (TMSCI, 98%), bis(triphenylphosphoranylidene)-
ammonium chloride (BACI), tetrabutylammonium perchlorate
(TBACIO,, >99%), and potassium tetrakis(4-chlorophenyl)borate
(KTPBCI) were all from Sigma-Aldrich. All of these chemicals were
used as received. Platinum wire (diameter, 25 um) was from
Goodfellow Company. Quartz capillaries were obtained from Sutter
Instruments Co. (Novato, CA).

Bis(triphenylphosphoranylidene)ammonium tetrakis(4-chloro-
phenyl)borate (BATPBCI) and bis(triphenylphosphoranylidene)-
ammonium hexafluorophosphate (BAPF,) were prepared by meta-
thesis of 1:1 mixtures of BACI and KTPBCI or NaPF, in methanol—
water mixtures (v/v 2:1) followed by recrystallization from
acetone.”” Anhydrous (>99%) benzotrifluoride (BTF) from Sigma-
Aldrich was purified by repeated boiling with aqueous Na,CO,
washing and then distilling under nitrogen at ambient pressure.””
The thorough purification of BTF was essential for IT experiments
because this reagent contained an unknown hydrophobic anionic
species whose transfer wave appeared within the potential window.
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The purification protocol was repeated until no impurity transfer
wave could be detected in background IT voltammograms.

To prepare a Ag/AgTPBCI reference,”* the compact layer of
AgTPBCl was slowly deposited onto a precleaned Ag wire by
constant-current electrolysis in 0.01 mM KTPBCl methanol/water
(1:1) solution.

Nanopipettes and Electrodes. The nanopipettes were
fabricated from quartz capillaries using a laser-based pipette puller
(P-2000, Sutter Instrument Co.), as described previously.'>** A
suitable program was selected to pull pipettes with the short inner
shaft, thus minimizing the internal resistance. Different procedures
were used to prepare pipettes for filling with either aqueous or
organic solution. In the former case, to render the outer wall
hydrophobic, the pipette was held approximately 1 cm above liquid
TMSCI for about 2 min while the flow of argon was passed through
its back to avoid silanization of the inner wall>® For organic-filled
pipettes, the silanization was performed using a slightly modified
version'® of the previously described procedure.®” Briefly, the
nanopipette was fixed in a glass vacuum desiccator (Fisher-Scientific),
which was connected to a thermocouple gauge controller (KJLC 205
series, Kurt J. Lesker Co.) and a pump (RV8, Edwards Co.). The
desiccator was first evacuated by the pump, and then the TMSCI
vapor was delivered from the flask to the desiccator, where the
nanopipette was exposed to it for about 45 min. The system was
evacuated again to remove the silane vapor before the pipettes were
taken out.

The current—distance curves were obtained with a glass-sealed 25
um diameter Pt disk electrode polished on the S0 nm alumina and
used as a substrate. Its surface roughness of <5 nm over the 1 ym X
1 pum area, as evaluated from noncontact mode atomic force
microscopy images,”® was small in comparison with the radii of the
pipette tips employed in this study (a > 60 nm). Before use, the Pt
substrate was electrochemically cleaned in 0.5 M H,SO, aqueous
solution. The substrate potential was either controlled with respect
to the external reference electrode or allowed to float at open circuit
(unbiased substrate).

Instrumentation and Procedures. SECM experiments were
carried out using a home-built instrument.'® To obtain an SECM
approach curve, the nanopipette tip was first positioned a few
hundred micrometers above the Pt substrate using positioning stages.
To avoid crashing, this process was monitored with a long-distance
video microscope. Then, the nanopipette tip was moved closer to the
substrate in the automated “surface hunter” mode until the IT
current decreased by about 10%. Both the substrate and tip currents
were collected during the subsequent fine approach. The same
instrument was used to record tip and substrate voltammograms.
The oxygen delivery experiments were performed in a homemade
electrochemical cell after the aqueous solution was purged with
argon.

