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Abstract

Understanding mass transport is pre-requisite to all quantitative analysis of electrochemical
experiments. While the contribution of diffusion is well-understood, the influence of density
gradient driven natural convection on the mass transport in electrochemical systems is not. To
date it has been assumed to be relevant only for high concentrations of redox-active species
and at long experimental timescales. If unjustified, this assumption risks misinterpretation of
analytical data obtained from scanning electrochemical microscopy (SECM), generator-
collector experiments as well as analytical sensors utilising macroelectrodes / microelectrode

arrays and it also affects the results expected from electrodeposition. Based on numerical
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simulation, herein it is demonstrated that even at sub 10 mM concentrations and short
experimental times of tens of seconds, density gradient driven natural convection
significantly affects mass transport. This is evident by in depth numerical simulation for the
oxidation of hexacyanoferrate (1) at various electrode sizes and electrode orientations. In
each case, the induced convection and its influence on the diffusion layer established near the
electrode are illustrated by maps of the velocity fields and concentration distributions
evolving with time. The effects of natural convection on mass transport and

chronoamperometric currents are thus quantified and discussed for the different cases studied.

1 Introduction

Electrochemistry is key to a number of powerful modern analytical tools and devices.}! To
quantitatively analyse the data obtained, however, both the electrode kinetics and solution
phase mass transport governing the system have to be understood. The first can be eliminated
by choosing a suitable electrochemical tool and parameter set, such as chronoamperometry at
a sufficiently large overpotential. The latter, by contrast, is an inherent feature of any
electrochemical reaction. Due to the consumption of reactants and formation of products at
the electrode, it has to be considered in all cases. The processes governing mass transport in
electrochemical systems are diffusion, migration and convection. Any electrochemical
reaction gives rise to diffusion due to the formation of concentration gradients of reactants
and products at the electrode. This aspect is described by Fick’s laws of diffusion and can
easily be quantified using the Cottrell equation'? for planar diffusion at macroelectrodes or
the Shoup and Szabo approximation®® that additionally accounts for radial contributions at
smaller electrodes®** or in viscous solvents!>16,

In the majority of electrochemical studies, migration, the motion of charged species along an

electric potential gradient, is omitted by the addition of an excess amount of
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electrochemically inert supporting electrolyte. The third process convection, however, is
neither easily understood nor can it be omitted in many cases. While forced convection is
negligible as long as external mechanical forces are excluded and natural convection due to
temperature gradients'’ can be avoided by tight thermostating of the entire electrochemical
system, natural convection due to density gradients (buoyancy-driven convection) may again
be an intrinsic feature of the electrochemical reaction itself. This is most evident in
electrodeposition where the ‘loss’ of ions from the solution and hence a change in the density
of the solution near the electrode are intuitively apparent,’3!® but it is equally true for
solution-phase redox couples due to the typically large change of their solvation shells
associated with the change of the species’ charge upon gaining or losing an electron.?%?!

Up until now, it has often been implied that this density gradient driven natural convection is
only significant when high concentrations of redox-active species are concerned???® or when
homogeneous chemical reactions are coupled to the electrochemical reaction?. Instead,
spontaneous convection due to the chaotic motion of microscopic fluid elements has been
suggested as another convective mode. Equations to quantify the effect of this flow on mass
transport have been derived by Amatore et al.3 by analogy to turbulent fluid flows and have
successfully been applied in a number of electrochemical studies.!?43° The driving force for
such ‘spontaneous’ convection is uncertain and indeed the term may be slightly misleading in
the sense that the origins of the effect are difficult to quantify in the absence of a clear
understanding of the relevant driving forces. For this reason, we focus exclusively on density
difference driven convection.

However, when macroelectrodes are concerned, significant density gradients across the
electrode surface upon an electrochemical reaction cannot generally be avoided, making them
more prone to density driven convection than (ultra-) microelectrodes. Here we investigate

and quantify the conditions that allow for density driven natural convection to safely be



excluded and those where not. For this purpose, in depth numerical simulations are
performed for one of the most frequently studied redox  couples,
hexacyanoferrate(ll) / hexacyanoferrate(I11)  ([Fe(CN)s]*-/ [Fe(CN)s]*). The effects of
different electrode sizes, electrode orientations with respect to gravity and experimental
timescales on the evolution of density gradient driven natural convection are analysed using
numerical simulation. The resulting velocity profiles and the influence of natural convection
on the diffusion layer established and on the currents observed during chronoamperometric
oxidation of [Fe(CN)s]*~ are quantified and discussed with respect to the currents obtained in
the absence of convection. It is evident that for experimental timescales of tens of seconds
and concentrations of sub 10 mM, natural convection may contribute significantly to the
measured overall current. The flow fields established are presented for three exemplary

electrode geometries.

