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Measurement of Local Reactivity at Liquid/Solid, Liquid/Liquid, and Liquid/Gas Interfaces
with the Scanning Electrochemical Microscope: Principles, Theory, and Applications of the
Double Potential Step Chronoamperometric Mode

Introduction

Scanning electrochemical microscopy (SECM) is continuing
to develop as a powerful device for probing a wide range of
interfacial processes with high spatial and temporal resoldtion,
including redox reaction%;10 ion transfef13 adsorption/
desorption processésand dissolution phenome#al® A major
factor in the growing number of applications of SECM has been
the parallel development of new modes for which quantitative
mass transport models can readily be developed.
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A numerical model for scanning electrochemical microscopy (SECM) double potential step chronoamperometry
(DPSC) has been developed and examined experimentally. The concept of this new mode of SECM is to
generate a reactant in an initial potential step at a tip ultramicroelectrode (UME) positioned close to a target
interface. The electrogenerated species diffuses from the tip to the interface, where it may be involved in a
chemical process. The reactant is subsequently collected by electrolysis in a second potential step, and the
form of the corresponding currentime curve provides information on the nature of the interaction between

the initial tip-generated species and the interface. If the species is consumed in an irreversible interfacial
process, the current flow during the second potential step is less than when the interface is inert with respect
to the species of interest. The theoretical predictions are first examined with DPSC studies on the
electrogeneration and collection of ferricyanide ions from aqueous ferrocyanide solutions, at a tip positioned
close to aqueous/glass, aqueous/1,2-dichloroethane (DCE), and aqueous/air interfaces, as model examples of
inert liquid/solid, liquid/liquid, and liquid/gas interfaces. The case of an active interfacial process is illustrated
through studies of the electrogeneration and collection gffrm aqueous sulfuric acid solutions of potassium
bromide, at a tip positioned close to aqueous/DCE and aqueous/air interfaces. The transfeacrb&y

these interfaces is found to be irreversible and effectively diffusion-controlled on the SECM time scale, putting

a lower limit on the interfacial transfer rate constant of 0.5 ct sThe experiments carried out at aqueous/

air interfaces represent the first demonstration that SECM can be used to probe liquid/gas interfaces, thereby
further diversifying the range of novel environments that can be studied with this instrument.

application, the UME probe is positioned in a liquid phase, close
to the interface of interest at which the transfer process is initially
at equilibrium. The electrolysis of a target species at the UME
probe (in the potential step chronoamperometric mode) depletes
its concentration locally, which, in turn, provides the thermo-
dynamic force for the interfacial transfer process in the direction
of the phase containing the UME probe. This serves to enhance
the flux of electroactive material to the UME, compared to the
situation where the interface is inert, and the current flowing
provides quantitative information on the interfacial transfer

Initial work by Kwak and Bard led to the development of a  kinetics. Reversible reactions studied using this SECM equi-

finite-element model for the steady-state feedback response ofliprium perturbation mode include dissolutiéhadsorption/
the UME tlp for both conductive and inert SUrfaééﬂﬂe results desorptionl,“a and solvent extraction/stripping proces%s_

of which have been widely usédThe steady-state model was | order to diversify the range of processes that can be studied
subsequently developed to include the chronoamperometricyyith SECM transient methods, we now consider SECM double
a Krylov integratot® and the alternating direction implicit finite oy for initiating and monitoring heterogeneous reactions at the
difference method (ADIFDM}? The latter method was used  |ocal level. When used in conjunction with UMEs in particular,
to investigate the effect of unequal diffusion coefficients of the ppsgc has proved to be a powerful approach for characterizing
redox mediator couple on the chronoamperometric positive the diffusion coefficients of electrogenerated speéiaad the
feedback respong®. The effects of finite heterogeneous kinetics |ifetimes of transient species involved in solution procegges.

and arbitrary substrate size on the feedback responses were alspgowever, DPSC has not previously been used to investigate
considered. Models for the chronoamperometric feedback and the kinetics of processes confined to a target interface. The
generation/collection modes for complex electrode reactions pasijc concept of SECM DPSC is to employ the UME probe to
involving Cﬁgsple‘j homogeneous kinetics have also been glectrochemically generate a reactive species (B in Figure 1) in
mUOdUC?dZ- . . an initial (forward) potential step for a fixed period. The species

The single potential step chronoamperometric mode has could be generated through the electrolysis of an inert precursor
proved to be a particularly powerful method for inducing and in the solution (A in Figure 1) or via the anodic dissolution of
monitoring reversible transfer processes at both liquid/solid a pure or amalgam metal electrode.

interface$*®15and immiscible liquid/liquid interface's. In this During the forward step the electrogenerated species B
diffuses away from the probe and intercepts the interface. If B
€ Abstract published irAdvance ACS Abstractdjovember 15, 1997. interacts with the interface through either an irreversible or
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a(i) b(i) a solution precursor, may undergo irreversible first-order loss

1L 1 at the interface. The model allows for arbitrary diffusion
forward step coefficients of the precursor and reactant species.
The methodology is illustrated through several model systems.