Selection of Organic Solvent and Electrolyte. An ORR
intermediate—superoxide—is an anionic radical known to react with
many organic substances.”> The selection of organic solvent and
electrolyte inert toward this highly reactive species was critical for the
present study. The reversible one-electron ORR in aprotic DMSO
(Figure 2a) was used to check the stability of specific solvent and
electrolyte toward the electrogenerated O,®~.*° For instance, DCE—
a solvent commonly used in liqujd/ligluid electrochemistry—is
expected to be oxygenated by superoxide. When DCE was added
to DMSO, its reaction with electrogenerated O,®” resulted in the
disappearance of the anodic peak, while the cathodic peak was
markedly enhanced (Figure 2b) due to the regeneration of O, via
rapid nucleophilic and electron transfer reactions of 0,®~2%*! In
contrast, the addition of chemically inert BTF*> to DMSO had no
effect on the ORR voltammogram (Figure 2c). Similarly, BATPBCI
can be employed as an electrolyte because its anion, TPBCI™, cannot
be oxygenated by O,®  despite being a halogenated aromatic
hydrocarbon.*" The reversible ORR wave in Figure 2d points to the
BATPBCI stability in the presence of 0,®~.

Electrochemical Cells. SECM experiments were carried out in a
three-electrode cell that included the Pt substrate and two reference
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Figure 2. Checking stability of solvent and electrolyte by ORR
voltammetry. (a) DMSO solution only contained 100 mM
TBACIO,. The same solution also contained 5 mM of either DCE
(b), BTF (c), or BATPBCI (d). Voltammograms were obtained in a
three-electrode cell with a 3 mm diameter working glassy carbon
electrode, a 0.5 mm diameter Ag wire quasi-reference, and a 2 mm
diameter Pt wire counter electrode. Scan rate was 100 mV/s.

electrodes placed inside the pipette and in the outer solution. Both
the substrate and tip potentials were measured versus the outer
reference electrode. Ion transfer current to the pipette filled with
either organic or aqueous solution was measured in Cell 1 or Cell 2,
respectively.

Ag | AgCl | 100 mM Na,SO,, 0.5 mM TEA,SO; || 100 mM BATPBCI| AgTPBCI | Ag  (Cell 1)
outer aqueous solution BTF in pipette

Ag | AgTPBCI | 100 mM BATPBCI, 0.75 mM BAPF || 100 mM Na,SO4| AgCl | Ag
outer BTF solution aqueous phase in pipette

(Cell 2)

B RESULTS

Figure 3 shows the controlled delivery of oxygen from the
pipette filled with BTF solution to the 25 uym diameter
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Figure 3. Oxygen delivery from the BTF-filled pipette used as an
SECM tip to the Pt substrate. Experimental current—distance curve
based on the TEA" transfer from the external aqueous phase to the
organic filling solution (red line; Cell 1) fitted to the theory (black
line*®) for the SECM negative feedback (a) and corresponding is vs
d/a dependence for the reduction of oxygen delivered from the
pipette (b). Ex = =04 V, Eg = —0.5 V. iy, = —97.8 pA is the iy
value in the bulk solution. The pipette orifice radius, a = 225 nm;
the Pt substrate diameter was 25 pm.

polycrystalline Pt substrate immersed in aqueous solution.
The pipette geometry was characterized by steady-state
voltammetry and TEM (Supporting Information (SI), Figure
S1). The tip current (ir) in Figure 3a is due to the transfer of
a tetraethylammonium (TEA*) cation from the external
aqueous solution to the pipette, which was driven by the
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negative voltage (Er = —0.4 V) applied between the internal
and external reference electrodes. This voltage corresponds to
the diffusion-limiting current of TEA* transfer (SI, Figure S1),
while Na* transfer did not occur because its onset potential is
about —0.6 V. The tip current decreased with the decreasing
tip/substrate separation distance (d) because the Pt substrate
blocked the diffusion of TEA" to the orifice (Figure 3a;
negative feedback). By fitting the experimental current—
distance curve (red line) to the theory (black line),*® we
could determine and control the separation distance. The
substrate current (ig) produced by ORR increased with
decreasing d (Figure 3b), as expected from the previously
developed theory.'®

