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The surface interrogation mode of scanning electrochemical microscopy (SI-SECM), an in situ method for
the quantification of adsorbed intermediates at electrodes at open circuit, was used to evaluate the rate of
reaction of four redox mediators of different reducing power (methyl viologen™ > Ru(NHj)s*t >
Fe(IN[EDTA]?>~ > Fe(CN)s*") with electrogenerated platinum oxides (PtO,) at different pHs. The rate constant
determined by SI-SECM was sensitive to the nature of the Pt oxide formed at different potentials. A simplified
model with finite element method simulation was used to fit the SI-SECM experimental response. The extraction
of kinetic constants and their comparison to the potential (reducing power) of the mediator yielded a Marcus-
theory type relationship. Although these are clearly not outer sphere reactions, if subjected to the Marcus
theory treatment, one can extract an estimated value of 4 = 1.3 4= 0.3 eV for the reduction of “place exchanged”
oxide, which forms with oxide coverage values larger than 0.5 (as PtO). Steady state feedback experiments
were also conducted in which the reduced form of the mediators was oxidized at Pt with different oxide
coverage, i.e., over a wide range of potentials. A comparison of SI-SECM kinetic analysis with the Pt substrate
at open circuit to the case where an electrode bias is applied indicates that for Fe(I)[EDTA]?*", the feedback
current follows the oxide coverage at the Pt substrate. We suggest that thin layers of oxide provide a chemical
route in which the oxide mediates oxidation of the reduced electrogenerated species; this route is governed
by the reactivity of the different species of oxide formed at the electrode and not necessarily by other effects,

such as direct electron tunneling through the oxide layer.

1. Introduction

The effect of electrode surface oxidation on the rate of
apparently outer sphere electrode reactions (e.g., R — O + ng)
has long been of interest. In such cases, at least two routes are
possible: (1) reaction of the oxide directly with R and (2)
tunneling of electrons from R through the oxide. It is difficult
to address this problem with the usual electrochemical methods,
but we show here that surface interrogation scanning electro-
chemical microscopy (SI-SECM)' 3 can be readily used for such
studies. In particular, we discuss the determination of the
chemical rate constants of reaction for a reduced form of a redox
mediator (methyl viologen™, Ru(NH3)¢>", Fe(II[EDTA]?>~ and
Fe(CN)g*™) with Pt oxides formed under mildly anodic condi-
tions (e.g., < 1.5 monolayers of “adsorbed O” as PtO). We
further correlate the rate constants obtained with the energetics
of the reaction and show that this path can be the predominant
one for oxidation. The feedback mode of SECM, operating at
steady state, can be used for measuring the kinetics of chemical
and electrochemical processes. An SECM tip, which consists
of an ultramicroelectrode (UME), interrogates a substrate at xm
distances and is usually used to measure a steady-state current
produced by the electrolysis of a redox mediator present in
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solution. When the UME is close, this current is a function of
the activity of the substrate.*> SI-SECM uses transient feedback
as a means of measuring the amounts and kinetics of adsorbed
reactants on the electrodes. In this study we use both steady-
state and transient SECM measurements to evaluate the reactiv-
ity of Pt oxides.

Figure 1 is a schematic diagram of the methodology used in
this study for a typical system in which an SECM tip with a
metallic disk of radius a = 12.5 um (RG ~ 2—3, where RG =
rg/a and rg is the length of the flat end of the tip) is aligned to
a substrate with radius b = 25 um at a distance d < 3 um; Figure
1(A) depicts the kinetic characterization of the reaction of
chemisorbed oxygen at the Pt substrate with an electrogenerated,
reactive mediator produced at an SECM tip. As described
earlier,! the first step for the implementation of SI-SECM
consists of the generation of a limited amount of oxide at the
Pt substrate, which is followed by the opening of the circuit
for this electrode. This operation allows the study of the
chemical reactivity of the formed oxide by the SECM tip; in
this case, the tip generates a reducing agent R, from a species
O in solution. This electrochemical reaction produces a measur-
able current at the tip. R diffuses to the substrate and reacts
with the oxide, eq 1 for PtO (a 2& process), thus regenerating
O, which increases the flux of this species to the tip and in
turn, transiently produces a larger current. This feedback cycle
continues until all of the Pt oxide is consumed and the current
at the tip decays to a background level. If the titrant R is
generated in a linear potential sweep across the appropriate
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Figure 1. Schematic diagram (not to scale) of the system used to study
oxide reactivity by transient and steady state feedback. (A) SI-SECM
used to evaluate the open circuit chemical reactivity of Pt oxide. The
tip “titrates” the oxide through a potential scan; sharper feedback curves
indicate higher kinetics of reaction for the mediator with the oxide.
(B) SECM in the feedback mode can be used to evaluate the steady
state electron transfer across the oxidized Pt; two routes are possible:
an electrochemical one with rate r,,, and a chemical one, with rate rcem.

potential range for the O/R pair, then the response will be a
curve similar to the ones shown schematically in Figure 1(A).
The kinetics and mechanism of the reaction, characterized by
an overall reaction constant kg;, will determine the shape of the
response curve; fast reactions will give sharp curves that decay
quickly (E is a function of time) compared to slower ones. The
mechanism and rate constants can then be obtained by com-
parison to digital simulation of this transient response. We
demonstrate in this study how the kinetics of reaction change
in response to differences in the driving force of the process,
i.e. the reducing power of the mediator.

k
2R + PO + 2H" —>20 + Pt + H,0 (1)

A great advantage of the SECM over other electrochemical
techniques is that it allows decoupling of the analytical
measurement from the operation of the substrate;* this case is
depicted in Figure 1(B). Here, the SECM tip generates the
reduced species R at steady state while the substrate is biased
to a potential at which it generates an oxide layer. At sufficiently
positive potentials the substrate will regenerate O by oxidizing
R, thus providing a feedback current at the tip.* Changes in the
kinetics of this oxidation reaction, which may be brought about
by the formation of oxide, can be followed through measurement
of the tip current, which is a reflection of how fast the substrate
is feeding back oxidized mediator, 0.5"® Notice that the
measurement of the oxidation rate is done in situ and at the
desired potential of the substrate, in contrast to conventional
single electrode measurements where the potential of the
substrate would otherwise be changed to measure charge transfer
kinetics of a redox mediator. By combining measurements done
with the SI-SECM and feedback modes we propose that under
certain conditions, the steady state substrate response can be
described by a combination of chemical and electrochemical

Rodriguez-Lopez et al.

routes (7.hem and 7, respectively in Figure 1(B)) for the oxidation
of R, rather than a purely electrochemical path. The measure-
ment of chemical processes at steady state with the SECM has
been exploited since the introduction of the technique;~!? and
integrated approaches exist for the determination of substrate
kinetics for combined electrochemical and chemical systems
such as self-assembled monolayers.'>'* Our approach uses
information obtained through transient measurements to de-
couple the possible contributions of the chemical route from
those of the electrochemical route, as depicted in Figure 1(B),
in an electrocatalytic system.