For the case of an inert interface, the theoretical characteristics
A é/ \%A A'/.Z &\A are verified through studies of the electrogeneration and
B B collection of ferricyanide from a ferrocyanide solution at a Pt
o no transfer | | o transfer UME positioned close to aqueous/glass, aqueous/DCE, and
aqueous/air interfaces. The investigation of reactive interfaces
is illustrated through studies of the transfer of,B¥lectrogen-
erated from BT in aqueous sulfuric acid at a Pt UME, across
aqueous/DCE and aqueous/air interfaces. The latter studies
a(ii b(ii) serve to demonstrate that SECM can be used to probe physi-
[ 1[0 1 cochemical processes at liquid/gas interf&ées, well as liquid/
reverse step liquid and liquid/solid interfaces studied hitherto.

mﬁ._m
me'_m

Theory

A% A A(—B/N? g We consider the situation where the solution initially contains
B B | only a precursor species A that does not interact with the

0 no transter | [o bl ranster interface. At timet = 0, the potential of the UME probe is
B B stepped to a value to cause the following diffusion-controlled

/ l \ electrolysis:

Figure 1. Schematic of the processes in the tip/substrate gap for SECM

DPSC using the irreversible transfer of a solute across a water/organicresulting in the generation of the reactive species B.

(w/o) interface as an example. During the forward step, species Bis The transport of species A and B in the axisymmetric
electrogenerated from A [a(i) and b(i)] in the aqueous phase. If B is cylindrical geometry of the SECM is governed by the following

inert with respect to the target interface, it simply slowly leaks from . . . . . g
the tip/interface gap by hindered diffusion [a(i)]. Consequently, when general dimensionless diffusion equation (where the subscript

the potential is stepped to reverse the electrode reaction, much of B isi denotes A or B):
available for collection [a(ii)]. In contrast, if B is active with respect

A +tne —xB Q)

to the w/o interface, as in b(i) and (ii) where it partitions into the aC; 82Ci 1 G 32Ci
o-phase, there is a net depletion of B in the w-phase, resulting in a —=A =ttt = (2)
smaller collector flux [b(ii)] compared to the inert interface case [a(ii)]. ot R R IR 7

reversible process [Figure 1b(i)], e.g., adsorption, absorption, The dimensionless terms in eq 2 are defined as folloRss
or a chemical reaction, its concentration profile will be modified the radial coordinate in the axisymmetric cylindrical geometry
compared to the situation where there is no interaction and the(starting at the center of the UME) normalized with respect to
species simply slowly leaks out of the probe/interface gap by the electrode radiug, Zis the coordinate normal to the UME
hindered diffusion [Figure 1a(i)]. Consequently, when the surface normalized with respect & Dimensionless time is
potential is reversed, in a final step to collect the species by defined by
electrolysis, the flux of B at the UMEand the corresponding
current-time characteristieswill be strongly dependent on the T= tDA/a2 3)
nature of the interaction of B with the target interface.

For the particular case of an irreversible process, illustrated whereD, is the diffusion coefficient of A. The parameter
using the case of transfer (or absorption) in parts b(i) and b(ii)
of Figure 1, it may be anticipated that there will be a decrease A;=D/D, (i=AorB) (4)
in the concentration of B in the probe/interface gap which, in
turn, will result in a diminution of the UME current during the  reflects the fact that A and B may have different diffusion
reverse potential step. After the mass transport problem is coefficients. The concentrations of A and B have been
solved for this situation, the reverse curretitne characteristics ~ normalized with respect to the bulk concentration of A,9A]
should thus provide quantitative information on the kinetics of such that
the local interfacial process.

The quantitative application of SECM requires that the C,=[Al[A]” (5)
distance between the tip and target interface is knbwin
attractive feature of the DPSC mode is that when the species Cs = [BI/XA] ® (6)

of interest is electrogenerated via the diffusion-controlled
electrolysis of a precursor in solution, which is inert with respect
to the target interface, the forward curretime behavior
provides unambiguous independent information on the probe/
interface separatiot$;!®2lenabling the quantitative interpretation o< ; < ¢
of the reverse currentime characteristics.