2 Theory
In a chronoamperometric experiment of a 1-electron oxidation of the form,
A2B+e (2.1)

the potential applied at the electrode is changed instantaneously from some initial potential,
E;, which usually corresponds to zero current, to the potential, E, that provides a sufficiently
high overpotential to overcome kinetic limitations, and thus enables studying of the mass
transport of the electrochemical system. Throughout the duration t of this mass transport-
controlled oxidation of A, all species A arriving at the electrode are immediately oxidized
and the concentration of this species at the electrode surface is effectively zero. In this paper,
we consider an ideally thermostated system that is not subjected to mechanical agitation and

contains an excess amount of supporting electrolyte,® so as to omit thermal convection,



forced convection and migration and thus study mass transport due to diffusion and density
gradient driven natural convection only.

We first consider diffusion-only systems in the absence of convection. The time-dependent
current at a macroelectrode, governed by planar diffusion, are described by the Cottrell
equation®?:

nFA.VD

Icottrenl = ~mt Alpulk; (2.2)

where n is number of electrons transferred per ion/molecule (n=1 for the hexacyanoferrate
(1) / hexacyanoferrate (I11) redox couple). D is the diffusion coefficient and [A]buik is the
bulk concentration of species A in the solution, F is the Faraday constant and A, is the
electrode area (4, = nre? for a disc electrode of radius re).
The experimentally observed currents are often higher than predicted for pure planar
diffusion. Two possible additional contributions to mass transport may account for that:
radial diffusion and/or convection.
First, for relatively small ‘macro’ disk electrodes, radial diffusion contributes to the currents
significantly when concentration gradients are not only established along the electrode-
normal z-axis, but also along the r-axis (parallel to the electrode), for instance due to an
insulating sheath surrounding the electrode (the axes are defined as in Fig. SI.I). The Shoup
and Szabo equations®® (see eqn. 2.3 - 2.6) which take into account both the linear and radial
diffusion components is therefore often more appropriate to analyse the data. 33

Iss = 4F D1 [Alpuif (0); (2.3)
where the dimensionless time 7 is defined as

T = 4Dtr,~? (2.4)
For short dimensionless times (z<1), f () can be approximated as
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and for long times (z >1)

f(©) =1+ 0.7183577%5 + 0.05627~ %5 — 0.00647~ %> (2.6)

The second possible contribution is by convection due to the local density gradients produced
at the electrode when solutions of the redox species A and B have different densities (molar
volumes). Due to the gravitational acceleration g, these density gradients result in a bouyancy
force that drives a convection and thus alters the mass transport and hence the concentration
of species A and B in the electrochemical system.

Accounting for the conservation of mass, the resulting interdependence of diffusion and
convection can be expressed by

a .
% + 7 (cu) —v- (D,ve) = o; @.7)

where c; is the concentration and D; is the diffusion coefficient of species i, u denotes the
velocity vector and t is the time. For a given fluid element, this expression balances the time-
dependent change in the concentration of species i (caused by the electrochemical reaction,
first term) to the convective transport (due to a velocity field u, second term) and the
diffusional transport (third term).
For an incompressible Newtonian fluid, the continuity equation which represents the
conservation of mass is **
V-u=0; (2.8)

and the conservation of momentum is described by the Navier-Stokes equation:

pg—? + p(u-V)u=—Vp + uV?u +F; (2.9)
where p is the density, u is the velocity vector, p is the pressure, u is the (constant) dynamic
viscosity and F is the vector denoting additional volume forces.
In the study of natural convection due to density gradients, the volume force, F, can be

obtained from the Boussinesq approximation , provided that the density fluctuations in the



system are small i.e. Ap/p, < 1 and hence have no effect on the flow field except that they
give rise to buoyant forces.* The volume force is therefore set to
F = pofc(c; —¢)g; (2.10)

where p, is the density of the fluid (kg m~3), B, is the volume expansion coefficient defined
as the change in molar volume from reactant to product (m*® mol?), ¢; is the concentration
and ¢; is the bulk concentration of species i. g is the gravity vector.