We used the transfer of the superoxide anion across the
BTF/water nanointerface for the detection and identification
of this species. To our knowledge, the IT of superoxide has
not yet been studied, and the standard ion transfer potential'®
value required for identifying O,® is not known. Unlike
aqueous solutions, the superoxide anion is stable in aprotic
solvents, in which it is readily produced via the one-electron
ORR.* Reversible cyclic voltammograms of this process were
obtained at the millimeter-sized glassy carbon electrode in
BTF solution (Figure 4a). The same process produced steady-
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Figure 4. Superoxide anion generation in BTF and collection at the
water-filled pipette tip. Voltammograms of ORR obtained at the 3
mm diameter glassy carbon electrode (a) and 25 ym diameter Pt
SECM substrate (b) in BTF solution containing 100 mM BATPBCL
The reference electrode was Ag/AgTPBClL. (c) Experimental
current—distance curve obtained with a nanopipette tip (a = 252
nm) approaching an unbiased Pt substrate (red line) fitted to the
theory for the negative feedback (black line). Er = 0.3 V. (d) IT
voltammograms obtained at the same pipette and d = oo (blue) and
125 nm (red and green). Pt substrate was unbiased except for the
red curve, where Eg = —0.9 V. In (c) and (d), the experiments were
performed in Cell 2. The background curve (black curve in d) was
obtained with no BAPF¢ in BTF.

state voltammograms at the Pt microelectrode (Figure 4b).
To measure the IT of 0,®, a pipette tip was filled with
aqueous solution and brought within the limits of the
diftusion layer generated at the Pt substrate in BTF solution.
The application of a positive potential to the pipette tip
induced the ingress transfer of PF~ from the external BTF
solution (blue curve in Figure 4d). This current decreased
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with the decreasing distance between the pipette orifice and
the unbiased Pt substrate, and the resulting experimental
approach curve (red line in Figure 4c) fits the theory for the
negative feedback well (black line in Figure 4c*).

The same effect can be seen in IT voltammograms: the
diffusion-limiting current of the PF¢~ transfer in the bulk
solution (blue curve in Figure 4d) was much higher than that
in the voltammogram obtained at the same pipette and d =
125 nm (green curve). When the Pt substrate potential was
—0.9 V, the new anion transfer wave with the half-wave
potential, E;;, = —0.25 V, appeared in the IT voltammogram
(red curve in Figure 4d), which was obtained at the same d =
125 nm as the green curve. Eg = —0.9 V corresponds to the
foot of the ORR wave in Figure 4b. At more negative
substrate potentials, the tip current became very high because
of the high solubility of O, in BTF solution, and thus, a large
amount of superoxide anion was generated at the substrate.

A 53 nm radius BTF-filled pipette was used to detect the
superoxide intermediate produced during ORR at the Pt
substrate in neutral aqueous solution (Figure S). The
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Figure S. Detection of superoxide intermediate produced during the
ORR in aqueous solution. (a) Current—distance curve obtained with
a BTF-filled 53 nm radius pipette approaching the Pt substrate. E =
04 V and Eg = —0.5 V. (b) IT voltammograms obtained with the
same pipette at d = 100 (1) and 40 (2) nm; Eg = —0.5 V. ORR
voltammogram at the substrate (c) and corresponding iy vs Eg
dependence (d) obtained at E; = 0.4 V and d = 40 nm. (a—d)
Experiments were carried out in Cell 1.

current—distance curve in Figure Sa was obtained with the
Eg = —0.5 V vs Ag/AgCl reference, at which ORR occurred at
the substrate (Figure Sc). Ep = 0.4 V corresponded to the
plateau of the superoxide anion transfer across the BTF/water
nanointerface [in this experiment, E,, = +0.25 V for O,®~
transfer in Cell 1 as opposed to —025 V in Figure 4d
because, in the latter case, the filling solution was aqueous and
the outer solution was BTF (Cell 2)], and no other ionic
species could be transferred at this potential (the polarization
window is shown in SI, Figure S7). The iy in Figure Sa was
negligibly small at longer separation distances and increased
sharply at d < ~50 nm. The current—distance curve obtained
under the same experimental conditions using a much larger
pipette (a = 110 nm; Figure S2 in SI) also showed that the it
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increases over the d range of ~50 nm. Moreover, no waves
can be seen in the tip voltammogram obtained at d = 100 nm
(curve 1 in Figure Sb), and a well-defined anion transfer wave
appears at d = 40 nm (curve 2 in Figure Sb). There is also
close correspondence between the voltammogram of the ORR
at the Pt substrate (Figure Sc) and the IT wave in the ir
versus Eg dependence obtained at d = 40 nm (Figure Sd).

