Anal. Chem. 2003, 75, 2959—2966

Articles

Scanning Electrochemical Microscopy. 46.
Shielding Effects on Reversible and

Quasireversible Reactions
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An approximate theory for the feedback mode of the scan-
ning electrochemical microscope (SECM) is developed to
interpret the effects of substrate shielding on an ultrami-
croelectrode tip during a recording of it versus d curves
(approach curves) for reversible and quasireversible
kinetics at a substrate surface. The resulting expressions
for the tip current, ir, show a good fit to more accurate
SECM simulations as well as to the experimental response
of a reversible and quasireversible reaction. SECM shield-
ing experiments thus give an interesting new insight into
SECM approach curves over electrodes at different po-
tentials, which suggest possible applications to measuring
heterogeneous kinetics for fast reactions and diffusion
coefficient determination.

Quantitative studies with the scanning electrochemical micro-
scope (SECM) are usually based on measurements of the tip
current, ir, as a function of the tip—substrate separation, d.1~1°
These it versus d, or approach, curves can be used, for example,
to identify conductive zones on a substrate, where diffusion-
controlled positive feedback is observed and it increases with
decreasing d. Thus, if an oxidizing species is reduced at the tip
(O + ne — R) and the substrate is at a sufficiently positive
potential, the tip-generated R is oxidized back to O at the substrate.
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At insulating zones on the substrate, no oxidation of R occurs
and the approach curve is characterized as showing negative
feedback (it decreases as d decreases).

Approach curves can also be used to measure heterogeneous
electron-transfer kinetics at the substrate surface.’®™'3 For ex-
ample, in studying electrocatalysis at a substrate electrode, the
tip is held at a potential where the O — R reaction is diffusion
controlled, and approach curves are taken at different substrate
potentials, Es. Generally, Es is controlled so that the process at
the substrate (R — O) is always opposite to that at the tip (O —
R). However, one can also operate at Es values where, for at least
part of the approach curve, the same process (O — R) occurs at
both substrate and tip. In this case, the substrate “shields” the
tip, so that i+ will decrease below the value found over an insulator.
Even under shielding conditions, as we show in this paper, the
reaction at the substrate can change from O — R to R — O as the
tip approaches the substrate.

The nature of the response under shielding conditions
depends on the extent of interaction of the diffusion layers of the
tip and substrate and can be divided into three zones (Figure 1).
At large d (Figure 1A), there is no interaction between tip and
substrate, and it = it, the value of the tip current in the bulk
solution. At intermediate d (Figure 1B), the tip senses a decreasing
concentration of O as it moves into the substrate diffusion
layer. At very small d (Figure 1C), the tip diffusion layer interacts
with the small portion of the substrate beneath the tip. In this
last region, the concentration profiles near the substrate are
perturbed and it is possible to see positive feedback, even when
the substrate potential is set so that the overall reaction is still
O—R.

The shielding that is seen with the SECM is analogous to that
found with other two-electrode electrochemical systems, such as
the rotating ring—disk electrode (RRDE) or interdigitated elec-
trodes. For example, with the RRDE, the current at the ring
electrode decreases when the disk is placed at a potential where
the same reaction is occurring.!*> However, because the convec-
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Figure 1. Schematic diagram of tip and substrate diffusion layers
at different separations, d: (A) no interaction; (B) tip enters substrate
diffusion layer; (C) substrate senses tip diffusion layer.

tive flow is totally from disk to ring (ring collection), one never
sees a transition to the equivalent of SECM positive feedback.
Shielding is also found with IDAs,'® where feedback is possible.
Shielding experiments of the type described here have not been
carried out, to our knowledge.

THEORY
While it would be possible to do a detailed simulation of the

approach curves, as carried out for example in studies of
heterogeneous kinetics,'2 we treat the problem here in a more
approximate way that makes the quantitative behavior more
transparent. Moreover, as shown below, the resulting expressions
for it fit more accurate simulations and the experimental response
quite well. We first treat a Nernstian system and then a more
general system involving quasireversible electron transfer at the
substrate, which, in all cases, is assumed to have a much larger
area than the tip electrode. We consider the case for a reduction
reaction at the tip

O+ne—R D)

with the tip potential, Et, held at sufficiently negative value that
reduction of O is diffusion controlled.