The numerical simulations are done for two different orientations of electrodes. In both cases,
the electrode is horizontal, either facing downwards or facing upwards with respect to gravity
as shown in Fig. la-b. A detailed description of the boundary conditions, numerical
procedure and the parameters used in this work is given in the Supporting Information (SI),

section SI.1.

3 Results and Discussion

As stated above, it has been suggested that natural convection due to density gradients is
negligible in many systems at low concentrations of redox-active species and relatively short
experimental timescales when micro or small macro electrodes are concerned. This
assumption has major implications for a large number of analytical studies on electrode
kinetics/electrocatalysis and so is worthwhile having a thorough analysis.%¢- In this work,
we will show that the short timescale is not to be longer than 20s for one of the most
frequently used redox systems even at sub 10mM concentrations.

In order to understand how natural convection affects mass transport to the electrode, we first
look into the flow of the electrolyte solution and its effect on the diffusion layer/concentration
gradient at the electrode. The concentration and velocity profiles for an electrode radius (7,)
of 1.5mm are determined. The different effects of the electrode orientation with respect to

gravity on the developed flow patterns and diffusion layers are then discussed. Afterwards,



the influence of changing the electrode size on the patterns of the flow and the diffusion layer
is analysed. Finally, the size- and time-dependent effects of non-planar diffusion and natural

convection are rationalized and discussed for the different systems studied.

3.1. Flow fields and concentration maps — downward-facing electrode (r. =1.5mm)

The development of the diffusion layer with time for an electrode of 1.5 mm radius facing in
a horizontal downward orientation is shown in Fig. 1a. The thickness of the diffusion layer
(8) increases with time as more and more reactive species are being depleted close to the
electrode surface. The values of § are 284um, 387um and 445 um at 20s, 40s and 60s
respectively; slightly smaller than those resulted from the diffusion-only (convection-free,
u=0, F=0 in eqgn. 2.9, see SI.2) simulations which have § values of 285um, 403um and
495um at 20s, 40s and 60s respectively. This diffusion layer remains relatively planar
especially near the centre of the electrode surface. However, the radial diffusion at the edge
of the electrode can only just be seen for this electrode size.

For the system studied, the hexacyanoferrate(lll) product has a lower density than the
hexacyanoferrate(ll) reactant (8.=-5.9x10°m®mol* 4041); therefore with the electrode facing
downwards, the lighter product is formed and remains at the electrode surface because of
buoyant force. This system can therefore be considered as a ‘stable’ configuration. The
solution velocity is nevertheless non-zero except at t=0s because a flow is driven by the
difference in densities between the solution close to the inert sheath and the solution close to
the active electrode surface.

At short times, for example at t=10s, the maximum magnitude of the flow velocity is
2.7x10°°m s~ which is relatively small and has a negligible effect on the diffusion layer
thickness. At longer times, when the concentration layer becomes thicker, the volume force,

F = poB.(c; — ¢;)g, is enhanced because the portion of volume which has the concentration



difference, (c; — ¢;), increases, the force which drives the fluid flow then becomes bigger,
and hence the magnitudes of the solution velocities increase with time. For t=20s, 40s and
60s, the maximum magnitudes of the flow velocities are 4.8x10~°m s, 7.5x10°m s and

8.7x10°m s respectively (see Fig. 1b).
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Figure 1: a) Schematic drawing of the electrotrochemical cell for electrode facing
downwards and b) electrode facing upwards. ¢) Results of numerical simulations showing
concentration and b) velocity profiles for the oxidation of [Fe(CN)s]*~ at selected times (0,
20, 40 and 60s) for electrode 7, =1.5mm facing downwards; the arrows indicate the
direction of the flow, the magnitude of flow velocities is given by the colour representation
(colour scale on the right-hand side) and contours (scale shown at the bottom);
c;=9.5mol m=, D=7.53x10""m?st 1 p,=1030 kgm=3 *, B.=-5.9x10° m®mol? 404
u=980x10% Pa s*2, for simulation details see Sl section SI.1.
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3.2. Flow fields and concentration maps — upward-facing electrode

In contrast to the above, inverting the electrode orientation for otherwise identical parameters,
a ‘non-stable’ configuration results as the lighter product is formed at the bottom of the
electrochemical cell. Thus, the solution near the electrode is lighter than the bulk solution and
an upward flow is driven by buoyant forces. In a closed system, this results in an opposite,
downward flow near the edge of the cell.