In this paper, a numerical model for SECM DPSC is
developed using the ADIFDM. Specific consideration is given _ .
to the case where the species of interest, electrogenerated a? =TS Towien £=0, 1<R=RG
the UME probe through the diffusion-controlled electrolysis of dCA/0Z=0, 9Cg/0Z=0 (8)

The following boundary conditions are true following the initial
potential step at = 0 and prior to the reverse steprat Tswitcr

Z=0, 0=<R=<1:
Co=0, —Ag(dC4/0Z) = 8CA/IZ (7)

switche
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O0<7<7t44n R=0 0<Z<L:
dC,/OR=10, dCgz/aR=10 (9)
O0<7<744n R>RG 0<Z<L:
C,=1, C3=0 (10)
O=7t<7t4unw £Z=L O0<R=RG
9C,/0Z2 =10, 9Cg/0Z=KCy (11)
In egs 811
L=d/a (12)
RG=rJa (13)

whered is the distance between the tip and the target interface
andris the radius of the probe (electrode plus glass insulator).
The boundary conditions have the following meanings.
Equations 7 and 8 denote that the electrolysis of A to B at the
UME occurs at a diffusion-controlled rate, but both species are

inert on the insulating sheath surrounding the electrode. Equa-

tion 9 is a consequence of the axisymmetric cylindrical

geometry, while eq 10 assumes that both species recover their

bulk solution concentrations outside the thin layer zone formed

by the probe and interface. This is a reasonable assumption

for the probes used practically in most SECM studi&s?2+23

Equation 11 reflects the activity of A and B at the interface
of interest. Species A is inert on this boundary, while B is lost
in a first-order irreversible interfacial process, characterized by
a normalized rate constant

K = ka/Dg (14)

wherek (cm s%) is a first-order heterogeneous rate constant.

For the period of the reverse step, in which B is electrolyzed
to A at the UME at a diffusion-controlled rate, it is only
necessary to evaluate the concentration profile for B by solving
eq 2 withi = B subject to the following boundary conditions:
(15)

Z=0, 0<R=<1 Cg=0

Tswitch =T,

Z=0, 1<R<RG dCy/0Z=0 (16)

Tswitch =T,

R=0, 0<Z<L: dC4/0R=0 (17)

Tswitch =T,

R>RG 0<Z<L Cg=0 (18)

Tswitch =71,

Z=L, 0<R<RG iCy/iz=KC, (19)

Tswitch =71,
The limiting case of an inert interface can be simulated With
=0ineqgs 11 and 19.

The aim of the model is to provide a solution for the current
time behavior during the forward and reverse potential steps.
For the forward step, the currentnormalized with respect to
i(0), the steady-state current for the diffusion-controlled elec-
trolysis of A with the tip at an effectively infinite distance from
the interface, is given by

ifi() = (12) [} (0Ca/32) R AR (20)

where’
i(0) = 4nFD,a[A]” (21)

In eq 21,F is Faraday’s constant. For the period of the reverse
step the normalized current ratio is given by
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ifi() = —Ag(l2) [, (91Ce/02),-oR AR (22)

The problem was solved numerically using a FORTRAN
program based on the ADIFDM algorith#h. The interface
boundary conditions defined by eqs 11 and 19 are readily
incorporated in the general algorittihwith the consideration
of double potential steps requiring only minor modifications to
earlier single potential step prograffa1526-23

Theoretical Results and Discussion

The normalized DPSC response depend&,df, Ag, Tswich
and, if long-time behavior is considerdd. The aim here is
to consider the general DPSC characteristics, and so weGet
=10 andig = 1 and investigate the effects of,ich andK on
the current-time behavior for typical probe-to-interface separa-
tions.

Effect of zswich. The normalized currenttime characteristics,
with K = 0, for three different switching timeggsyiich = 0.01,

0.1, and 1.0, are shown in Figure 2. For each switching time,
three probe/interface separations, logg€é —1.0,—0.5, and 0.0,
have been considered. The characteristics for both the forward
and reverse steps are plotted togethefi/@®o)| versus either

7 Y2 0r (t — Tswie Y2 in order to emphasize the short-time
characteristics for the forward and reverse steps, respectively.