A particularly interesting case in the study of the oxidation
of species on oxide covered Pt electrodes is the observation
that the electrochemical response for some processes, as
evaluated from the heterogeneous rate constant for electron
transfer, is decreased upon oxide formation.!> Thick oxide
passive layers on valve metals are known to act as insulating
barriers for electron transfer;'®!7 the decrease in the rate constant
due to such layers can often be modeled in general terms
according to eq 2:

Rperetr = khete_ﬂx (2)

where ke efr 1S the effective rate of electron transfer across the
insulating layer of thickness x; ke is the constant for electron
transfer in the absence of insulating layer and /3 is the tunneling
constant (typically taken as ~1.1 A, although smaller values
have also been reported).'*!3 Pt oxides decrease the rate of inner-
sphere electrochemical reactions, such as the oxidation of
hydrogen or alcohols or the reduction of protons or oxygen,'”
where competitive adsorption plays a major role in the reaction
mechanism.?*?! In other processes, such as the oxygen evolution
reaction (OER), the formation of these oxides is central to the
mechanism of reaction, and determining the effect of adsorbed
oxygen is clearly of interest.?2* A limited number of reports
exist on the effect of Pt oxides on outer-sphere reactions, e.g.,
the oxidation of Fe(Il) and As(III)'> or Ce(IIl) and Mn(II)
species,?* or Fe(CN)g*~,>2¢ where the participation of chemi-
sorbed oxygen on the reduction mechanism was proposed,
although no direct study of it was made. Our initial observations
on the reactivity of Pt and Au oxides through the SI-SECM
technique,! where reaction of the oxide with an in situ
electrogenerated redox mediator produces a transient feedback
response, motivated us to explain further the impact of the Pt
oxide reactivity on the shape of the obtained tip electrochemical
responses. This information can be used to explain the decrease
in reactivity observed with certain mediators, like Fe(I)EDTA?",
at different stages of oxide formation on Pt. In a larger context,
the introduction of this in situ SECM methodology to long-
standing topics in electrocatalysis such as the higher-valence
oxide mediation of the OER in metal oxides (e.g., [rO,, RuO,,
or Co304)*"*® would be especially useful; such in situ measure-
ments are still being developed and combined with new and
powerful methods of characterization.’®?’ In this study, we thus
provide a first example of the capabilities of SECM in this
research area with a simpler system.

There is a large body of literature on adsorbed oxygen on
Pt. Studies of the electrochemical reactivity of Pt oxides formed
at different stages of anodization have been proposed based on
the shape of the surface reduction response observed in cyclic
voltammetry,*®*! where electrochemical irreversibility is ob-
served after the initial formation of a reversible oxide. This
irreversibility has been ascribed to the formation of a “place
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exchanged” oxygen species, i.e., oxygen buried into the surface
layers of Pt.3>3* The characterization of the structure of surface
Pt oxides however is challenging and still not well understood,
even at single crystal electrodes.?’ In fact, there is no general
agreement on the type of species of which Pt oxide consists;
early CV studies suggested that PtOH and place exchanged
OHPt were the relevant species in the initial stages of oxide
formation.’® Other measurements done ex-situ such as XPS and
Auger spectroscopy suggest the formation of anhydrous PtO in
varying amounts.’ For example, electrochemical quartz
microbalance studies claim that 0.5 monolayer (ML) of PtO
(2@ per equivalent) are formed rather than 1 ML of differently
coordinated PtOH (1€ per equivalent) for the first monolayer.

In this work, we will focus on the <2 ML PtO, i.e., equivalent
to <880 uC/cm?, or to roughly 4x an adsorbed hydrogen ML,
Qu (210 uC/cm?). Thus, we assign Oox = 1 (1 ML) at Qox =
20y (formally PtO) and 2 ML (Oox = 2 at Qox = 4Q0n)
(formally PtO,).> CV studies have suggested that changes in
the kinetics of reduction start when forming ~200 ,uC/crnz (Box
~ 0.5) (formally PtOH); these observations are also comple-
mented by changes in ellipsometric parameters at that cover-
age.’® LEED studies performed ex-situ have suggested that the
place exchange process starts in the range 200—300 uC/cm?.*
In-situ X-ray techniques also revealed morphologic changes at
specific coverage, although identification of the involved species
(i.e., adsorbed oxygen or hydroxyl) is not possible; place
exchange in this case is suggested to occur between 0.6 €/Pt to
1.2 &/Pt, afterward coexisting with further formation of oxide
on top of this structure until the surface disorders and roughens
beyond 1.7 &/Pt.3%* Alternative models for oxide formation
(which make predictions about their limiting growth) have
suggested that the unit cell for two monolayers of PtO has a
limiting thickness of 0.534 nm,* before formation of an outer
phase of hydrated Pt oxide at more positive potentials.*! We
study here the changes in reactivity of oxide species formed at
a Pt substrate with respect to different reactive redox mediators.
We find that upon reaching Oox ~ 0.5 chemical rate limitations
and changes in reaction kinetics are observed, and are considered
in the simulation model used to fit the SI-SECM response. Our
previous use of the SI-SECM technique focused on quantifica-
tion of adsorbed species; in this case, we explore the application
of the method for the study of the reactivity of adsorbed species
with electrogenerated reductants in solution.