The pattern of such flow and the maximum flow velocity, however, depend on the respective
cell geometry (shape, height z,.., width 7,,, and electrode size r,), due to the
incompressibility of the fluid and the finite cell volume. Here we will discuss two different
examples (. =1.5mm and r, =250um) to emphasize this and to highlight the resulting

impact on the diffusion layer in the vicinity of the electrode.

Electrode facing upwards: r, =1.5 mm

For the electrode of 1.5 mm radius, at short times (t<20s), there is an upward flow directly
above the electrode surface and a downward flow near the edge of the cell (i.e. above the
insulation sheath); a simple flow pattern as explained above (see Fig. 2b, t=20s). At longer
times (see Fig. 2b, t=40s and 60s), a more complex flow pattern is developed because a
stream of fluid bounces off the solid surface and split into two. This complex flow pattern
results in an inhomogeneous diffusion layer thickness across the electrode surface (see
Fig 2a). The diffusion layer thickness is minimum at »=Omm with §,;,, of 286pm, 380um
and 270um at 20s, 40s and 60s respectively and maximum at »=0.8mm with &,,,5 0f 290um,
476um and 946um at 20s, 40s and 60s respectively.

The maximum magnitudes of velocities are ~50% higher than those for the electrode facing
downwards at the same timescales, resulting in a stronger convective flow and more

enhanced mass transport to the electrode surface.
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Figure 2: Results of numerical simulations showing a) concentration and b) velocity profiles
for the oxidation of [Fe(CN)s]* at selected times (0s, 20s, 40s and 60s) for electrode
1. = 1.5mm facing upwards; the arrows indicate the direction of the flow, the magnitude of
flow velocities is given by the colour representation (colour scale on the right-hand side) and
contours (scale shown at the bottom); c¢;=9.5molm=3 D=7.53x10"1"m%! 4

po=1030 kg m=2 #2, 5.=-5.9x107° m® mol 4% |, =980x107° Pa s*, for simulation details

see Sl section SI.1.
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3.3. Upward-facing electrode — electrode size effects (r, = 250 pm)

Upon changing the electrode dimension, the flow fields and the diffusion layers established at
the electrode are altered. When increasing the electrode radius from 1.5mm to 4mm, no
appreciable differences in the time evolution of macroscopic flow pattern and the diffusion
layer shape were observed (see Supporting Information, section S1.3).

In contrast, for a microelectrode of r, =250 um, a different flow evolves and hence different
concentration distribution at the electrode is observed, as illustrated for the ‘non-stable’
electrode orientation in Figure 3. At this microelectrode, an upward flow above the electrode
surface and a downward flow near the edge of the cell (see Fig. 3b) are observed at all times
(simulated up to t=60s). The difference in the flow pattern from the bigger electrodes is
because the Reynolds number (Re)® changes significantly when changing the characteristic
flow length, which in this case is the size of the electrode that creates the diffusion field.

The maximum magnitude of the flow velocity at t=60s is ~3x10°m s%, slightly smaller but
in the same order of magnitude as for the r, =1.5mm electrode. Natural convection due to
density gradients is therefore significant even for microelectrodes at the timescales of tens of
seconds.

The diffusion layer at short times (t<20s) is not yet affected by convective flow, but instead
of being planar, it is almost hemispherical in shape indicating the significant radial
contribution. At 60s, the falling flow does not split into two as found for the 1.5mm electrode
because of the small electrode size relative to the cell diameter, and therefore the diffusion
layer has a maximum thickness at the centre of the electrode surface (see Fig. 3a), while for
the larger electrode a minimum diffusion layer thickness was observed at the same position.

This clearly evidences the significant and diametrically different effect of natural convection

$ The Reynolds number (Re) is the ratio of inertial force to viscous force: Re= pulL/u, where
p is the density, u is the velocity, L is the characteristic length and u is the dynamic viscosity
of the fluid.
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on these two electrode geometries (see also concentration profiles given in the Supporting

Information, section SI.2).
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Figure 3: Results of numerical simulations showing a) concentration and b) velocity profiles
for the oxidation of [Fe(CN)s]* at selected times (0s, 20s, 40s and 60s) for electrode
1, =250pum facing upwards; the arrows indicate the direction of the flow, the magnitude of
flow velocities is given by the colour representation (colour scale on the right-hand side) and
contours (scale shown at the bottom),; c¢;=9.5molm=3, D=7.53x10"""m%! 4

po=1030 kg m=2 #2, ,.=-5.9x107° m® mol 4% |, =980x107° Pa s*, for simulation details

see Sl sectionl.