Nernstian Systems. We assume that the tip is initially at a
distance, d;, from the substrate (at x = 0) and it is held there for
a quiet time, 7, during which a potential is applied to both tip and
substrate. During this time, if Es is set so that reaction 1 occurs,
a concentration gradient forms near the substrate. At time, z, the
tip begins a scan toward the substrate at a scan rate, u. At Es, the

(15) Albery, W. J.; Hitchman, M. L. Ring-Disc Electrodes; Clarendon: Oxford,
1971; p 24.

(16) Bard, A. J.; Crayston, J. A,; Kittlesen, G. P.; Varco Shea, T.; Wrighton, M. S.
Anal. Chem. 1986, 58, 2321.
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Figure 2. Calculated approach curves: (a) shielding alone (eq 6);
(b) feedback alone (thin-layer approximation) (eq 11); (c) overall (sum
of a and b). Calculated for 6§ = 1 (half-wave potential) for a = 12.5
um, n=1,C5=10mM, D=5 x10"8cm?s, = 1s, d = 200 um,
and 4 = 4 um/s.

concentration ratio at the substrate surface is given by the Nernst
equation?’

Co(0,1)/C(0,t) = 0 = exp[(NF/RT)(E — E*)] (2

The concentration profile that forms at the substrate, assuming
that linear diffusion at the substrate occurs, is given by’

*

Co(it) = Co [ X + &6 ©)
O+ EN] T 2D

where & = (Do/Dg)¥? and C§ is the bulk concentration of O.
The tip samples this concentration gradient when it is at a distance
x = d. The time to reach that point is

t=7+[(d — d)/u] “4)

so that Co(d) is given by

Co [ d
Co(d) = erf + &6
o=+ £0)| " [2(Dolr + (d; - d)/y]}m] }
©))
Within this zone, shown in Figure 1A and B, it is given by
ir = 4nFDgyaCy(d) (6)

An approach curve in this region for 6 = 1 (corresponding to
E = E®) is shown in Figure 2a.

However, when the tip gets sufficiently close to the substrate,
the tip concentration profile perturbs that small part of the
substrate beneath the tip, and this sets up the possibility of positive
feedback. This arises because the concentrations near the
substrate surface are no longer controlled by diffusion from the

(17) Bard, A. J.; Faulkner, L. R. Electrochemical Methods; Wiley: New York, 2001;
pp 177, 179.



surface. This can be treated approximately by considering the tip
and substrate as forming a two-electrode thin-layer cell, as has
been used in previous work on SECM.18 This follows the
previous treatments of such cells,?2-22 where the concentrations
of species at the two electrode surfaces (tip and substrate) are
determined by the potentials of the electrodes, Er and Es, and a
steady state is assumed. In this case, assuming Do= Dr= D, and
that Er is at a potential where the reduction of O is mass-transfer
controlled

_ NFADC,s NFAD(Cyy — Cge)
IT = d = d (7)

where the subscripts on C represent the species (O or R) and tip
and substrate (T or S).

Cost Crs= Co Crr = Co (8)
Co,s/CR,s =0 9
Crs=Co/(1+0) Cr7=C5p% (10)

This yields an approximate value for the tip current under
feedback conditions as

. nFADCS, ¢
=

1+6 (1

or, since NFDCY = ir./4a and A = 7a? eq 11 can also be
written as

B iT,wﬂa( P )

¥ O (7 (12)

Equations 11 and 12 thus apply in the zone in Figure 1C. A plot
of the approach curve for 6 = 1 in this region is shown in Figure
2b.

The overall approach curve current is taken as the sum of eq
6 and eq 11. This total current is shown in Figure 2c. A family of
approach curves for different values of 6 is shown in Figure 3.
Included in this figure is the curve for mass-transfer control to a
conductor (6 — ), given by

I;(L) = 0.68 + 0.78377/L + 0.3315 exp(—1.0672/L) (13)

where L = d/a and the dimensionless tip current I+ = it/it«. AS
0 — 0, the tip current decreases below that expected for an
insulator210

I+(L) = 1/(0.292 + 1.5151/L + 0.6553 exp(—2.4035/L))
(14)

Figure 4 demonstrates that a comparison of the approximation
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Figure 3. Computed approach curves (equivalent to Figure 2c) for
different values of 6. From top to bottom, conductor (solid dots, mass-
transfer controlled), eq 13; 6 =8, 4, 2, 1, 0.6, 0.4, 0.2, 0.1, 0.06, and
0.02. Conditions as in Figure 2.