2. Experimental Section

All solutions were prepared with deionized Milli-Q water.
Chemicals used as received were: sulfuric acid (94%—98%)
trace metal grade from Fisher Scientific (Canada) used to prepare
0.5 M H,SOy4; sodium acetate trihydrate (NaC,H3;0,, Fisher
Scientific, ACS reagent) and acetic acid glacial from Mallinck-
rodt (Paris, KY) used to prepare acetate buffer solution pH =
4; tribasic, dibasic and monobasic potassium phosphate “Baker
Analyzed” from J.T. Baker (Phillipsbury, NJ) as well as
o-phosphoric acid 85% from Fisher Scientific (Fair Lawn, NJ)
used to prepare 0.1 M solutions of phosphate buffer at the
desired pH. Mediator solutions of the indicated concentration
were prepared with the following: methyl viologen (MV)
perchlorate and hexammineruthenium(III) (Ruhex) perchlorate
were prepared by metathesis of methyl viologen dichloride
hydrate (98%) from Aldrich (Milwaukee, WI) or hexammineru-
thenium(III) chloride (Ru(NH3)sCl;, 99%) from Strem Chemicals
(Newburyport, MA) in concentrated solutions of sodium per-
chlorate (NaClOy, 99%) from Aldrich (Milwaukee, WI). Potas-
sium ferricyanide (K;Fe(CN)g*3H,0, ACS reagent) from Fisher
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Scientific was used as received. A 1:1 complex of Fe’" and
EDTA (FeEDTA) was prepared by mixing a 10% molar excess
of (ethylenedinitrilo)- tetraacetic acid, disodium salt dihydrate
(Na,H,EDTA <2H,0, ACS reagent) from Fisher Scientific with
iron(IIT) perchlorate nonahydrate (99%, Fe(Cl0,);+9H,0) from
Aldrich.

2.1. Electrodes. Gold (99.99+%) 25 um diameter wire and
platinum (99.99%) 25 and 50 um diameter wire from Good-
fellow (Devon, PA) were used to fabricate the SECM electrodes
by procedures described elsewhere;* the tips used in this work
had an RG =~ 3. All metallic electrodes were polished prior to
use with alumina paste (0.3 um) on microcloth pads (Buehler,
Lake Bluff, IL), and sonicated for 5 min in water. Pt electrodes
were further cycled between —0.1 and 1.2 V versus RHE in
their respective buffer to a constant CV before adsorption
measurements. Unless otherwise noted, all tip electrodes were
Au and all substrate electrodes were Pt.

In all experiments, an Ag/AgCl (sat’d KCI) reference
electrode was used (chloride leakage from the Ag/AgCl refer-
ence was prevented by the use of a 0.1 M sodium perchlorate
3% wlv agar salt bridge prepared with agar purified grade from
Fisher Scientific (Fair Lawn, NJ) and sodium perchlorate).
However, all potential measurements are reported either versus
RHE or NHE. Comparison of results for SI-SECM and feedback
experiments at different substrate potentials and pH was done
by conversion of the potential vs NHE to that of RHE, where
Erue &~ Exupe + 0.059 pH, as validated in the Supporting
Information, Figure S1. SI-SECM mediator CV scans are
essentially pH independent, and are given vs NHE throughout
the text. A 0.5 mm diameter tungsten wire (Alfa Products,
Danvers, MA) was used in all experiments as a counter
electrode. All solutions used in the electrochemical cell were
thoroughly bubbled with Ar prior to experimentation and were
kept under a humidified argon blanket.

SECM and other electrochemical measurements were done
with a CHI 920C SECM station bipotentiostat (CH Instruments,
Austin, TX) equipped with software for the automatic program-
ming of SI-SECM. In the SI-SECM scheme, the substrate is
stepped or swept to a given potential and then the circuit is
open; after a selected delay time, the tip was activated through
a CV scan to electrogenerate the reactive mediator; the potential
window and scan rate were chosen differently for each mediator.
Feedback experiments were performed at constant height and
by applying a constant potential to the tip at diffusion limited
conditions for reduction of the mediator. The substrate was
scanned slowly to from ~+200 mV from the mediator reduction
wave onset to the desired anodic potential limit, stopping for
70 s at desired potentials, where steady state conditions in the
presence of oxide growth are attained. The positioning and
alignment of the electrodes was done as described in previous
SI-SECM communications;'? in short, the tip was approached
to the substrate in the feedback mode and scans in x, y, and z
directions were run to optimize the feedback current. Distances
were estimated during the experiment by the use of positive
feedback theory* and then fine-tuned by the use of simulations;
chosen distances were in the range 3 um > d > 2 um.

Oxide coverage was estimated by comparison of the charge
required for reduction of the oxide either by SI-SECM' or by
conventional CV measurements (integration of the surface
reduction wave).’*33 These amounts were compared to the
integration of the UPD hydrogen response obtained through a
linear potential scan on the Pt substrate to 0.03 V vs RHE in
either blank buffer or 0.5 M H,SO,. For the SI-SECM
determination of oxides, the result from integration of the
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Figure 2. Determination of tip kinetic parameters for different mediators. Tip—substrate distance and obtained parameters are shown in Table 1.
All determinations done on Au tip microelectrodes with radius @ = 12.5 um with RG ~ 3; mediator used is indicated in each panel. Substrate for
all measurements was Pt with radius » = 25 um and RG ~ 3. Substrate potentials as follows: MV, Ey, = 0.7 V vs RHE; Ruhex, Eg, = 092 V
vs RHE; Ferricyanide, Ey, = 1.22 V vs RHE; FeEDTA, E,;, = 1.12 V vs RHE.

experimental background-subtracted scans was used as an initial
guess in digital simulations. Because of the mismatch between
the radius of the tip and that of the substrate, 100% recovery of
the oxide is not predicted by the model; our simulations indicate
that recovery was in the range of 80% to 85% (depending on
ks; and d and for 3 > RG > 2 at the tip). This correction factor
was taken into account for the oxide coverage and was validated
through the simulation.

3. Simulations and Related Calculations

Different mediators will exhibit different electrochemical
kinetics for the tip response; these differences are especially
important under the increased mass transfer conditions encoun-
tered in the SECM operating conditions. The SI-SECM response
is expected to be convoluted with the kinetics observed at the
tip, i.e., complete positive feedback caused by a chemical
reaction at the substrate should not differ in shape to that caused
by electrochemical regeneration of the mediator. Therefore, the
determination of the functional parameters for the simulation
of the transient feedback response is in order. The relevant
kinetic parameters for the simulation of SI-SECM scans were
obtained through the use of eqs 3—6:%

TABLE 1: Relevant Parameters for the Fitting of Positive
Feedback CV Scans®

d E° K° D
mediator (um) (Vvs NHE) (cms™) o  (m%*7!)
MV (pH = 11.3) 2.0 —0.45 2 0.5 72x 107
Ruhex (pH =4, 2.1) 2.3 0.05 0.1 05 75x107'°
Ruhex (pH = 6.8) 2.7 0.05 0.1 05 55x107'°
FeEDTA (pH=6.8) 2.6 012 2x107% 06 40x107"
ferricyanide 2.1 0.4 5x107% 03 62x 107"

(pH = 6.8)

¢ All measurements done with a 12.5 um Au UME and a 25 um
Pt UME substrate held at a potential where oxidation occurred
under diffusion-limited conditions. E° values obtained from Ref.;*
reported value for ferricyanide is 0.36 V vs. NHE.