14



3.4. Effects on Chronoamperometric Results

As stated in the Introduction, the deviation of experimentally observed currents from the
Cottrell equation in an unstirred/stagnant thermostated system may be caused by three
possible contributions: radial diffusion, natural convection or spontaneous convection. First,
we will show the results for diffusion-only simulations of different electrode sizes to
demonstrate and quantify the radial contribution. Second, we will compare the results for
simulations with and without the inclusion of the force driven by density gradients, then infer
which of the two contributions dominates under which conditions. Spontaneous convection is
not considered in this work, as its effects have been discussed in detail in numerous papers in
the past.11:23-30

For the diffusion-only simulations of currents at electrodes of different sizes: 250um, 1.5mm
and 4.0mm, all of which were often described as macroelectrodes and hence the radial
contribution are often neglected.?>43> However it has been previously reported by our group
using cyclic voltammetry** and is reinforced here using chronoamperometry that it is not
completely true, and that the currents exceeding that predicted by the Cottrell equation are
observed because of this radial diffusion, the so called edge effect.

The effect of this radial diffusion can be quantified by the current enhancement due to

edge effect:

_ I(u=0)—I(Cottrell)
Medge = I(Cottrell)

- 100 %; (3.2)

where I(Cottrell) is calculated using eqn. 2.2 and I(u = 0) is the total current obtained from
a diffusion-only (convection-free) simulation using COMSOL as described in the Supporting
Information, section SI.1.

The neqge results are given in Table 1 at t=10s, 20s, 30s, 40s, 50s and 60s for all the three

electrode sizes considered in this work.
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Current densities (i), which are the currents per unit area of the electrode, should be identical
for all electrode sizes if they follow the Cottrell linear diffusion. The larger current densities
for smaller macroelectrodes therefore reflect the greater significance of radial diffusion in

small electrode sizes (see Fig. 4).
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Figure 4: Current densities obtained from diffusion-only simulations of the [Fe(CN)s]*

oxidation for different sizes of electrodes and constant size of inert sheath (1.5mm),

c;=9.5mol m~3, D=7.53x10"m?s~114 for simulation details see SI.1)

Next, the focus of this paper is to evaluate the effect of natural convection generated by
density gradients. Figure 5 shows the time-dependent currents obtained from numerical
simulations of diffusion and convection employing the parameters given in the SI Tables SI.1
and S1.2.

The effect of natural convection is quantified by the current enhancement due to natural

convection:

__ I(conv)—I(u=0)

T]CODV - I(ll=0)

+ 100 %; (3.2)

where I(conv) and I(u = 0) are the time-dependent currents obtained from the simulations
with and without the inclusion of density gradient driven natural convection respectively.

(Note that we choose to Use 7.,y as defined above rather than the Sherwood number (Sh)™

* The Sherwood number (Sh) is the ratio of convective to diffusive mass transfer:
Sh=KL/D, where K is the mass transfer coefficient, L is the characteristic length and D is
the diffusion coefficient.
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because we want to compare the significance of density gradient driven natural convection to
the edge effect later on.)

The n¢ony results are given in Table 1 at t=10s, 20s, 30s, 40s, 50s and 60 s for all the three
electrode sizes and for both electrode orientations. For all electrode sizes, the simulations
which include the non-zero volume forces driven by the density gradients show higher
currents than for the diffusion-only simulations. At short times (t<20s), the effect of natural
convection is small (<1%) and therefore it is safe to assume that natural convection is
negligible at these timescales since the difference in currents is smaller than typical
experimental errors. This increase in currents is more significant at times longer than 30s and
in order to interpret the significance of natural convection to mass transport, we compare this

to the edge effect using the 7cony/Nedge ratio Where neqge and 7¢ony are defined as in eqn. 3.1

and 3.2 respectively.

Table 1: Summary of edge effects and natural convection effects for different electrode

sizes in two orientations at different timescales

Nlﬂs 20s| 30s | 40s | S0s | 605
r. (mm)