(solid line) used here at large 6 and the curve for a conductor
(solid dots), eq 13, shows reasonable agreement, considering the
relative crudeness of the approximation.

Quasireversible Systems. As for the reversible case, we
assume that the tip is initially at a distance d; from the substrate
(at x = 0) and is held there for a quiet time t during which a
potential is applied to both tip and substrate. During this time, if
the substrate potential Es is set so that reaction 1 occurs at a finite
rate, the concentration gradient that forms there will depend on
the heterogeneous rate constants given by the Butler—Volmer
relationships for reduction (ki) and oxidation (k)%

ki = k° exp{ —anF(E — E°')/RT} (15)

k, = k° exp{ (1 — a)nF(E — E*")/RT} (16)

in terms of the standard rate constant k° and the transfer
coefficient a, or in terms of # by making use of eq 2

ke=k6™* and k,=ko* a7

where it follows that ky,/ki = 6. The concentration profile that
develops at the substrate is, from the Appendix,

&0 + erf{—z(th)l /2} +

k
exp{ DL+ DX+ k(1 + ée)t]} effC[m -

*

C O
CO(X,t) = FS@

%(1 + ge)t“Z” (18)

(¢}
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Figure 4. Comparison between computed approach curve (solid line) for & = 1 x 10° and theoretical curve for mass-transfer control at

conductor (solid dots), eq 13. Conditions as in Figure 2.

The tip samples this concentration gradient at a distance x = d at
time t, as given by eq 4, so that when written in terms of these
parameters, eq 18 leads to an expression for Co(d). In zones A
and B of Figure 1, it is then given by eq 6. The concentration
profile that the tip samples is then a function of d, k°, o, and 6. As
k® — oo, eq 18, written in terms of d, reduces to eq 5, and it given
by eq 6 approaches that for the reversible case. As k° — 0, eq 18
reduces to Co(d) = Cp, so that the tip sees an unchanging
concentration profile as it approaches the substrate.

For the quasireversible case, the tip feedback current also
depends on the magnitude of the oxidation (k,) and reduction
(kf) rate constants through k°, o, and 6, in addition to the tip—
substrate separation. The thin-layer cell problem with kinetics has
been treated by Anderson and Reilley.? Assuming Do = Dg = D
and that Er is held at a potential where the reduction of O is mass-
transfer controlled, using our notation, the tip current can be
expressed as

(1 —a)nF ol
Rt E-E >}

Cosexp{ R (E - E°')}] (19)

ir= nFAk"[CRS exp{

where

Cos=iHd/NFAD  Cpg=ChH—Cos  (20)

This yields an approximate value for the tip current under
feedback conditions as

. nFADCY [ 2!
|_|_ = = —
D 1+6 1+0[ Do
d + 4d +1
(k°del‘“ 0 ) 0 \k°d(L + 0) )
I 7T
1+6 - 0" @)
=Y T4
0 |AL(L + 0) ]

where A = aky/D. As A — o, eq 21 reduces to eq 12 for the
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reversible case. More specifically, for reversible feedback to occur,
the condition §%/AL(1 + 0) < 1 must be met. If the 0 limit at
both 0 and « are considered, then A > 1 is required for reversible
feedback to occur. In contrast, for A — 0, eq 21 reduces to it =
iT-mA6-%/4 and the feedback current approaches zero. Equation
21 applies in the zone in Figure 1C.

The overall approach curve current is taken as the sum of eqs
6 and 21. For A < 1(corresponding to k® — 0) and 6 < 1 (for a
reduction), the positive feedback current typical of more reversible
behavior becomes increasingly less important and blocking of the
tip by the substrate becomes increasingly more important. This
blocking effect typical of negative feedback is incorporated into
eq 6 as shown in eq 22

_ 4nFDgaCq(d)
T 14 (11/10M%[(50/A) — L])

(22)

where «k = dks°/D. Equation 22 was found to be important for 0.5
< A = 0.05 and the blocking factor in the denominator was
determined by fitting the approximate current found by the sum
of eqs 21 and 22 for L < 16, 0.5 < A < 0.05 and 6 = 1, to
previously tabulated values.'? Approach curves for values of the
dimensionless kinetic parameter A are shown in Figure 5 (solid
lines) and compared to previously published tabulated values!?
(solid dots) for 6 = 1. Insulating behavior as given by eq 14 is
shown as the dotted line and compared to published tabulated
values found for A = 0.001 (solid triangles) at 6 = 1.