The form of the forward transient, when the probe is close
to an inert interface, has been discussed previously in connection
with single potential step chronoamperoméfty? In brief, at
sufficiently short times such that the diffusion field at the UME
is very small compared to the probe/interface separation, the
forward currenttime response is identical to that for a
conventional UME in a solution. However, at times sufficient
for the diffusion field to intercept the interface | L2 ],
diffusion to and from the UME becomes hindered with the result
that the current that flows is lower than that, at a corresponding
normalized time, with the probe in free solution. The forward
current-time behavior in Figure 2a demonstrates that, at the
probe/interface distances considereddf@sicn = 0.01, hindered
diffusion is only observed at the closest distance of lpg
—1.0.

A comparison of the reverse transients, for the three distances
with zswitch = 0.01, clearly shows that the effect of hindered
diffusion of B away from the UME (for logl{) = —1.0) is to
increase the short-time current on the reverse transient. In
contrast, for log() = —0.5 and 0.0, there is a strong concentra-
tion gradient of B driving this species away from the UME,
even during the reverse step, causing a smaller current to flow
at short times.

This trend is further illustrated in parts b and c of Figure 2.
Together with the data in Figure 2a, it is clear that the greater
the extent to which diffusion is hindered during DPSC measure-
ments, i.e., the closer the tip/interface separation and the longer
the switching time, the closer are the forms of the forward and
reverse current transients. Essentially, under conditions where
diffusion in and out of the probe/interface gap is strongly
impeded, there is a tendency for almost all of the material
generated in the forward step to be collected in the reverse step.

The effect described above is evident in partz @f Figure
3, which show the concentration profiles for species B for the
three distances of interest at three times just after a reverse
potential step atswich = 0.1. For logl) = —1.0, it can be
seen that at the first time of interest [Figure 3a(i)], the gap
between the probe and interface, directly under the active
electrode, is filled with species B, which may be rapidly
recollected. Consequently, the reverse current is initially high
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al 12+ readily be seen by comparing, for example, parts a(ii) and a(iii)
of Figure 3 with parts b(ii) and b(iii) of Figure 3 or by examining
10 - the long-time reverse currents in parts b and c of Figure 2.
In terms of the application of DPSC to the measurement of
8 interfacial kinetics, it follows that the technique will be most
= sensitive to interfacial processes at the closest probe/interface
>\§ 6 separations, as found for other SECM mo#&g?10.1315
= Effect of K. Having identified that SECM DPSC will be
4 most sensitive to interfacial kinetics at the closest probe/substrate
separations, we consider the effect of interfacial kinetics on the
21 current-time response for lo§§) = —0.8, typical of a close
distance that is easily attainable practically in SECM. Figure
0 T T T T 1 4 shows a set of transients, plotted [@()| versust /2
o 5 10 15 20 25

(forward step) or € — swie) Y2 (reverse step) fotswich =

1.0, withK = 0, 0.1, 1, and 10. The forward transient is the
b) 12 same for all of the kinetic cases, since the current response is
simply governed by the diffusion of the precursor species to

T2 o (T=Togna) V2

10 the UME. In contrast, the form of the reverse transient is seen
to be extremely sensitive to the value Kf with the current
8 - increasingly diminished at all times #sincreases.
= The reason for the smaller currents observed during the
% 6 - reverse potential step witk > 0 is clear from Figure 5, which
= compares the evolving concentration profiles for species B at
4 -] several times during the forward step, up to and including the
switching time, forK = 0 [Figure 5a] andK = 1 [Figure 5b].
2 When species B is inert with respect to the target interface, the
forward step serves to fill the gap between the probe and the
o T T T T J interface (particularly in the region 8 R < 1) with B [parts
o 5 10 15 20 25

a(i) and a(ii) of Figure 5], which is subsequently collected during
the reverse step [Figure 5a(iii)]. In contrast, when the interface
acts as a partial (irreversible) sink for B, the concentration of
this species is greatly depleted during the period of the forward
[parts b(i) and b(ii) of Figure 5] and reverse steps [Figure
5b(iii)], resulting in a smaller current flow when the potential
is reversed.

As with previous kinetic applications of the SECM, the time
scale of a measurement can be tuned to the region of interest
by varying the size of the probe [eq 14] and the probe/interface
separation. For the DPSC mode, the switching time may also
be used with good effect to enable the most sensitive kinetic
measurements. This point s illustrated in Figure 6, which shows
the currenttime curves plotted as normalized current versus
7712 (forward step) or{ — Tswiten) Y2 (reverse step) forswich
= 0.1 and 10 for various values &f. In conjunction with
Figure 4, these data demonstrate that the DPSC technique can
plotted agi/i(w)| versusr~Y2 (forward step) and(— Tswier) 22 (reverse be.ma.de most sensitive to f ast klng tics by. employing a short
step) for Tswen = 0.01 (a), 0.1 (b), and 1.0 (c). For each switching switching time, while slower_lnterfaual reactions can be studied
time, data are shown for log( = -1.0 (lowest current at longest times ~ Most effectively by employing a longer switching time.
on the forward step; highest current at shortest times on the reverse
step),—0.5, and 0.0 (highest current at longest times on the forward Experimental Section
step; lowest current at shortest times on the reverse step). In (a) only
two pairs of transients appear, since the characteristics fot)log( Materials and Solutions. All aqueous solutions were
—0.5 and 0.0 are essentially identical on this switching time scale.  prepared from Milli-Q reagent water (Millipore Corp.). Fer-

