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n common electrochemical usage, a “kinetically
controlled reaction” is one in which the transport of
redox molecules is fast relative to the rate of electron
transfer at the electrode–electrolyte interface. Increasing
diffusion rates to reach the kinetic limit is a central concept
of many electroanalytical techniques used to investigate electron-transfer kinetics (1, 2). For example, in cyclic voltammetry experiments of freely diffusing redox species, the electrode
reaction rate becomes controlled by electron-transfer kinetics at
sufficiently high potential sweep rates, a consequence of increased diffusion rates as the sweep rate is increased (3–5).
In this article, we discuss the role of collisional encounters between the redox molecule and electrode in determining when an
electrochemical reaction becomes kinetically controlled. Brownian dynamics simulations of the random motion of redox molecules provide insights into the physical factors that determine the
kinetic limit in steady-state voltammetric measurements using
electrodes with nanometer dimensions.

Electron transfer at nanoscale electrodes
Reducing the electrode size increases the diffusion-controlled
transport rate in steady-state voltammetric measurements. Eventually, the diffusion rate becomes so large that the reaction is limited by electron-transfer kinetics. Several groups, including ours,
have used this approach to measure the rate constants of very fast
redox reactions (6–8). Consider the simple electron-transfer reaction Ox + e– = Red occurring at a spherical electrode of radius
a, as shown in Figure 1a. Diffusion of Ox to the electrode surface occurs before the electron-transfer step, and either step may
be rate-limiting. At steady state, the rate constant for diffusion
(cm/s) of redox molecules to the spherical electrode is simply
D/a, in which D is the diffusion constant (cm2/s) of Ox. Smolu© 2005 AMERICAN CHEMICAL SOCIETY

determine when an electrochemical reaction becomes
kinetically controlled.

chowski originally used this diffusion rate constant in developing
the theory of diffusion-controlled rates of chemical reactions in
solution (9).
The overall rate of the electrode reaction is partially controlled by the interfacial electron-transfer step when D/a is comparable to or significantly larger than the standard electron-transfer rate constant ket (cm/s)
D/a ≥ ket

(1)