EXPERIMENTAL SECTION
Electrodes. Tip electrodes were either of Au or Pt (CHI

Instruments, Austin, TX, RG ~5). The Au ultramicroelectrode
(UME) was prepared by sealing nominal 25-um-diameter Au wire
(Goodfellow Metals, Cambridge, England) into glass as previously
described!® and sharpening to a RG of ~10. The substrate
electrode was either a 2-mm-diameter Au disk (BAS) or Ir foil
(Alfa Aesar) with 6-mm circular diameter exposed to the solution
via a Teflon O-ring (McMaster Carr). A Pt wire (Goodfellow
Metals) served as the counter electrode and either a saturated
Ag/AgCI (CHI Instruments) or saturated SCE (CHI Instruments)
as the reference electrode.
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Figure 5. Comparison between computed quasireversible approach curves (solid lines) and published values (solid dots). From top, A = 5,
1, 0.5, and 0.05. The dotted line is the approach curve for an insulator (eq 14) and compared to published data (solid triangles) for A = 0.001.

Conditions as in Figure 2 except for z = 0.1 s and ¢ = 3 um/s.

Chemicals. Ferrocenemethanol (FcMeOH), sodium chloride,
perchloric acid (70%, redistilled 99.9999%), and sodium perchorate
were purchased from Aldrich and used without further purifica-
tion. Solutions were prepared using MQ treated water (Milli-Q,
Millipore). In the experiments with perchloric acid, the solutions
were deaerated with argon throughout.

Instrumentation. Cyclic voltammograms and approach curves,
tip current, iy, versus distance, d, were obtained using a CHI900
SECM instrument (CH Instruments). A bipotentiostat configura-
tion was used and the electrochemical cell was Teflon (3-mL
capacity).

RESULTS AND DISCUSSION

Approach Curves for Nernstian System. Figure 6 shows
experimental approach curves (solid lines) at different potentials
for a 1.1 mM FcMeOH solution in 0.1 M NaCl with a 12.5-um-
radius Au tip at an approach speed of 6 um/s to a 1-mm-radius
Au disk after a quiet time, 7, of 5 s and an initial distance, d;, of
250 um. The curves show the trends predicted by the approximate
theory as functions of 6 and traverse behavior showing a high
degree of shielding (6 = 0.004) to essentially complete positive
feedback (6 = 9.6). A comparison of the experimental approach
curves with theory (solid dots) shows good agreement as shown
in Figure 6. It is possible that natural convection could be affecting
these measurements due to the length of time of the experiment
(~45 s) and the movement of the UME tip. However, the good
agreement between experiment and theory indicates that these
effects are small. The dotted line corresponds to the approach to
a conductor as given by eq 13. The inset to Figure 6 shows the
steady-state tip voltammogram for the oxidation of FcMeOH. The
diffusion-limited plateau is reached at a potential of 0.4 V versus
Ag/AgCl, and this potential was used as the tip potential. A
diffusion coefficient of 7.1 x 108 cm?/s was calculated from the

steady-state limiting current and is in good agreement with that
reported by Miao et al. (D = 7.8 x 107 cm?/s).2* A standard
potential of 0.218 V versus Ag/AgCl was measured from the half-
wave height of the steady-state voltammogram and is in good
agreement with that measured from a cyclic voltammogram (not
shown) at the larger Au disk substrate. These values were used
in constructing the theoretical curves shown in Figure 6. Note
that these curves basically probe the concentration profiles, as
was originally carried out with ultramicroelectrodes by Engstrom
and co-workers.”=® These authors mainly were interested in
looking at product distributions and did not probe at sufficiently
small distances to find the positive feedback regions.
Approach Curves for Quasi-Reversible System. Experi-
mental (solid lines) and theoretical (solid dots) approach curves
are shown in Figure 7 for the oxidation of hydrogen at an Ir
substrate in a solution of 0.01 M HCIO, and 0.1 M NaClO,.
Hydrogen is produced at a 12.5-um-radius Pt tip at a constant rate
through the reduction 2H* + 2e — H, by holding the tip at a
potential of —0.8 V versus SCE. This represents the diffusion-
limited plateau for the reduction of hydrogen ions, as shown in
the inset of Figure 7. A half-wave potential of —0.410 V versus
SCE was measured at the half-wave height of the steady-state tip
voltammogram. The hydrogen generated at the tip electrode has
been shown to be oxidized back to H* at the substrate at a finite
rate when the tip is in close proximity to the substrate.®® The
approach curves were recorded by moving the Pt tip from an initial
distance d; of 173 (top curve) and 181 um (bottom curve) at a
rate of 3 um/s to a 3-mm-radius Ir foil substrate after a quiet time
of 30 s. The shielding increases, and the feedback decreases as
predicted, in going from the top curve (Es = —0.410 V vs
SCE, 6 = 1) to the bottom curve (Es = —0.440 V vs SCE, 6 =