rocyanide solutions contained 0.050 mol dmpotassium
[Figure 2b], but then rapidly decreases as B is consumed at theferrocyanide with 2.0 mol dm? potassium chloride (both
UME [parts a(ii) and a(iii) of Figure 3]. Analytical Reagent, Fisher, Loughborough, U.K.) as background

For the larger probefinterface separations considered, thereelectrolyte. Bromide solutions contained 0.010 mol dm
are concentration gradients both normal and radial to the UME potassium bromide (Analytical Reagent, Fisher) and 0.50 mol
that promote the diffusion of B away from the electrode during dm™3 sulfuric acid (Analytical Reagent, Sigma-Aldrich, Gill-
the initial collection process [parts b(i) and c(i) of Figure 3]. ingham, U.K.) which served as background electrolyte. Aque-
The diffusion process away from the electrode is greatest, andous solutions of bromine were prepared from 99.99% reagent
thus the initial reverse diffusion-limited current lowest, at the (Aldrich), with 0.50 mol dnT2 sulfuric acid as an electrolyte.
largest probefinterface separation. However, at these largerFor immiscible liquid/liquid studies, DCE (HPLC grade, Sigma-
probe/substrate separations, a greater fraction of B is able toAldrich) was employed as the organic phase.
survive to longer times, causing a higher current than at Apparatus and Instrumentation. Electrochemical measure-
equivalent times for close tip/substrate separations. This canments were made using a two-electrode arrangement. A silver

T2 or [T=Tyiran) V2

{c}

li/i{eo)l

0 T T T T 1
(1] s 10 15 20 25
TY2 or (T—T puites) 12

Figure 2. Forward (- - -) and reverse~) current-time characteristics
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Figure 3. Distribution of species B in the tip/substrate gap during the reverse potential steg.ifer= 0.1 withK = 0. Data are shown for log}
= —1.0 (a),—0.5 (b), and 0.0 (c) at = 0.10 (i), 0.11 (ii), and 0.15 (iii).

20 1

li/i(eo)l
o
1

[ T T T T 1
0 10 20 30 40 50
T2 or (=T i) V2

Figure 4. Forward (- - -) and reverse~) current-time characteristics
plotted agi/i(»)| versusr—22 (forward step) andr(— Tswircr) Y2 (reverse
step) forzswien = 1.0 and logll) = —0.8. The reverse characteristics
are forK = 0 (upper solid line), 0.1, 1, and 10 (lower solid line).

wire served as a quasi-reference electrode (AgQRE), and the
working electrode was a 2&m diameter Pt disk UME. Two
designs of UME were employed: a conventional UME, which
has been described previoush??and a new design of inverted
“submarine” UME?1326shown in Figure 7, to enable the study
of air/liquid interfaces by a UME positioned in the liquid phase. Figure 5. Evolution of the concentration distribution of species B in

The submarine UME was fabricated in a way similar to the the tip/substrate gap during the forward potential step, up to and
fabrication of a conventional UME, but the electrode was cut including the reverse stepsicn = 1.0), forK =0 (@) and 1 (b). In
short, ca. 15 mm, so that it could be accommodated in the cell, 3Sh case profiles are shown for= 0.01 (i), 0.1 (i), and 1.0 (iii)

’ . ’ . - . . ' (immediately after the potential was reversed).

and electrical connection was made with a flexible silicone
rubber-coated, stranded copper wire. The wikectrode
connection was sealed with epoxy resin (Araldite Rapid, Ciba- connected to a conventional electrode holder, itself attached to
Geigy) such that no connecting wire was exposed to the solution.a micropositioner, via a glass capillary. The latter was inserted
The electrode was mounted vertically, but inverted, in the cell through the second hole in the PTFE block. The submarine
by inserting it into a small PTFE block through which two electrode has been shown to function well in terms of current-
parallel holes had been machined. This arrangement was therdistance approach measurements, as described retefitBoth
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Figure 6. Forward (- - -) and reverse~) current-time characteristics,
plotted agi/i(e0)| versusr—2 (forward step) and(— zswiter) Y2 (reverse
step) for logl) = —0.8: (a)7switetn= 0.1 andK = 0 (upper solid curve),
0.1, 1, 10, and 100 (lower solid curve); (bBich = 10 andK = 0
(upper solid curve), 0.1, and 1 (lower solid curve).