0.68 + L7577 1 133150106721
I(L.E) = ; 3)
SR
D nF
0 =1+ G )
R
ko —aflE—E")
k = em— 5)
0.78377

4D,
m, = —(0.68 +
aa

o

+ 0.331551‘067“) (6)

where the standard rate constant k° and the transfer coefficient
a can be measured in terms of known quantities such as the
distance, d (where L = d/a), the potential E and standard
potential of reaction E° and the steady state tip current at infinite
distance, it ...; the experimental tip current can be compared by
using the relation it = It(L,E) X it.. The procedure to correct
for the tip kinetics is especially important for the more sluggish
electrochemical reactions (e.g., those for FEEDTA and ferri-
cyanide) where considerable deviation from nernstian behavior
is observed at the high mass transfer rates induced by the small
electrode separation in the SECM.* Figure 2 shows the fit
obtained for the experimental scans obtained for the four
mediators used in this study, and Table 1 summarizes the used
and obtained electrochemical parameters. MV and Ruhex show
relatively uncomplicated kinetics, which is consistent with our
previous results where a preliminary comparison to simulation
did not necessarily require tip kinetics adjustments;! FeEEDTA
and ferricyanide show sluggish tip kinetics and correction for
this was necessary.

Digital simulations of the coupled kinetic and diffusive
problem required to describe the SI-SECM response were
modeled with COMSOL Multiphysics software v3.2 for a 2D-
axial symmetry coupled to a 1D symmetry representing the
substrate electrode. The geometry of the simulation space was
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adjusted for the experimental conditions of this study, where a
= 12.5 um, b = 25 um and for both electrodes RG ~ 3; the
distance d was adjusted for each particular case. A detailed
description and depiction of the simulation space and relevant
boundary conditions is presented in the Supporting Information,
including Figure S2.

In our first SI-SECM study of oxides on Au and Pt,! we
observed that at larger substrate oxide coverage, typically after
6ox = 0.5 coverage, the kinetics of the chemical reaction
between the mediator and oxygen became more sluggish, i.e.,
the rate constant appeared to decrease. Similarly, the observed
response suggested more than one step in the reaction mecha-
nism as observed from the presence of multiple waves consistent
with a sequence of reactions."* The surface interrogation process
can be considered as analogous to an Eley—Rideal mechanism,*
where a species in solution reacts with an adsorbed species at
the substrate; the rate for this process can be written (eq 7, as
also shown in Figure 1 panel B):

= kT, Ce ™)

T chem

where rehem represents the rate of reaction derived from the
chemical reaction (mol/s m?) and Cy is the concentration of the
reduced mediator at the surface of the substrate. Since in this
mechanism the reducing agent is not adsorbed, the decrease in
the rate of the process cannot be ascribed to competitive
adsorption. Rather it can be described in terms of a decrease in
the value of kg; and/or the attainment of a limiting value in the
simulated coverage ['yy.

In expressing the overall reaction rate of reduced mediator
and oxide, there is probably a continuum of species that are a
function of the potential and particular Pt electrode surface sites.
We found here that these can be treated adequately by assuming
discrete reactive oxide species and a two adjustable kinetic
parameter fit. As explained in the introduction, the place
exchange process is thought to take place at coverage values
close to Oox = 0.5 as observed by different techniques.’*~°
The place exchange rearrangement implies that the accessible
surface oxide is limited, thus we used the limiting value of Ty max
= Qu/FAqb to model the “front reactive oxide” 1 (nominally
PtOH), which then leads to the formation of a second reactive
oxide which is surface limited in the same amount, 2 (nominally
PtO). As an example, consider the reaction modeling for these
two types of oxide (e.g., a place exchanged oxide that gives
rise to its precursor surface oxide upon reduction); the initial
surface composition can then be expressed as in eq 8, the linking
relationships between different types of oxides are shown in
eqgs 9 and 10, and the total rate of reaction is expressed in eq
11, which also serves to describe the changes in mediator surface
concentration at the substrate.

1—‘ox,2 + 1—‘ox,l = 1—‘ox,max (8)
rOX,Z = _k2rox,2CR (9)
o1 = “Toxa — kil 1Cr (10)

T them

=ro= 1R = kI Cr + K G (1D

The proposed model is strongly drawn on assuming possible
transformations such as that of PtO into PtOH, the latter being
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Figure 3. Estimated oxide coverage on Pt substrate in the presence of
different mediators as a function of potential for oxidation of substrate.
Coverage 0ox = Qox/20y Where Qox is the charge of oxide determined
by SI-SECM scans or CV on the oxide reduction peak and Qy is the
charge estimated by integration of the hydrogen adsorption area for
the electrode in a mediator-free solution, 6ox = 1 implies 1 ML of
equivalent PtO. Substrate in all cases is Pt with b = 25 um, except
labeled as CV Reduction Peak where a Pt electrode with b = 12.5 um
was used. All values obtained after 70 s of oxidation at the indicated
substrate potential. Reported* value in ref 33 0.5 M H,SO,.

an intermediate state upon gaining an electron and a proton.
The allowance that different oxide species involved have
different reaction rate constants with respect to the reduced
mediator is important in a description of the more complex tip
response. As we show, we obtained reasonable fits to this model.
Steady state feedback simulations were also run in the same
geometry used for the transient SI-SECM simulations, with the
exception that an axial 2D problem suffices for this case and
the substrate flux boundary condition shown in eq 12 is used to
describe the rate of consumption of the reduced species:

R = —1g = —kpCr (12)

where Cy is again the concentration of the reduced species at
the substrate and k., the rate of heterogeneous electron transfer.
Values for ki, were obtained for selected experiments with
previous knowledge of the feedback current at the tip.*® The
case where the oxide formed at a given potential at the substrate
is responsible for sustaining the steady state feedback current
through a chemical reaction with the mediator was also taken
into account. The maximum feedback currents possible from
the chemical route were calculated by transforming eq 12 into
13:

R —

—ro = — (kI

n ox,n + knflrox,nfl)CR (13)
where n represents the higher order layer of front reactive oxide
(e.g., if 2 layers, n = 2).