Over the past decade, several research groups have reported the
fabrication of platinum electrodes (disk or quasihemisphere
geometry) with radii as small as 10 nm (6–12). If we assume a
typical value for D (~10–5 cm2/s) for redox molecules in liquid
solutions, D/a at such small electrodes is ~10 cm/s. Thus, in
principle, it is possible to use these electrodes, in steady-state
voltammetric experiments, to measure values of ket of similar
magnitude.
For example, Figure 1b shows a plot of the shift in steadystate voltammetric half-wave potential E1/2, relative to the reJ U N E 1 , 2 0 0 5 / A N A LY T I C A L C H E M I S T R Y
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fitting a classical Butler–Vol- FIGURE 1. Diffusion versus electron-transfer control.
mer rate expression to the data (a) Schematic of the sequential nature of diffusion and electron transfer at
This definition of D is consis(6). The value ~5 cm/s is a spherical electrode. D/a and ket are the diffusion and electron-transfer rate
tent with a 3-D random walk,
respectively. (b) Dependence of E1/2 on log a for the oxidation of
among the largest reliable val- constants,
where the net displacement r =
+
ues of ket reported in the TMAFc in an H2O/0.2-M KCl solution. Quasihemispherical platinum nanoscale
(x2 + y2 + z2)1/2 for uncorelectrodes were used to obtain the data, which illustrate the change from diffuliterature.
related motion in the x, y, and
sion control to kinetic control as the electrode size is reduced. The dotted line
Although Equation 1 is corresponds to a Butler–Volmer kinetic rate expression for ket = 5 cm/s (6 ).
z directions after a time t is
useful in predicting the onset
given by r 2 = 6Dt.
of kinetic control, its physical interpretation is somewhat paraThe simulation yields both the collision and diffusion rates of
doxical. When an electrode reaction is controlled by electron- the molecule at the nanoscale electrode. The collision rate is caltransfer kinetics, that is, D/a > ket, the rate of the electron-trans- culated by counting the number of times that the molecule colfer reaction is determined by the collision frequency of redox lides with the electrode, then dividing by the total simulation
molecules with the electrode surface and the probability of elec- time. The diffusion rate is equal to the number of round-trips
tron transfer per collision. Because the probability of electron that the redox molecule makes between the electrode and the
transfer per collision is independent of the electrode size, the ob- outer solution boundary during the simulation. The collision
served dependence of the electron-transfer rate on electrode size and diffusion fluxes (both molecules/cm2s) are computed by di(i.e., the increase in E1/2 for TMAFc+ oxidation with decreas- viding the corresponding rates by the area of the electrode.
The trajectory shown on p 214 A corresponds to 20,000
ing a; Figure 1) is solely a consequence of the decreased number
of collisional encounters between the redox molecules and the steps between a 20-nm-radius electrode bound by a 100-nm-raelectrode surface. This is intuitively correct: The smaller the elec- dius volume of solution. For the purpose of demonstration,  =
trode, the less frequently a collision occurs between the redox 0.5 ns and  = 1 nm, corresponding to D = 2/2 = 10–5 cm2/s.
molecules and the electrode. However, collisions between redox Although these values of  and  are unrealistically large for real
molecules and the electrode result from the random, thermally molecular motion, we will show how the conclusions drawn
induced motion of the molecules in solution. Thus, collisional from these simulations can be applied to any set of , , and D
encounters (which govern the electron-transfer rate) and diffu- values.
sion (which governs the transport rate) result from the identical
In this particular simulation, the molecule touches the elecphysical process of random molecular motion.
trode surface 89 times while making 3 round-trips between the
electrode and the exterior surface of the solution. Obviously,
The motion of a redox molecule near an electrode different trajectories are obtained each time the simulation is
Three-dimensional Brownian dynamics simulations of the ran- run. However, the trajectory demonstrates the key principle of
dom motion of a redox molecule, as shown on p 214 A, are es- diffusion and collision that is important in understanding the
pecially useful in addressing the issue of collision and diffusion use of microelectrodes in kinetic measurements: The randomrates at nanometer-size electrodes. In these simulations, a spher- walk nature of diffusion causes the molecule to explore small
ical electrode of radius a is enclosed in a finite spherical volume regions of space very thoroughly before wandering off. Thus,
of solution that contains a single redox molecule. Although the when a redox molecule arrives at the electrode surface, after
symmetry of the spherical electrode simplifies the simulations, diffusing in from a far-off distance, it will make many colli216 A
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FIGURE 2. Molecular encounters with the electrode.