The complete ET/IT SECM experiment, including the
delivery of O, from the nanopipette tip, its reduction at the Pt
catalytic substrate, and the collection of O,® at the BTE/
water nanointerface, is presented in Figure 6. The substrate
potential was —0.5 V vs Ag/AgCl reference, corresponding to
the plateau region in the ORR voltammogram (Figure Sc),
and the tip potential of 0.4 V was sufficiently positive for the
diffusion-limiting IT of O,®~. The same set of parameters was
used to fit the ig versus d (Figure 6a) and i versuss d (Figure
6b) curves obtained with the same 69 nm radius pipette. The
ig versus d theoretical curve was calculated using the
previously developed model'® (simulation package COMSOL
Multiphysics version 4.4 was employed; see SI for details),
while the tip response was simulated assuming the
decomposition of O,®~ via a pseudo-first-order reaction in
neutral aqueous solution.

B DISCUSSION

The partitioning of a neutral oxygen molecule from the
pipette to the external aqueous solution is not affected by the
interfacial potential and does not contribute to the tip current.
Thus, some interfacial IT process unrelated to ORR is needed
to control the tip/substrate separation distance. In Figure 3a,
TEA" transfer was used to measure d via negative SECM
feedback and bring the pipette tip within a ~0.54 distance
from the Pt substrate. The substrate current (Figure 3b) is
due to the reduction of oxygen delivered from the pipette
(the aqueous solution was degassed before the experiment).
The 12.5 pm radius of the Pt substrate was sufficiently small
to enable quantitative measurements of the pA-range ORR
current and, at the same time, much larger than a to ensure
high collection efficiency of the delivered oxygen (>90% for
the entire distance range in Figure 3b'®). The diffusion-
limiting flux of O, from the pipette to the external solution

. 18
18

T = 4f(0)Dc*a (1)
where f(6) is a factor related to the pipette angle 6,** ¢* is the
bulk concentration, and D is the diffusion coefficient of O, in
BTF solution. Equation 1 represents the maximum flux value,
corresponding to the complete partitioning of O, molecules
from BTF to water. The flux of oxygen actually delivered
from the pipette to the external solution depends on its
partition coefficient K (i.e, the ratio of equilibrium
concentrations of oxygen in BTF and water). This flux
increases with decreasing d because the depletion of the
oxygen concentration by ORR at the substrate shifts the
partitioning equilibrium.® This effect resulted in the increase
in ig with decreasing d in Figure 3b. The comparison of the
experimental ig versus d dependence to the theory in ref 18
suggests that K > 10.

The half-wave potential of the IT across the BTF/water
nanointerface can be used as a unique signature for
unambiguous identification of O,®” species. A reversible
cyclic voltammogram (Figure 4a) similar to the one-electron
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Figure 6. Experimental (symbols) and theoretical (solid lines) current—distance curves for oxygen delivery from the nanopipette to the Pt
substrate and collection of the superoxide intermediate. The tip was a 69 nm radius pipette containing BTF solution (Cell 1) saturated with O,,
and the substrate was a 25 pm diameter Pt disk. Both the substrate (a) and tip (b) currents are normalized by the diffusion-limiting flux of
oxygen from the nanopipette (i = Flnas €9 1'®). Er = 0.4 V and Eg

—0.5 V. The approach speed was S0 nm/s (a) and 1 nm/s (b).

ORR responses obtained previously in aprotic solvents®
confirms the formation and stability of the superoxide anion
in BTF solution containing BATPBCI electrolyte. The correct
choice of suitable organic solvent and electrolyte is critical
because superoxide can react with many of them either as a
reducing agent or as an oxidant or a nucleophile.”” In addition
to the stability of BTF, the high oxygen solubility®> and wide
potential window?> were advantageous for our experiments.

The IT wave with the E,;, = +0.05 V (blue, green, and red
curves in Figure 4d) was obtained in Cell 2 for the transfer of
PF¢~ from BTF to water at any d and Eg. In contrast, the IT
wave with the E;,, = —0.25 V was observed only when the
pipette tip was brought within a short distance from the Pt
substrate, and the Eg was sufficiently negative for ORR in
BTF solution (red curve in Figure 4d). This wave is due to
the transfer of an anionic product of ORR, which in aprotic
BTF solvent can only be O,® species.