4. SI-SECM Reduction of Platinum Oxide at Open
Circuit

The reduction of different amounts of Pt oxide at open circuit,
obtained after bringing the Pt substrate to different potentials,
was studied by performing SI-SECM with the different media-
tors introduced (MV, Ruhex, FeEDTA, and ferricyanide) and
fitting the corresponding scans to the simulation model. Figure
3 shows the amounts of oxide formed at the selected potentials
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TABLE 2: Coverage and Rate Parameters Used for the
Fitting of SI-SECM Simulations to Experiment

rox,max kl k2’ k3
mediator (nC)* (m’mol™'s™")  (mPmol~!s7})
MV (pH = 11.3) 17 20 100
Ruhex (pH =2.1) 20 20 100
Ruhex (pH = 4) 26 100 100
Ruhex (pH = 6.8) 20 10 30
FeEDTA (pH = 6.8) 20 10 6
ferricyanide (pH = 6.8) 15 0.75 2

“In the simulation a molar surface concentration is used such
that for a 25 um radius substrate, with A = 1.96 x 107 m? each
nC of total charge contributes 5.28 x 107° mol m™2.

obtained in the presence of the respective mediators in phosphate
and acetate buffer and the comparison to the corresponding result
in the absence of mediators, as well as the amounts reported in
the literature for 0.5 M H,SO, in ultrapure conditions.>* Most
of the oxide results obtained under the conditions of this study
(e.g., in the presence of mediator and in buffer solution) follow
the same roughly linear trend of coverage vs the potential of
formation, so this same trend can be safely assumed to hold
with the different mediators. The discrepancy between our oxide
estimations and those reported in the literature may reside in
the nature of the solution, e.g., the presence of the mediator
itself in the medium could slightly affect the results, even if
only very small amounts of the mediator adsorb onto the surface;
the difference between the curves in the presence of mediator
and those obtained by integration of the oxide reduction process
in clean buffer is, however, small. The adsorption of phosphates
or acetate may also cause a deviation; for example, the
adsorption of anions has been reported to delay the appearance
of the oxygen adsorption features, in the case of the weaker
adsorption features by competitive adsorption or, in the case of
place exchange by modifying electrostatically this field-assisted
process.’! With the multicharged phosphates present in the
buffers, electrostatic interactions may contribute significantly
at positive potentials. However, most of our results fall within
the same range of coverage vs potential, so we consider
comparisons between the different systems to be valid. Ruhex
at neutral pH shows some signs of side processes that prevent
us from using this mediator for the steady state feedback
experiments as explained in the Supporting Information (Figure
S3), however, it presents the same reactivity trends as other
mediators in SI-SECM experiments. Table 2 summarizes the
results obtained for the fitting of the SI-SECM scans to the
experiment. The maximum distinguishable rate constant for
reaction of mediator with Pt oxide is kg & 100 m® mol~'s™',
(different mediators were run at slightly different distances, d).
The lowest measurable rate constant for the typical maximum
coverage is ~0.1 m* mol~!s™!. The accessible rate constants in
this case cover the same 3-order of magnitude range observed
for studies of heterogeneous electron transfer using steady state
feedback at L ~ 0.2.4%® The results presented in Table 2 show
that the selection of mediators covered most of this range.
The results for the SI-SECM scans of MV at pH = 11.3 are
shown in Figure 4 where increasing amounts of Pt oxide are
titrated by electrogenerated MV ™" produced from the originally
present MV2t. MV is a strongly reducing agent with a nega-
tive standard potential E° and very reactive toward O, reduction.
We chose to use this mediator in basic solution since MV also
can participate in the direct pH-dependent reduction of H to
H, at the Pt surface.!! SI-SECM scans were not possible at pH
6.8 due to high steady state backgrounds observed in blank
measurements due to this process. At pH = 11.3, the background
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Figure 4. SI-SECM of Pt oxide using MV as mediator, pH = 11.3.
Substrate held for 70 s at the indicated potential vs RHE in the label;
Tip scan rate v = 20 mV/s. d = 2 um; background heterogeneous
constant, ky, = 3 x 107° m/s. Solution is 1.1 mM in MV(CIO,), in
0.1 M phosphate buffer. Fitted rate constants: k; = 20 m® mol~'s™!, k,
= 100 m* mol~'s™".
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levels were reasonable and the SI-SECM scans reveal the fast
rate of the reaction of the mediator with the surface oxide species
as shown by the sharp curves that follow the positive feedback
(PF) scan and decay quickly after consuming most of the
substrate adsorbate (Figure 4). Figure S4 (Supporting Informa-
tion) confirms the fitting parameters by exploring the scan rate
dependence of the SI-SECM signal; a good general agreement
is observed in both cases across different amounts of oxide and
different interrogation conditions with two fitting parameters
(Table 2).

An important feature observed in Figure 4 and with most of
the mediators in this work was the observation of a small
distinguishable signal that appeared even in the background
scans obtained when the substrate was interrogated after resting
at open circuit (OC) for a long time in the presence of traces of
air (that are difficult to avoid in the SECM cell, even with an
Ar blanket), i.e., when the substrate was not purposely elec-
trochemically oxidized. We have previously discussed these
signals in terms of “incipient oxides” formed by chemical
routes.! Reactive forms of oxygen species derived from adsorbed
water have been suggested on Pt. For example, sum frequency
generation spectra revealed the presence of OH stretch signals
at pH ~ 1 that start at 0.4 V vs NHE, peak at 0.6 V and
disappear beyond 0.9 V where the main Pt oxide starts to grow.*
Activated oxygen species at potentials less positive than 0.9 V
have been proposed in experimental and theoretical studies to
be involved in processes such as the electrooxidation of carbon
monoxide.*™* Coverage by this incipient, or OC, oxygen
depended on the pH as found in our experiments: pH = 4,
Ooxsoc =~ 0.025 (Ruhex); pH = 6.8, Ooxoc ~ 0.15 (Ruhex);
pH = 68, OOX’OC ~ 0.06 (FCEDTA), pH = 113, HOX,OC ~ 0.23
(MV). The amount of these incipient oxides was previously
reported to depend on pH and increase with increasing pH,*
as observed here, although finding it by the SI-SECM technique
also depends on the reducing power of the mediator used.
Ferricyanide, the weakest reducing agent in this study, did not
detect this type of oxide.