electrode holder
positioners

| — glass capillary

air
or

liquid
phase 2
interface
liquid m——short UME
phase 1
PTFE block
\ epoxy resin
silicone rubber coated
copper wire

Figure 7. Schematic (not to scale) of the inverted submarine UME
design for investigating the interface between a liquid phase containing
the UME probe and a less dense immiscible liquid or gas phase.

types of UME were characterized by a ratio of the overall probe
diameter to electrode diamet&®G ~ 10.

Potentials were controlled with a triangular wave/pulse
generator (Colburn Electronics, Coventry, U.K.), and currents
were measured using a home-built current follower (gains of
105-10"°AV~1). A Pentium 100 MHz PC equipped with a

Slevin et al.

data acquisition card (Lab PC card, National Instruments, Austin,
TX) was used to record currenpotential and currerttime
behavior. Some currentime transients were also measured
using a NIC310 digital storage oscilloscope (Nicolet, Coventry,
U.K.).

UMESs were positioned initially with a 431-2 stage (Newport
Corp., Fountain Valley, CA). Fine control in thedirection
normal to the plane of the interface, with a spatial resolution of
around 0.1um over a 40um range, was achieved with a
piezoelectric translator, incorporating a strain gauge sensor
(translator Model P173 and controller P273, Physik Instrumente,
Waldbronn, Germany).

For experiments where the liquid/liquid or liquid/air interfaces
were probed, a one-piece cylindrical glass cell (40 mm diameter
and 50 mm depth) was used. The cell incorporated an optical
window on one side such that a zoom microscope fitted with a
CCD camera (maximum resolution 2u@n per screen pixel)
could be used to aid positioning of the UME near the interface.
For experiments concerned with confirming the theoretical
model with an inert glass disk substrate, a fully detachable
Plexiglas cell was used, comprising a body, lid, and base into
which the substrate could be securely fixed with its surface
perpendicular to the axis of the UME.

Experimental Results and Discussion

DPSC Characteristics at Inert Interfaces. In order to verify
the theoretical predictions, initial experiments were carried out
on the diffusion-controlled generation/collection of ferricyanide
ions from 50x 1072 mol dnT3 potassium ferrocyanide solutions
at a probe UME positioned close to (i) an aqueous/glass
interface, (ii) an aqueous/DCE interface, and (iii) an aqueous/
air interface. All of these are examples of interfaces that are
chemically inert with respect to the ferrocyanide/ferricyanide
couple. For these measurements, the tip potential was stepped
initially from 0.10 V, where no Faradaic processes occurred,
to 0.70 V, where the oxidation of ferrocyanide was diffusion-
controlled for a periodswitch typically of 200 ms. The potential
was then stepped back to 0.10 V to collect ferricyanide by
reduction to ferrocyanide.

Figure 8 shows a series of typical generation/collection
transients with the UME probe at various distances from the
aqueous/glass interface. In light of previous work, which has
demonstrated that the chronoamperometric oxidation of ferro-
cyanide under these conditions provides an excellent measure
of the probe/interface separatiétithe only variable involved
in fitting the forward transient data was the probe/interface
distance. A value oDgecnyt~ = 6.7 x 1076 cn? s72, deduced
from the steady-state diffusion-limited current for the oxidation
of ferrocyanide [eq 21], was employed to enable a comparison
to be made between experiment and theory for the forward step,
which was found to be in excellent agreement over the range
of distances investigated.

With the tip/interface separation fixed, the only variable
involved in the interpretation of the reverse transient behavior
for this system islreicny®~- Experiment and theory were found
to be in excellent agreement witkecny®- = 1.13, which is
the value expected, given the diffusion coefficients of ferro-
cyanide and ferricyanide under these conditi#hg.he data in
Figure 8 both verify the numerical model for SECM DPSC and
demonstrate that measurements can readily be made on time
scales less than 200s with the experimental arrangement
described.