In experiments represented in Figure S, the BTF-filled
pipette was immersed in the external aqueous solution (Cell
1), and the supporting electrolytes in both liquid phases were
the same as those in Cell 2. Thus, the half-wave potential of
+0.25 V measured for the IT of an ORR intermediate (curve
2 in Figure Sb) corresponds to the E;/, = —0.25 V found for
the 0,®” transfer from BTF to water (red curve in Figure
4d). Considering possible ORR intermediates and products in
aqueous solution, one can unambiguously attribute the IT
wave in Figure Sb to the O,®  transfer. Indeed, the
transferred species has to be anionic (the neutral molecules,
such as H,0,, cannot contribute to the IT current, and the
transfer of a cation would result in the current flowing in the
opposite direction). The transfer of strongly hydrophilic OH~
occurs outside the polarization window. The only known
anionic intermediate of the ORR in aqueous solution besides
superoxide is HO,™. The possibility of this species being
formed at the neutral pH and having sufliciently long lifetime
to contribute to the IT current is remote because of the small
acid ionization constant of H,0, (pK, = 11.6°). Figure S3
(SI) shows that the voltammetric wave of IT of an anionic
ORR product from BTF to water completely disappeared
after 2.5 mM of 1-octanol was added to the organic phase.
0,® is known to react with l-octanol in aprotic solvents,
producing HO,.*° From Figure S3 in the SI, one can
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conclude that the transfer wave of hydrophilic HO,™ is
outside the polarization window, and therefore, the wave in
Figure Sb can only be due to the O,®” anion transfer. The
possibility to selectively identify a short-lived intermediate
based on its charge and IT potential is a major advantage of
the developed approach.

A salient feature in the ig versus d curve (Figure Sa) is that
the tip current is measurable only at very short separation
distances (d < ~S50 nm). In a substrate generation/tip
collection SECM experiment, the distance scale is determined
by the substrate radius. If the anionic species generated at the
substrate in Figure Sa were stable, the iy increase would have
been observed over the d range of >12.5 um. The distance
scale in Figure Sa, which is several orders of magnitude
smaller, is determined by the lifetime of substrate-generated
superoxide radical. From Figure 5a,b, the maximum thickness
of the tip/substrate gap that O,®~ can cross during its lifetime
is ~50 nm. As expected, this distance is independent of the
pipette radius. In the i versus d curve obtained with a much
larger pipette tip (a = 110 nm, Figure S2 in SI), the longest d
at which the tip current value was measurable is also ~50 nm.
Combining the diffusion distance of 50 nm with the diffusion
layer thickness expressed as 2(Dt)/?3” and D = 6.7 X 107°
cm?/s*® yields a rough estimate for the time scale of Oz._
decomposition in neutral aqueous solution on the order of 1
Us.

Because the substrate radius is much larger than a, the
collection efliciency in substrate generation/tip collection
experiments (ip/ig) is very small (<1%; cf. currents in Figures
4b and 4d), impairing quantitative analysis of the current—
distance curves. The analysis of the ET/IT mode SECM
experiment involved simulating the current distance curves for
both substrate (Figure 6a) and tip (Figure 6b) processes (see
SI for simulation details). The substrate response reflects the
delivery of oxygen from the nanopipette and its reduction at
the Pt surface. The shape of the simulated curve in Figure 6a
is determined by several parameters, such as the diffusion flux
of O, to the pipette orifice (J,,., defined by eq 1), its partition
coefficient (K), the ratio of the diffusion coefficients of O, in
water and BTF, and the effective number of electrons
transferred in the ORR (n). The iy, = 106 pA and the Do,

(water)/Do, (BTF) = 0.57 were determined independently
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and not used as adjustable parameters.”® The K value largely
determines the curvature of the substrate current—distance
dependence,'® while the i magnitude at any d is directly
proportional to n. Thus, both K = 145 and n = 3.6 could be
confidently found from the best fit in Figure 6a. The latter
value is consistent with the prevalence of 4¢” ORR to water
with relatively small production of desorbed intermediates.”'*

The same values of K, J,., and Do, (water)/Do, (BTF)

parameters were used to fit both current—distance curves in
Figure 6a,b. The tip current also depends on the rates of
0,®" production at the substrate, its diffusion, and
decomposition in water. These parameters can be determined
from the best fit to simulated curves (Figures SS and S6 in
SI). The first quantity can be expressed as the diffusion flux of
O, to the substrate multiplied by the empirical factor y, where
y is the number of moles of O,®” desorbing from the Pt
surface normalized by the total number of moles of reduced
oxygen. The y = 0.09 obtained from the best fit in Figure 6b
is consistent with a relatively small fraction of ORR
intermediates being desorbed to aqueous solution (n = 3.6).