electron transfer during each
A plot of the probability of a molecule encountering a 20-nm-radius electrode when released at a distance b from
round-trip.
the center of the electrode before diffusing away to a distance of 100 nm. The dashed line plots the theoretical
expectation when a = 20 nm and c = 100 nm. The solid line represents Pc (b) when c →  (i.e., an electrode in a
This idea can be more
semi-infinite solution).
quantitatively expressed by
computing the probability
that the molecule will collide with the electrode before wandering away. If a molecule is arbitrarily released in solu- Diffusion and collision rates
tion at a distance b from the center of the electrode, and the The diffusion-limited transport rate of the molecule can be comradius of the volume boundary is c, then the probability that the puted by counting the number of round-trips the molecule
molecule will first collide with the electrode before wandering to makes during the simulation. This is most easily understood by
the outer boundary is (15)
arbitrarily designating the electrode as the anode and the outer
solution boundary as the cathode. When the molecule collides
Pc(b) = a(c – b)/b (c – a)
with the electrode surface, we assume that it is oxidized with
(2)
unit probability. It remains oxidized, regardless of further colliEquation 2 is readily derived from the ratio of the inward (b → sions with the electrode, until it returns to the outer solution
a) and outward (b → c) steady-state diffusion rates (4πCDNA boundary where it is reduced with unit probability. Thus, one
[ac/(c–a)]/4πCDNA[bc/(c–b)]), in which NA is Avogadro’s round-trip, or one redox cycle with single oxidation and reducnumber and C is the concentration of the redox molecule (15). tion events, generates one electron in a wire connected to the
Figure 2 shows the results of Pc(b) obtained by Brownian dy- electrodes.
We simulated the round-trip transport by using a range of simnamics simulations for the 20-nm-radius electrode contained
within the 100-nm-radius spherical solution volume. The dashed ulation step lengths ( = 0.25–2.0 nm) and step times ( =
line corresponds to the theoretical expectation. In addition to 0.0313–0.5 ns) while maintaining a constant D = 10–5 cm2/s.
testing the accuracy of our simulation, the results demonstrate Transport rates depend on D but are independent of the specific
the key property of the redox molecule’s motion: When the mol- values of  and  used to define D. The rate of diffusive transport
ecule is in the vicinity of the electrode, it has a high probability R (s–1) of a molecule between two concentric spheres, easily deof colliding with the electrode. Because the redox molecule is in rived from Fick’s laws of diffusion, is R = 4πCDNA[ac/(c – a)].
very close proximity to the electrode surface after the first colli- We checked our simulation by computing R for a single molecule
sion, the probability of many additional collisions before it es- confined between a 50-nm-radius electrode and a 100-nm-radius
capes back to the bulk of the solution is very large.
outer boundary (corresponding to C = 4.52  10–10 mol/cm3).
For large values of c, Equation 2 approximates the behavior of The transport rate obtained by simulation of the molecule’s moa molecule diffusing at a real nanoscale electrode immersed in a tion for 0.5 ms [(3.1 ± 0.5)  105 s–1] is in good agreement with
semi-infinite volume of solution. In the limit c → , Equation 2 the analytical expression (3.4  105 s–1).
reduces to Pc(b) = a/b, which is plotted as the solid line in FigTo help visualize the origin of the kinetic limit at small elecure 2. The plot indicates that the simulation of a finite-volume trodes, Figures 3a and 3b present plots of the collisional flux Ω
solution yields reasonable predictions of Pc(b) for the semi-infi- (molecule/cm2 s), normalized to the diffusive flux, of molecules
nite system, especially when the molecule is released very close to as a function of the electrode size. Values of Ω were computed
the electrode surface. This approximation is used below in de- by counting the number of collisions during a simulation and ditermining the reversibility of the electrode reaction.
viding by the simulation run time and the electrode area. In plotJ U N E 1 , 2 0 0 5 / A N A LY T I C A L C H E M I S T R Y
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smaller  will tend to collide with the electrode more frequently.
This result was already encountered in Figure 2, which indicated that the probability of
collision with the electrode surface, Pc(b) ≈
a/b, decreased as the initial distance of the
molecule from the electrode increased. Thus,
if we identify  in the simulation as also being
equal to the closest distance that the molecule
approaches the surface and substitute (a + )
for b in Pc(b) = a/b, we obtain the dependence
of the probability of collision on , Pc(a + ) =
a/(a + ). The conclusion is clear: Smaller values of  result in a higher likelihood of a collision with the electrode before the molecule
wanders off to the bulk solution. In other
words, the collision frequency is a function of
. As the electrode size is made smaller and
smaller, a/ → 0 and Pc(a + ) → a/.