(24) Miao, W.; Ding, Z.; Bard, A. J. J. Phys. Chem. B 2002, 106, 1392.
(25) Zhou, J.; Zu, Y.; Bard, A. J. J. Electroanal. Chem. 2000, 491, 22.
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Figure 6. Experimental (solid lines) and theoretical (solid dots) approach curves for 1.1 mM FcMeOH solution in 0.1 M NaCl with a 12.5-
um-radius Au tip at an approach speed of 6 um/s to a 1-mm-radius Au disk after a quiet time, 7, of 5 s and an initial distance, di, of 250 um. Tip
potential was set at 0.4 V vs Ag/AgCl. Values of D= 7.1 x 107% cm?/s and E° = 0.218 V vs Ag/AgCl were used in calculating the theoretical
approach curves. The dotted approach curve is that for a conductor. Substrate potentials Es (V vs Ag/AgCI) from top to bottom correspond to
0.160 (6 = 9.6), 0.200 (6 = 2.0), 0.220 (6 = 0.93), 0.240 (6 = 0.42), 0.260 (¢ = 0.19), 0.280 (9 = 0.090), and 0.360 V (0 = 0.004). Inset shows
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0.31). The experimental approach curves were fitted with the
approximate theory using a diffusion coefficient of D = 7.10 x
107% cm?/s,% and k° = 0.20 cm/s for the 6 = 1 curve, and k°
0.16 cm/s for the & = 0.31 curve. These values are in reasonable
agreement with a k° value of 0.25 cm/s determined previously at
an Ir substrate.?

Determination of Diffusion Coefficients from Approach
Curves in Shielding Region. In most SECM approach curves,
the current is usually normalized with respect to ir. and the
distance with respect to a. These yield dimensionless plots that
are independent of D and C §. However in measurements of it in

(26) Zoski, C. G. J. Phys. Chem. B, submitted.
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Figure 7. Experimental approach curves (solid lines) and theoretical (solid dots) approach curves for a 0.01 M HCIO,4 solution in 0.1 M NaClO4
for a 12.5-um-radius Pt tip at an approach speed of 3 um/s to a 3-mm-radius Ir foil after a quiet time 7z of 30 s and an initial distance, d, of 173
(top curve) and 181 um (bottom curve). The tip potential was set at —0.8 VV vs SCE. For theoretical curves, E° = —0.410 V vs SCE, D= 7.10
x 1075 cm?/s. The top curve corresponds to Es = —0.410 V vs SCE (0 = 1) and was fitted with k> = 0.20 cm/s. The bottom curve corresponds
to Es = —0.440 V vs SCE (6 = 0.31) and was fitted with k°= 0.16 cm/s.

the shielding region, the approach curves can be considered
“semitransient”. That is, although the tip current is essentially at
steady state, the concentration profile at the substrate is changing
with time. Under these conditions for a Nernstian system, a plot
of normalized current, i+/ir., against d depends on D [for
sufficiently small 6 (e.g., 0.02—0.14)] (Figure 8). They are
independent of Cg and n, however. Thus, a fitting of these
curves allows one to determine D, without knowledge of other
experimental parameters. SECM in this regime shares with other
time-of-flight or combined transient and steady-state measure-
ments at an ultramicroelectrode, the ability to extract a value of
D without knowledge of Cg and n.?” For example, one can plot
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the value of d at it./2, under specified 7, d;, and 6 and correlate
that to D, as shown in Figure 9. The good correlation between
experiment and approximate theory shown in Figure 6 demon-
strates the validity of such an approach.