Note that the theoretical fits deviate slightly from the
measured ones, especially during the final stages of the
interrogation process as shown in Figure 4, i.e., experimental
transients decayed less sharply than the simulated ones. This
probably reflects effects of the diverse population of the
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Figure 5. SI-SECM of Pt oxide using Ruhex as mediator, pH = 4.
Substrate held for 70 s at the indicated potential vs RHE in the label;
Tip scan rate v = 10 mV/s. d = 2.3 um; background heterogeneous
constant, kp,ex = 3 x 107> m/s. Solution is 0.6 mM in Ru(NH3)¢(ClO.,);
in 0.15 M acetate buffer. Fitted rate constants: k; = 100 m> mol~'s™!,
k, = 100 m>® mol's™".

submonolayer species, e.g., PtOH with different configurations
of OH, bridged to different numbers of Pt atoms depending on
the coverage, where repulsive interactions between them could
generate coverage dependent adsorption energies.?*%*° These
changes could result in a coverage dependent kinetic constant,
where our model simply represents a constant k; as a first
approximation. The formation of these species as a consequence
of water activation over the metallic Pt surface would also imply
that they are formed and consumed transiently near the end of
the scan, a process that would inevitably generate tailing in our
electrochemical signal. We note in this respect that we introduce
ky values only as approximations; k, and k3 values as will be
shown, provide more interesting and reliable information about
the kinetics of the oxide reduction process, especially in the
case of higher (place exchanged) oxide.

The effects of the energetics of reaction of one mediator with
the surface oxide can be tested by choosing a similar reducing
agent. In Figure 5, we show the corresponding SI-SECM scans
for Ruhex in acidic medium at pH = 4 (scans were also run
and fit at pH = 2.1 with similar results). Provided that the E°
of the mediator is not a pH sensitive process, the energetic gap
between the mediator and the oxide can be increased by
changing the pH of the solution (Figure S1 in the Supporting
Information), since oxide reduction is pH dependent. Since E°
= 0.05 V vs NHE for Ruhex, and is independent of pH, there
is a higher free energy of reduction at lower pH; at pH = 4 in
Figure 5 the SI-SECM scans reveal very sharp curves that denote
fast interrogation kinetics, while Figure 6, which shows the
interrogation results for Ruhex at pH = 6.8, show slower
kinetics. In fact, upon reaching a substrate potential limit close
to 1.32 V, there is a clear deviation of the scans from positive
feedback. At this potential Opx > 0.5, the reaction of higher
oxide occurs and the decrease in kinetics can be ascribed to a
decrease in the value of k,.

There is a similar effect when the mediator is FeEDTA (E°
= 0.12 V vs NHE), and the rate of reaction of the oxide
decreases further (Figure 7 and Supporting Information Figure
S5 for low and high coverage of Pt oxide respectively, and
where departure from the maximum rate of reaction set by the
PF scans is evident). The measured kinetic constants for
FeEDTA lie in the middle of the measurable range which is
advantageous in terms of the goodness of the fit; in this range
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Figure 6. SI-SECM of Pt oxide using Ruhex as mediator, pH = 6.8.
Substrate held for 70 s at the indicated potential vs RHE in the label;
Tip scan rate v = 20 mV/s. d = 2.7 um; background heterogeneous
constant, ky,c = 3 x 107> m/s. Solution is 0.82 mM in Ru(NH;)s(ClO,);

in 0.1 M phosphate buffer. Fitted rate constants: k; = 10 m?® mol~'s™,

k, = 30 m® mol's™".
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Figure 7. SI-SECM of Pt oxide using FEEDTA as mediator, pH =
6.8. Low coverage. Substrate held for 70 s at the indicated potential vs
RHE in the label; Tip scan rate v = 100 mV/s. d = 2.3 um; background
heterogeneous constant, ky, = 1 x 1073 m/s. Solution is 0.89 mM in
Fe(IIDEDTA™ in 0.1 M phosphate buffer. Fitted rate constants: k; =
10 m® mol™'s™!, k, = 6 m® mol's™ L.

subtle changes in k; and k, have a profound impact on the
simulated shapes and thus, a better estimate of these can be
given. Finally, Figure 8 shows the results for the least reducing
mediator of the series, ferricyanide. The fit in this case revealed
much smaller rate constants for the oxide reduction process.
The rate is now so slow, compared to the full extent of positive
feedback, as shown in the inset of Figure 8, that one might
consider the system as nonreactive. However, the corresponding
kinetic constants could be obtained within reasonable fits.

As shown in Tables 1 and 2, kg;, depends on the driving force
for reduction of the oxide (i.e., the free energy of the reaction
between reductant and oxide). This free energy of reaction can
be represented by the parameter AE, which equals the potential
separation between the E° of the mediator and the peak potential
of the electrochemical oxide reduction wave at Opx ~ 0.5 at a
given pH, as shown in Figure S1 (Supporting Information). A
plot of the In k, vs AE (Figure 9) shows an approximately linear
relationship. Homogeneous outer sphere reactions are often
modeled by parabolic relationships with respect to the free
energy of activation of the process in the context of Marcus
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Figure 8. SI-SECM of Pt oxide using Ferricyanide as mediator, pH
= 6.8. Substrate held for 70 s at the indicated potential vs RHE in the
label; Tip scan rate v = 20 mV/s. d = 2.1 um; blank heterogeneous
constant, kpaexk = 1.1 x 107> m/s. Solution is 0.65 mM in K;Fe(CN)
in 0.1 M phosphate buffer. Fitted rate constants: k; = 0.75 m® mol~'s™!,
ky =2 m* mol~'s™!. Inset shows full extent of PF scan for comparison
to fitted curves.
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Figure 9. Dependence of the Pt oxide reduction rate constant on
reducing power of mediator. AE stands for the difference between the
EY of the mediator and the peak potential for electrochemical reduction
of the oxide at the indicated pH. Values for &, as obtained from digital
simulations in m® mol~'s™!. The graph also shows the parabolic curves
obtained by use of eqs 14 and 15 with different values of A/eV and
adjusted to overlay on the data.

and related electron transfer theories,'8~%733 where the free
energy of activation, AG*, is expressed in terms of the driving
force of the process AG® (in our case proportional to AE) and
the reorganization energy, A, e.g., the energy required to
transform the nuclear configurations in the reactant and the
solvent to those of the product state;'8 eqs 14 and 15 are the

relevant equations: '3
27 1 —AG*
k, = “ZIH,,| ex ( ) (14)
YR P agirr T\ RT
. F(A+ AE)
= — 7
AG o (15)