How many collisions are required?

Kinetic control in an electrochemical reaction
occurs when the collisional rate becomes
smaller than the diffusion-limited rate. This
1
transition is located at the intersection of the
Diffusion-limited flux
normalized diffusion-controlled (dashed) and
the collision flux lines (solid) in Figure 3b.
From the simulations, Ω increases in inverse
0
proportion to . Thus,  is the critical kinetic
0
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parameter that determines when the kinetic
limit is reached. It is instructive to ask how 
a (nm)
is related to ket, which is often used as the kinetic metric in electrochemistry. The relationship between these parameters is obtained by
FIGURE 3. Collisional flux.
noting that ket = vPet, in which v is the veloci(a) Normalized /J, in which J = DCNA /a, as a function of the electrode radius and . (b) Enlarged
ty of the redox molecule and Pet is the probaregion of (a) for a → 0. The dashed line represents the normalized diffusion-limited flux (J/J = 1) and
corresponds to instantaneous electron transfer upon collision. The solid lines represent least-squares
bility of electron transfer upon a single colliregressions for each data set.
sion with the electrode surface. By definition,
molecular velocity in the computer simulation
ting Figure 3, we normalized Ω to the diffusion-limited flux J = is equal to /. Combining this with D = 2/2 provides the reDCNA/a at a spherical electrode. Thus, these results apply to any lationship between v and : v/2D = –1. To demonstrate that the
value of D, C, or a. J is a function of D, which as noted above, Brownian dynamics simulations are consistent with these relais independent of the specific values of  and  that define D. tionships between D, v, and , we computed the velocity by notHowever, Ω depends on D as well as the choice of the micro- ing that Ω is simply equal to vC (16). In Figure 4, values of v obscopic parameter , or equivalently, . Thus, the family of curves tained from the simulation (normalized to 2D to make the
in Figure 3 corresponds to various values of . The horizontal results universal for any value of D) are plotted versus –1 and are
dashed line in Figure 3b corresponds to the normalized diffu- compared to the theoretical expectation v/2D = –1 (dashed
sion-limited flux (J/J = 1) that would be observed if electron line).
transfer occurred with unity probability during each collision.
The relationship between ket and  can now be obtained by
Before we can describe how Figure 3 is used to understand substituting v/2D = –1 into ket = vPet. The result is
the origin of the kinetic limit, it is first necessary to appreciate
why the collisional rate depends on , whereas the diffusion rate,
(3)
ket = (2D/)Pet
which depends on D, is not a function of . The collisional rate
depends on  (while maintaining constant D) because the mole- If we assume unit probability for electron transfer (Pet = 1),
cule tends to explore the space around it more thoroughly when then the upper limit for the electron-transfer rate constant for
 is smaller. Thus, a molecule near the electrode surface with a a freely diffusing species is k max
et = 2D/. Because values of D
218 A
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max