CONCLUSIONS

The effect of shielding of a UME tip by a larger substrate
electrode in SECM has been examined for reversible and qua-
sireversible reactions. The shielding occurs when the potential
of the substrate is set so that the substrate reaction is the same
as that at the UME tip and the approaching tip then samples the
concentration profile setup by the substrate. Within a few
micrometers of the substrate, the diffusion layers of the two
electrodes interact and it is possible for positive feedback to the
tip to occur. An approximate treatment of the shielding effect has
been presented and is based on the sum of the currents due to
the shielding of the UME tip by the substrate and the feedback
that occurs in the resulting thin-layer configuration. For reversible
reactions, the shielding effect is a function of the dimensionless
potential parameter 6, which is a measure of the substrate potential

(27) (a) Feldman, B. J.; Feldberg, S. W.; Murray, R. W. J. Phys. Chem. 1987,
91, 6558. (b) Mosbach, M.; Laurell, T.; Nilsson, J.; Csoregi, E.; Schuhmann,
W. Anal. Chem. 2001, 73, 2468. (c) Denault, G.; Mirkin, M. V.; Bard, A. J.
J. Electroanal. Chem. 1991, 308, 27.

Es relative to E*'. For a reduction, when 6 > 1, approach curves
are in good agreement with those for a conductor. For 6 < 1, the
shielding effect causes the tip current to decrease below that
expected for an insulator. The good agreement between experi-
mental approach curves at different potentials for a ferrocene-
methanol solution with the approximate theory complements the
existing theory for reversible (conducting) substrates.

For quasireversible reactions, the effect of shielding of the
UME tip by the substrate depends on the value of the standard
rate constant k° and the transfer coefficient a in addition to 6 for
the substrate reaction. For large k°, the it versus d curves
approach those of a conductor as for reversible kinetics, while
for very small k°, insulator behavior is slowly approached. Fitting
of the approximate quasireversible theory to experimental ap-
proach curves in perchloric acid solutions leads to a rate constant
for hydrogen oxidation that is comparable to the fast rate
measured in previous studies. Thus, quasireversible shielding in
SECM appears to be a novel way of measuring fast kinetics at a
substrate surface. Normally, SECM experiments are carried out
at substrate potentials where the substrate reaction is opposite
to that at the UME tip and the concentration profile at the
substrate is unchanging. Under these conditions for fast reactions,
this means that there is often a very narrow range of potentials
where a rate constant can be determined before the mass-transfer-
controlled region is reached. By moving the potential of the
substrate into the shielding region (and thereby decreasing k;, at
the substrate), the Kinetics of the substrate reaction can be
effectively slowed and thus more easily measured. Quasireversible
shielding may also be useful in reaction-rate imaging, in which
the electron-transfer activity of a surface is mapped by SECM.
These and further investigations into use of the shielding approach
in Kinetic investigations are underway in these laboratories.
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APPENDIX

Derivation of Eq 18. We begin with the Laplace transform
of the concentration profile given as?®

Co  kCoexp{—x(s/Dp)"%}

Co(xs) = —> (A1)
(0] S DgZS(H + s1/2)
where s is the Laplace variable and
kf kb I(f
H= + —(1 + £6) (A2)

= 2 2
DY2 DY2 DY

the rate constants k; (reduction) and ky, (oxidation) are the Butler—
Volmer relationships defined in egs 15 and 16. Laplace inversion

(28) Bard, A. J.; Faulkner, L. R. Electrochemical Methods; Wiley: New York, 2001;
p 192.
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of eq A1%% |eads to
KCo rerfc X -
DY?H| | 2(Dgt)2

X 2 X 1/2
exp! —H + Ht\ erfc] ———— + Ht A3
p{ DlO/Z } {Z(Dot)llz }] ( )

Colxt) =Cg —

In the reversible limit, ki — oo, the exp{} erfc{} term — 0, and eq

(29) Bard, A. J.; Faulkner, L. R. Electrochemical Methods; Wiley: New York, 2001;
p 771, Table Al.1.

(30) Oberhettinger, F.; Badii, L. Tables of Laplace Transforms; Springer-Verlag:
New York, 1973; p 259, eq 5.98.

(31) MacDonald, D. D. Transient Techniques in Electrochemistry; Plenum Press:
New York, 1977; pp 81—-82.
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A3 simplifies to eq 3 for the concentration profile of a Nernstian
system. Similarly, when x = 0

*

C
Co(0t) = _“0

1+ 26 *4)

k 2
£0 + exp[ 4@ + o)tV 2]
DO

in agreement with that reported by MacDonald.3 Substituting for
H and ks in eq A3 leads to eq 18 in the text.
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