where k. is the rate constant for electron transfer, A is the
normalized Planck constant, |Hpal is the electronic coupling
matrix element between the donor and acceptor states, R is the
gas constant, and T the temperature;** A in this case is expressed
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in eV. It is tempting to plot the data for the heterogeneous (inner
sphere) reaction studied here to this formalism, and locate the
calculated rate constants in the context of the parabolic
relationship to obtain an estimate of A;>* SECM kinetic
measurements have been previously used to construct such
parabolic relationships.>* Such parabolas are shown in Figure
9 for values of A; our data would fall into the range 1.6 eV >
A > 1.0 eV so an average value of A = 1.3 £ 0.3 eV matches
the rate constants fairly well. This value of 4 is significantly
larger than that attributable to the mediators and suggests that
the reduction of the oxide, possibly the place-exchanged oxide
(k, corresponds to the rate constant for reduction of Opx > 0.5),
is accompanied by a significant rearrangement of the products
compared to the reactants. This is consistent with the model
proposed by Nagy et al., in which considerable interactions,
i.e., induced local fields, need to be overcome in order to reduce
the place exchanged oxide,®® and is also consistent with
observations of loss of reversibility in cyclic voltammetry upon
formation of the place exchanged oxide. The estimated A value
does not include corrections for work terms (e.g., Coulombic
effects)!® that may be involved in eq 15, especially considering
that the different mediators carry not only different charge, but
also of opposite sign in some cases; nonetheless the agreement
to the parabolic model is good. Larger (more negative) values
of AE would be interesting so a possible inverted region could
be examined, but could not be accessed due to the interference
of parasitic catalytic processes at the Pt substrate.!' However,
less catalytically active surfaces, such as gold or mercury, may
yield interesting results (although the generation of more reactive
species in water starts to become a problem at potentials more
negative than the ones used for MV).

5. Comparison of Chemical and Electrochemical Routes

We now turn to steady-state measurements of the oxidation
of the mediator at the Pt substrate as a function of potential,
particularly very positive (oxidizing) ones. Such measurements
are difficult at a single electrode, but straightforward with the
SECM, where generating a reducing redox mediator at the tip,
while inducing strongly oxidizing conditions at the substrate
with the formation of a reactive oxide can easily be ac-
complished. We can evaluate the impact of the formation of
the oxide on Pt on the feedback and hence the rate of reaction
(Figure 1(B)). Typically, SECM experiments of positive feed-
back do not involve bringing the substrate potential to extremely
positive values, since for most well-behaved mediators, diffusion
limited conditions of oxidation can be achieved within ~200
mV positive of the mediator E°. For example, in the case of
MV feedback, with E° = —0.45 V vs NHE, the electrode needs
not to be biased further than £ = —0.25 V vs NHE to observe
complete positive feedback; excursion into more positive
potential regions where an oxide is formed is rarely carried out,
although it is of interest in studying oxide film effects.

Figures 10 and 11 show the extremes of the chemical
reactivity of a mediator with the Pt substrate under conditions
of oxide formation with the tip set at a potential such that
diffusion limited conditions apply, for MV (fast chemical
kinetics with oxidized Pt) and for ferricyanide (slow chemical
kinetics with oxidized Pt) respectively. In both cases, there is
almost no change, within the standard deviation, in the feedback
signal across potentials where Pt oxide forms. MV actually
shows a very constant PF along a very wide range of potentials
that only increases at the most positive potentials where O,
evolution at the substrate can provide an additional contribution
to the tip current (e.g., by collection of O, at Au or by
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Figure 10. MV steady-state feedback on Pt at positive substrate
potentials, at a fixed distance. Ey, = —0.6 V vs NHE; d =2 umin 1.1
mM MV(CIO,), in pH = 11.3, 0.1 M Phosphate buffer. E,, as indicated
versus RHE; Pt oxide coverage as in Figure 3. All points recorded
after first holding at the indicated substrate potential for 70 s and then
maintaining the potential. Blue points indicate the simulated feedback
response for the system if only the chemical route contributed to
feedback.
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Figure 11. Ferricyanide feedback on Pt at anodizing substrate
potentials, fixed distance. Eg, = 0 V vs NHE; d = 2.1 um in 0.65 mM
K;3Fe(CN)s in pH = 6.8, 0.1 M Phosphate buffer. Ey,, as indicated
versus RHE; Pt oxide coverage as in Figure 3. All points recorded
after first holding at the indicated substrate potential for 70 s and then
maintaining the potential. Blue points indicate the simulated feedback
response for the system if only the chemical route contributed to
feedback.

homogeneous reaction with MV ™). Under the conditions of this
study, and considering the high chemical reaction constants
found for MV with Pt oxides, the chemical route is indistin-
guishable from the electrochemical one, as shown by the
simulated results in the presence of oxide at the Pt surface; in
these, the rate of chemical reaction of the mediator in the
presence of different amounts of oxide was the input. The
replacement of the chemical rate, as obtained from the coverage
of the different coexisting species with respect to the front
reactive layer and their reaction kinetics, has been discussed in
the simulation section. We assume that the composition of the
surface oxide at steady state is the same as obtained from the
initial state in the transient SI-SECM measurements. Similar
results were obtained for Ruhex at pH = 2.1 and pH = 4 (not
shown).

Similarly, the feedback of ferricyanide shows no change
across potentials where oxide formation at the substrate is
present. Feedback simulations are shown as well in Figure 11;
here, the chemical feedback would only account for ~40% of
the current at its maximum rate and no indication in either of
these cases points to the predominance of the chemical route
through the participation of the surface oxide in the feedback
process; furthermore, no apparent loss of feedback activity is
observed even when Opx ~ 1.

Figure 12 shows the corresponding case for the feedback of
FeEDTA at the oxide covered Pt substrate. Note that a previous
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Figure 12. FeEDTA feedback on Pt at anodizing substrate potentials,
fixed distance. Ej, = —0.2 V vs NHE; d = 2.6 um in 0.89 mM
Fe(II[EDTA]™ in pH = 6.8, 0.1 M Phosphate buffer. E° Fe(III)EDTA™
= 0.12 V vs NHE or a formal potential of 0.44 V vs RHE at pH 6.8.
Egy, as indicated versus RHE; Pt oxide coverage as in Figure 3. All
points recorded after first holding at the indicated substrate potential
for 70 s and then maintaining the potential. Blue points indicate the
simulated feedback response for the system if only the chemical route
contributed to feedback.

study of FEEDTA electrochemistry on Pt has reported that it
occurs by an EC mechanism producing a nonelectroactive
intermediate and low collection at the ring at high rotation rates
in rotating ring-disk electrode (RRDE) experiments.*> In SECM
experiments, we found the feedback response of FeEDTA to
be sluggish at the less positive potentials and increased following
a similar increase in the oxide coverage at the substrate. The
feedback signal reached a maximum at a value of fox larger
than 0.3 and started decreasing at 6ox slightly larger than 0.4,
then kept decreasing until stabilizing at 1.62 V vs RHE (where
Oox ~ 1). Feedback simulations based on the coverage and
reactivity with the oxide as the only means of Fe(INEDTA?"
oxidation (Table 2) are also shown in Figure 12, and show a
good agreement with the experimental data.