are readily measured, evaluating k et
only requires
knowing . In the computer simulations presented earlier,  is specified. For example, the curve labeled  =
1 nm in Figure 3b corresponds to k max
= 200 cm/s,
et
again assuming D = 10–5 cm2/s.
In real chemical systems, it is difficult to assign a precise numerical value to  because molecules do not
jump precise distances during a predetermined discrete
time step (17 ). Furthermore, the random motion of
molecules as they collide with their neighbors does not
lend itself to being described by a well-defined velocity,
as discussed by Einstein and Berg (14, 15, 18). However, the root-mean-square thermal velocity, <v 2>1/2 =
(kT/m)1/2 (in which k is Boltzmann’s constant, T is absolute temperature, and m is the mass of an individual
molecule), has been previously used to estimate k max
et
(16, 19). It is interesting to explore this approach in
considering electron-transfer reactions at very small
electrodes.
For TMAFc+, which was used to obtain the experimental data in Figure 1, m = 4.05  10–22 g and <v 2>1/2
= 1.0 104 cm/s. If we recall that ket = ~5 cm/s for oxidation of TMAFc+ and accept that 1.0  104 cm/s is
the “true molecular velocity”, then Pet = ket/k max
=
et
0.0005. In other words, the experimental evidence suggests that the oxidation of TMAFc+ involves, on average, 2000 collisional encounters with the electrode before an
electron-transfer event occurs. Note that the oxidation of
TMAFc+ is a very fast reaction. Reactions with smaller ket require many more encounters to proceed at a significant rate.
The low probability of electron transfer during each molecule–electrode encounter has interesting implications when we
consider steady-state voltammetry at a nanoscale electrode.
First, note that <v 2>1/2 = 1.0  104 cm/s corresponds to  =
0.02 nm for D = 10–5 cm2/s. This value of  is 50 smaller than
that used in the simulation on p 214 A to compute the rates of
collision and transport at a 20-nm-radius electrode (1  106 collisions/s and 6.5  104 round-trips/s, respectively). Thus, because the collision rate is inversely proportional to , a velocity of
1.0  104 cm/s corresponds to a collision rate of 50  106 s–1
at a 20-nm-radius electrode. The diffusion rate is independent of
, so the number of round-trips per second, 6.5  104, remains
constant. Therefore, there are (50  106 collision/s)/(6.5 
104 round-trips/s) ≈ 770 collisions/round-trip. Because a successful electron-transfer event for ket = 5 cm/s requires 2000 collisions, this implies that only 1 out of every 2.5 molecules of
TMAFc+ that diffuse to the electrode actually undergoes electron
transfer at a 20-nm-radius electrode. The reaction is thus controlled partially by diffusion and electron transfer.
In electrochemical terminology, this scenario corresponds to
a quasireversible reaction. If we were to reduce the electrode radius by a factor of 5 to 4 nm, only 1 out of every 75 collisions
would result in an electron transfer, and the reaction would be
considered irreversible. A factor of 5 increase in the radius to 100
nm would result in 20,000 collisions per TMAFc+ that diffuses
to the electrode, far more than is required for electron transfer

Velocity /2 D (cm –1 ,  10 –7 )

5
4
3
2
1
0
0

1

2

3

4

5

 –1 (nm –1 )

FIGURE 4. Redox molecule velocity.
A plot of the normalized “molecule velocity”, v/2D, as a function of –1. The data
correspond to values of the velocity computed from collisional flux values obtained by computer simulation. The dashed line corresponds to the theoretical
expectation (v/2D = –1), based on the definitions of the instantaneous molecule
velocity (v = /) and the diffusion coefficient (D = 2/2).

(~2000 collisions). This scenario corresponds to a reversible electron-transfer reaction. Interpretation of the reversibility in terms
of the number of collisions is reflected by the onset of a shift in
E1/2 in the experimental data (Figure 1b) when the electrode radius is reduced below 100 nm.
These estimates of the probability of electron transfer per collision assume <v 2>1/2 = 1.0  104 cm/s and D = 10–5 cm2/s,
which correspond to  = 0.02 nm and  = 0.2 ps. These latter
values are consistent with realistic length and time scales that we
might anticipate for a random walk of a redox molecule through
the solution (17). However, one must ask whether these values
really describe the dynamics of random motion that are important as the redox molecule approaches the electrode surface. For
example, there is evidence that the solution viscosity at the
solid–liquid interfaces is slightly lower than that of the bulk solution and that this may change the effective diffusivity of the
molecule as it approaches the electrode surface (20, 21). In addition, our results assume that the redox molecules are freely diffusing and are not influenced by the electric field that extends
from the charged electrode surface (22–26). Migration of
charged molecules in large electric fields can potentially alter the
redox distributions, fluxes, and driving force for electron-transfer
reactions at nanoscale electrodes (or in ultrafast scan voltammetry). For example, electrical double-layer effects are readily evident in the oxidation of IrCl 3–
6 at platinum electrodes with radii
<50 nm (27 ).
In addition to those factors, we have implicitly assumed that
the collision frequency reflects the diffusion motion of the molecule as it intercepts the electrode–solution interface. An alternative formulation of the collision frequency is based on the
J U N E 1 , 2 0 0 5 / A N A LY T I C A L C H E M I S T R Y
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