The decomposition of O,® was simulated assuming the
pseudo-first-order rate law for the disproportionation reaction
(see model and simulation details in SI). The shape of the it
versus d curve depends strongly on the value of the effective
rate constant (k). The fit in Figure 6b was obtained with k_ =
3.4 X 10° s7', which corresponds to the half-ife of O,® in
aqueous solution, In 2/k. = 2 ps. To our knowledge, the
lifetime of O,® at a neutral pH has not yet been measured,
and the only available literature data were obtained in alkaline
solutions (e.g, at pH 10*).

Clearly, the determined k. may be affected by the ORR-
induced increase in solution pH near the substrate surface.
This effect could be diminished in buffered solutions.
However, the anions of common buffers (e.g, phosphate,41
acetate,* and carbonate®’ species) are known to adsorb on Pt
and influence the ORR kinetics. (For the same reason, we did
not add CI” to aqueous solution and used Ag/AgCl as a
quasi-reference electrode.) Moreover, a very high buffer
concentration would be required to maintain essentially
constant pH within the nanometer-thick layer of solution
adjacent to the Pt surface.*® The addition of concentrated
buffer electrolyte to the aqueous phase would narrow the
polarization window of the liquid/liquid interface and impair
the measurement of the superoxide anion transfer. Therefore,
we have chosen to carry out our experiments in sulfate
solutions despite the possibility of underestimating k..

Another potential concern is a possibility of strong
adsorption of TEA" on Pt and its effect on the ORR.
While adsorption of TEA® on activated carbon®* and
mercury45b has been reported, we were unable to find any
literature evidence for specific adsorption of this species on Pt
in the neutral aqueous solution. Unlii et al** reported that
quaternary ammonium cations can adsorb on Pt from strongly
alkaline solutions and influence the kinetics of the oxidation
of methanol.

The O,® decomposition may be the fastest homogeneous
kinetics measured electrochemically to date. The upper limit
for the rate constant measurable by ET/IT SECM is
determined by the attainable distance of the closest approach.
The shortest separation distance in Figure 6b (~3 nm) is
sufficiently small to measure the rate constants at least 2
orders of magnitude higher than the k. value determined in
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this work. Unlike metal nanoelectrodes, a nanopipette used as
an SECM tip can be brought extremely close to the
conductive substrate surface (e.g, d = 1 nm*®) without
inducing electron tunneling. Thus, the developed approach is
potentially promising for detecting charged intermediates of
catalytic processes with the lifetime of a few nanoseconds.

B CONCLUSIONS

Direct evidence of superoxide formation at the bare
polycrystalline Pt surface during the ORR in neutral aqueous
solution and its desorption has been obtained by using the
SECM equipped with a nanopipette tip. The diffusion flux of
superoxide at the electrode surface corresponds to about 9%
fraction of reduced oxygen. The halflife of O,®~ in aqueous
solution was evaluated to be ~2 ps. The detection of
superoxide radical in solution was possible because of the
extremely high mass transfer rate of the SECM operated in
the ET/IT mode. With the attainable distance of the closest
approach between the nanopipette tip and catalytic substrate
of about 1 nm, this technique should be capable of detecting
ionic intermediates of heterogeneous reactions with the
lifetime of a few nanoseconds.

IT voltammograms of the O,® transfer across the liquid/
liquid nanointerface were obtained for the first time. Ion
transfer voltammetry can differentiate between the anionic,
neutral, and cationic reaction intermediates because neutral
molecules (e.g, OH® or H,0,) do not contribute to the IT
current, while positively and negatively charged transferred
species produce the currents flowing in the opposite
directions. The half-wave potential of the O,® transfer was
determined and used for unambiguous identification of this
intermediate. This approach can be used for the detection and
identification of charged intermediates of various heteroge-
neous chemical and electrochemical reactions in both aqueous
and nonaqueous solutions.
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