How does one explain the decrease in the rate of oxidation
of Fe(INEDTA?" in the potential range 1.2 to 1.6 (potentials
well positive of the formal potential of the species)? It cannot
be explained by a Marcus inverted region for nonadiabatic
electron transfer, since this is not found at metal electrodes;
the thin Pt oxide film could be treated as a semiconductor with
localized states, but for Opx < 1 this is unlikely.'® For outer
sphere reactions, tunneling effects, as suggested earlier in eq 2,
on oxide-covered electrodes have been described. One could
then ascribe the changes totally to electron transfer from the
Fe(INEDTA?" as caused only by tunneling through the oxide
film. Through feedback simulations, it is possible to extract the
equivalent heterogeneous rate constant for the direct electron
transfer through the oxide film, ko, from the experimental
feedback observed in Figure 12. A plot of the logarithm of this
quantity versus the estimated thickness of the oxide can be made
to assess the possibility of tunneling effects. Figure 13 shows
such a plot, where the thickness of the Pt oxide was roughly
estimated based on the density of bulk PtO;! for Opx ~ 1 this
approach gives a reasonable estimate considering that two
monolayers of Pt—O (6ox =~ 2) have a thickness of 5.34 Ao
This plot shows good linearity, but the extracted value of the
tunneling coefficient, f = 0.33 A" is small compared to the
usual values, but within the range of some previously reported
values.'®> Tunneling effects have been typically reserved for
thick layers of oxide on metals (e.g., thicker than 6 A) while
chemical effects are proposed to impact the rates of reaction
on thinner ones.'¢
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Figure 13. Logarithmic plot of heterogeneous substrate rate constant
for FeEDTA feedback versus estimated PtO thickness. Points selected
from Figure 12 in the substrate potential range 1.22—1.62 V vs RHE;
increasing coverage implies increasing thickness. Values for the first
order electrochemical rate constant k., in m/s, calculated through digital
simulation in the same conditions as obtained in Figure 12.
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Figure 14. Effect of the addition of cyanide to FEEDTA feedback on
Pt. Ej, = —0.2 V vs NHE; d = 2.6 um for curve without cyanides
(orange) and d = 2.3 um for curve with cyanides (blue). Solution is
0.89 mM Fe(II)[EDTA]™ in pH = 6.8, 0.1 M Phosphate buffer. E,,
as indicated versus RHE. ir,j;, indicates average maximum feedback
limit observed experimentally, curves are normalized to this value to
correct for the different distance used.

Thus we prefer to explain the feedback behavior of FeEEDTA
in Figure 12 to the fact that oxidation occurs totally via reaction
with the oxide, given the agreement between the simulated
feedback from the SI-SECM model and the experimental
response. To our knowledge, these chemical effects have not
been addressed with the versatility that the SI-SECM technique
allows. In this particular case, the oxidation of Fe(INEDTA?~
would be associated with the presence of oxide at the surface
and its reactivity toward it, and the assumption that the higher
oxides react more slowly. Notice also that these effects are
observed well into the initial states of oxide formation, not only
after reaching the first half monolayer of oxide. Since cyanide
ion is known to inhibit oxide formation on Pt,’® FeEDTA
feedback experiments in the presence of cyanide ion, e.g., 1.5
mM NaCN were undertaken (Figure 14). Note the marked
decrease in the feedback current in the oxide formation region
(0.8 to 1.2 V vs RHE) until the cyanide adsorbate was stripped
by oxidation from the surface at ~1.4 V vs RHE, where
feedback was recovered. Cyanide adlayers are not expected to
cause a significant tunneling effect, and in principle do not block
all available sites at Pt,% although they drastically change inner-
sphere processes.™® This result strengthens our suggestion that
there is a link between the formation of the reactive surface
oxide and that of FEEDTA feedback, and that this relationship
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is of a chemical nature. The addition of cyanides to the MV
and ferricyanide systems had no impact on their feedback
behavior.

These oxide effects are also relevant to inner sphere elec-
trocatalytic processes that may be affected by coverage of oxide,
e.g., when nonadsorbed reaction intermediates are reactive with
the oxide. This includes complex reaction mechanisms, such
as the oxygen reduction reaction, where oxidizable species, e.g.,
hydrogen peroxide,”? might be released at potentials where
submonolayers of oxide are present. Alcohol electrooxidations
may also generate homogeneous species under similar condi-
tions.%® Although these are far more complex mechanisms than
the reactions in this work, some electrocatalytic systems such
as the oxidation of formic acid,®' hydrogen® or hydrogen
peroxide®® may be treatable by the SI-SECM mode.

6. Conclusions

We have introduced the use of the surface interrogation mode
of scanning electrochemical microscopy, SI-SECM, for the in
situ determination of the kinetic parameters of the reaction of
Pt oxides with redox mediators of different reducing power;
measurements in the SI-SECM mode are performed at open
circuit, so this allows us to obtain information about the chemical
reactivity of these species through a versatile electrochemical
setup. A simulation model that takes into account the formation
of limiting surface amounts of oxides as well as their differential
reactivity was used to fit the SI-SECM results obtained by the
use of CV for the generation of the reducing species. Reasonable
fittings were obtained across a space of different mediators,
single and multiple-layered coverage values, scan rates, and pH.
The kinetic constants for the reduction of the oxide formed at
Oox > 0.5 (Qox > On), identified as the “place exchanged” oxide,
were in agreement with the driving force of the process, which
depended on the E° of the mediator and the pH. The results
could be fitted successfully to a Marcus parabolic model, where
only the forward side is observed; a value of the reorganization
energy for the reduction of the oxide is estimated to be A = 1.3
+ 03 eV.

We further investigated the steady state reactivity of the oxide
covered Pt substrate with the reduced mediators under conditions
of electrochemical feedback. The electrochemistry of MV and
ferricyanide oxidation appears not to be disturbed by the
presence of the Pt oxide; however FEEDTA showed an initial
increase in feedback signal followed by a decrease, which traces
with changes in the oxide coverage and with the predicted
chemical reactivity using the kinetic parameters obtained by SI-
SECM. Our results suggest that changes in the electrochemistry
of FeEDTA come as a consequence of its chemical reactivity
with Pt oxides rather than on phenomena such as electron
tunneling. Pt oxides are present in numerous electrocatalytic
reactions, where the study of their reactivity with species in
solution is of clear interest for the understanding of the
mechanism of relevant reactions.
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