250 um 63% | 92% | 115% | 135% | 153% | 169%
1.5 mm 9% [13% | 17% | 19% | 22% | 24%
4 mm 3% | 5% | 6% | 7% | 8% | 9%

electrode facing downwards

250 pm - - 1% 2% 3% 4%

1.5 mm - - 1% 2% 3% 4%

4 mm - - - 1% 1% 2%
electrode facing upwards

250 pm - 1% | 3% 7% 12% | 17%

1.5 mm - 1% | 2% 7% 18% | 38%

4 mm - - 1% 3% 7% 17%

The plots of these 7¢ony/Meqge ratios for different electrode sizes and different orientations at
different timescales are shown in Fig. 6. In general, the edge effect is much more significant
than natural convection; only in the unstable configuration utilising relatively large
macroelectrodes that the effect of natural convection is comparable to the edge effect. This

observation is in agreement with previous experimental work by Gao et al.?2 who reported the
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effects of natural convection on cyclic voltammetry responses using ultra micro electrodes in
solutions containing 10 mM hexacyanoferrate (1) or hexacyanoferrate (I11). They found a
smaller influence of natural convection for reduced electrode sizes in the range of 6.4 um 25
um in radius, due to the relatively larger contribution of radial diffusion; that is larger n¢qge-
In the same article, the effects of electrode orientations on chronoamperometric currents were

also discussed, but only for much higher concentrations (0.5 M) of the redox active species.

4 | — Diffusion only
---------- Diffusion and Convection: electrode facing downwards
- - - Diffusion and Convection: electrode facing upwards

0 ; ; ; ; : ‘
0 10 20 30 40 50 60
t ()

0 10 20 30 40 50 60

t(s)
Figure 5: Current densities obtained from the simulations of the [Fe(CN)s]*~ oxidation
utilising electrodes of different radii a) 250um, b) 1.5mm and c) 4.0mm (see Fig.1 and
Tables SI1.1 and SI.2 for parameters); the continuous lines represent diffusion-only, dotted
lines and dash lines represent diffusion+convection with electrodes facing downwards and
upwards respectively.
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The increase in the currents observed for ‘upwards facing’ electrodes at ca. 50 s (see inlays
Figs. 5a-c) marks the start of oscillating currents that were observed during the simulations at
longer times and are in agreement with typical experimental observations of oscillating
currents in electrochemical systems subject to natural convection.*®

As both edge effect/radial diffusion and natural convection result in an increase in
experimentally observed currents above those predicted by Cottrell, their respective
significance may easily be misinterpreted. While the clear distinction of the two effects is
difficult in the past, modern simulation tools and increasing computing power today enable us
to clearly distinguish the two effects and quantify their respective significance for various
experimental parameters such as electrode size, electrode orientation and experimental
timescales. Moreover, aspects such as the electrochemical cell geometry and the redox couple
studied have to be considered before attributing the current enhancement to either one of the

two mass transport contributions.
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Figure 6: The ratio of edge effect to natural convection effect for a) electrode facing

downwards and b) electrode facing upwards

4 Conclusions

In this paper, numerical simulation is used as an analytical tool to rationalize and quantify the
significance of natural convection under different experimental conditions and at different
timescales. Numerical simulation allows us to understand the behaviour (flow field) of the
electrolyte solution subjected to natural convection and to obtain the shape and thickness of

the diffusion layer; the information of which is valuable for many studies involving
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electrochemical reactions. Note that natural convection due to density gradients cannot be
excluded from the systems with electrochemical reactions and cannot be neglected even at
relatively low concentration of electroactive species, other than at short times (depending on
the systems; t<20 s for the hexacyanoferrate(ll) / hexacyanoferrate(l1l) redox couple). The
importance of electrode orientation with respect to gravity as a parameter to be considered
when setting up an experiment is also emphasized.

Convective flow effectively reduces the thickness of the diffusion layer from that expected for
the diffusion-only system and may result in the inhomogeneity of the diffusion layer which
directly affects the results obtained from many electrochemical techniques; evident here for
chronoamperometry. Similar effects are expected for voltammetric measurements at slow
voltage scan rates (dE/dt) where experimental timescales are sufficiently long for natural
convection to develop.

As the inhomogeneity of the diffusion layers very clearly demonstrates, it is important to
realize that analytical techniques which utilise electrochemical reactions to probe the surface
reactivities or local surface effects in solution namely scanning electrochemical microscopy
(SECM), generator-collector systems and indeed any macroelectrode or microelectrode array
experiments have potential measurement errors. SECM, in particular, the substrate surface
can be easily misunderstood as being electrochemically active when the probing electrode tip
is at the position where the diffusion layer is relatively thinner than the nearby area; when
actually it is just the result of natural convection. These misleading results may be minimized
by choosing a redox couple which has a relatively small change in density upon an
electrochemical reaction so as to minimize the convective flow.

The significance of natural convection driven by density gradients is further enhanced in
systems with larger change in densities upon an electrochemical reaction, such as during

electrodeposition or at higher concentration of redox species.
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