Further to recent work, which has demonstrated that the
feedback® and equilibrium perturbatid modes can be used
to probe chemical processes at immiscible liquid/liquid inter-
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(reverse step; lower curve) at a tip in aqueous solution positioned at a
distance of 3.4«um from an aqueous/DCE interface. The solid lines
represent the experimental data, while the dashed lines correspond to
the theoretical characteristics. A value@fecny = 6.7 x 1076 cn?

s twas employed to convert normalized time to real time, BR@n-

= 1.13 was used for the simulation.
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Figure 10. Typical DSPC datat{yith = 200 ms) for the oxidation of
ferrocyanide (forward step; upper curve) and reduction of ferricyanide
(reverse step; lower curve) at a tip in aqueous solution, positioned at
a distance of 2.9m from an aqueous/air interface. The solid lines
represent the experimental data, while the dashed lines correspond to
0 . . . . the theoretical characteristics. A value@fecny = 6.7 x 107 cn?

0 20 40 60 80 s 1was employed to convert normalized time to real time, &R@n*

(t/s)732 or ([t=t,eal/sV 2 = 1.13 was used for the simulation.

Figure 8. DPSC data for the oxidation of ferrocyanide (forward step; faces were viable. DPSC characteristics were obtained on
upper curves) and reduction of ferricyanide (reverse step; lower curves) gimilar time scales. and the same range of tip/interface separa-
at a tip in aqueous solution positioned at distances of 1.5 (a), 3.0 (b), tions. as in the ex - ts d ibed ab E . tal dat
and 4.5 (cjum from a glass surface. In each case the switching time ' pgrlmen S described a .ove. ngrlmen al data
was 200 ms. The solid lines are experimental data, while the dashedWere found to be in good agreement with theory in all cases,

lines are the theoretical characteristics. A valudafcn~ = 6.7 x demonstrating that SECM can indeed be used to probe liquid/
10°° cn? st was employed to convert normalized time to real time, gas interfaces. Typical results are shown in Figure 10 for a

while Arecny> = 1.13 gave the best fit to the reverse curretie tip/interface separation of 2.Am. It can be seen that the

behavior in each case. experimental data are of a high quality and consistent with the

f : I . theoretical predictions.
aces, the experimental characteristics for the generation/ o ) o
collection of ferricyanide in the DPSC mode at the aqueous/  PPSC Characteristics at Active Liquid/Liquid Interfaces.
DCE interface were examined. By use of the same aqueousBr2 shows enhanced solubility in many organic solvents
solution conditions outlined above (similar time scales and tip/ compared to aqueous solutiotis.The partition coefficient of
substrate separations between 1.5 and @), excellent  Brz in the DCE/0.5 mol dm?® sulfuric acid system was
agreement was found between experiment and theory. A determined voltammetrically by first measuring the steady-state
representative case is illustrated in Figure 9, which shows the limiting current for the reduction of 10 mmol driBr; in 0.5
DPSC characteristics for a switching time of 200 ms, with the mol dm2 sulfuric acid solution at a 2am diameter Pt UME
tip positioned 3.4«m from the aqueous/DCE interface. (iL1) and the corresponding limiting current after shaking the
By use of the probe design shown in Figure 7, DPSC solution with an equal volume of DCH.f). Under these
experiments were carried out close to the aqueous/air interfaceconditions, the coefficient defining the partitioning of ,Br
to determine whether SECM measurements at liquid/gas inter-between DCE and aqueous solution is then given by

li/i{ea)l
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A value of K, = 37(x1) was deduced. This implies thatBr
electrogenerated through the oxidation of Bn the aqueous
phase, close to an aqueous/DCE interface, will undergo ef-
fectively irreversible transfer across the interface, providing an
ideal model system for examining the DPSC technique as a
probe of irreversible interfacial kinetics.

In these experiments, Biwas first oxidised to Brin an initial
potential step, from 0.70 to 1.20 V, for a period in the range
10—200 ms, after which the potential was stepped to 0.70 V to
effect the diffusion-controlled collection of Bby reduction to
Br—. All experimental data obtained at tip/interface separations
from 2.5 to 9.1um, for the step times defined above, were found
to be in good agreement with the theoretical predictions for the
irreversible diffusion-controlled loss of Bat the interface. For
the fitting of the experimental data, a value®~ = 1.80 x
1075 cn? s~ was employed, as deduced from steady-state UME
voltammetry [eq 21], together witbg,, = 9.4 x 1076 cn?s™4,
measured using UME chronoamperoméfryBoth of these

Slevin et al.
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Figure 11. Typical DPSC datat{witch = 10 ms) for the oxidation of
bromide (forward step; upper solid curve) and reduction of bromine
(reverse step; lower solid curve) at a tip in agueous solution positioned
at a distance of 2.&m from an aqueous/DCE interface. The upper
dashed line is the theoretical response for the forward step at the defined
tip/interface separation, withg,~ = 1.8 x 1075 cn? s~ The remaining
dashed lines are the reverse transients for various transfer rate constants
k with the values marked on the plot. A value B, = 9.4 x 107°

values are in good agreement with those reported earlier undercn? s was used for the simulation.

similar solution conditiong? It should be noted that the rapid
transfer of By across the interface (and thus out of the tip/

interface gap) results in a dramatic decrease in the concentration

of Bry in the aqueous phase. The formation o Brthrough
the equilibration of By and Br 34 can thus be neglected so
that the basic theoretical model described herein is valid.

A typical result for the shortest time step examinggifn =
10 ms), at a tip/interface separation of 8, is shown in
Figure 11. The data have been plotted |Hgo)| vs t=12
(forward step) or t( — tswiter) 2 (reverse step). The reverse
current-transient is in good agreement with theory for a
diffusion-controlled process, particularly far € tsyicn) ™42 >
20 s'Y2. At longer reverse times, the experimental currents are
slightly higher than those predicted theoretically. This may be
attributed to a small effect of electrochemically induced back-
transfer of Bg from DCE to the aqueous phase due to the
extensive depletion of Brin the aqueous phase during the
collection process. Nonetheless, the transfer of fBim the
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Figure 12. Typical DPSC datat{ich = 10 ms) for the oxidation of
bromide (forward step; upper solid curve) and reduction of bromine
(reverse step; lower solid curve) at a submarine UME in aqueous

aqueous phase to DCE, under the conditions of these experi-solution positioned at a distance of & from an aqueous/air interface.

ments, tends toward irreversibility and is effectively rate-limited
by diffusion of Br, in the agueous phase. Based on the data in
Figure 11, a lower limit of 0.5 cm™3 can be assigned to the
interfacial rate constant for the transfer opBiom the aqueous

The upper dashed line is the theoretical response for the forward step
at the defined tip/interface separation, with,- = 1.8 x 1075 cn?

s 1. The remaining dashed lines are the reverse transients for various
transfer rate constantswith the values marked on the plot.

to the DCE phase under conditions where the latter phase is anransient in Figure 12 lies slightly above the theory for a

empty sink.
DPSC Characteristics at Active Liquid/Air Interfaces.
The volatility of Br, in aqueous solutions in contact with air

diffusion-controlled process (particularly at short times), which
might indicate very slight interfacial control of the transfer
process. However, we were not able to go to sufficiently shorter

under open system conditions makes the process describedimes or closer tip/interface separations to determine whether
above—in which bromine is electrogenerated close to an there was a measurable interfacial resistance to the transfer
interface—an ideal one to investigate the use of SECM as a process. From the data in Figure 12, it may therefore be
probe of dynamic processes at liquid/gas interfaces. Experi- deduced that the transfer of Brom aqueous solution to air is
ments were carried out using a protocol identical to that a rapid process, which approaches a limiting rate controlled by

described in the preceding section, with an inverted submarine
UME positioned at distances of 2:8.1 um from an aqueous/
air interface. All experimental data for switching times of 10
ms and longer were found to agree well with the theoretical
predictions for the irreversible diffusion-controlled loss of Br
at the aqueous/air interface using the diffusion coefficients
defined above.

A typical result for the shortest time step examinggifn =
10 ms), at a tip/interface separation of B, is shown in
Figure 12. The data have been plotted |dgo)| vs t=112
(forward step) or t( — tswiter) 2 (reverse step). The reverse

diffusion of Br in solution. The data allow a lower limit of
0.5 cm s? to be assigned to the rate constant defining the
interfacial transfer process.

Note that, in contrast to the reverse transient data foer Br
transfer from aqueous solution to DCE (Figure 11), the reverse
currents at longer time$ {2 < 20 s in Figure 12 are closer
to the diffusion-controlled theoretical case for an irreversible
transfer process. This suggests that electrochemically induced
back-transfer of Br from air to aqueous solution, during the
collection process, is a negligible process. In part, this may be
attributed to the much higher transport rate of, Bn air
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compared to DCE; i.e., once Brrosses the interface, it is
rapidly transported away and is thus not available for back-
transfer during the collection step.

Conclusions

SECM DPSC has been shown to be a powerful technique
for investigating the chemical kinetics of tip-generated species

at liquid/solid, liquid/liquid, and liquid/air interfaces. The
technique complements earlier equilibrium perturbation transien
SECM methods by allowing the study of irreversible interfacial
chemical processes.
experimentally with the model ferrocyanide/ferricyanide system
and has been used to show that the absorption pbBboth
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