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ABSTRACT

The use of staircase ramps for cyclic voltammetry rather than true linear analog ramps can
lead to significant misinterpretation of the signals recorded for the measurement of diffusional
redox species with either reversible or irreversible electrode kinetics measured at electrodes
modified with porous layers. Most notably a large perturbation of the expected peak current is
apparent which can preclude the extraction of meaningful data, for example in respect of surface

coverages or in the identification of electro-catalysis.
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INTRODUCTION

The voltammetric study of electrodes with porous surfaces is now commonplace since the use
of nanoparticles and microparticles to attempt the electrocatalysis of diverse processes lies at the
heart of energy transformation technology and much electroanalytical science. Electrochemical
processes sought to be catalysed are as varied as the oxygen reduction reaction or the oxidation of
glucose. Typical methodology involves the immobilisation of “designer” materials on the surface
of an otherwise inert electrode, the measurement of cyclic voltammograms and the analysis of
which seeks to identify useful changes in the electrochemical responses due to the presence of
the modifying layer. This analysis is not trivial since any voltammetric response represents
a subtle interplay between electron transfer kinetics, mass transport and the active surface
area. Whilst this analysis is well established for flat, non-porous layers[1, 2] and developed to
a high level of sophistication|[3], such analysis represents at least a gross simplification for most
porous surfaces and often is completely misleading. Thus we have shown that the transition
from semi-infinite diffusion to thin layer diffusion has led to widespread misinterpretation of the
voltammetry of carbon nanotube modified electrodes[4, 5] and explained the enhanced selectivity
sometimes observed at such electrodes[6] in terms of changed mass transport regimes rather
than electrocatalysis. The implications have been extended beyond cyclic and linear sweep
voltammetry to differential pulse and square wave voltammetry[7]. Subsequent work showed a
change of electrode geometry from flat and planar to non-flat and non-uniform (as for example

in nanoparticle modified surfaces) could in itself lead to the false impression of a change of
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Figure 1: Plot of potential against time for staircase ramp voltammetry, E is potential and € (0 < € < 1) is the
point at which current is recorded on each step. [Figure was amended.]

electron transfer kinetics if data were to be analysised erroneously assuming the electrode to be
of the former rather than the latter geometry[8, 9]. Similar conclusions were drawn in respect
of rotating disc electrode voltammetry[10].

Most experimental voltammetry is today carried out using a staircase waveform (shown in
Fig.1) to approximate the linear ramp typically underpinning the theory of cyclic and linear
sweep voltammetry. The linear ramp is defined by the voltage scan rate whereas in the case of
staircase voltammetry the step height, time step, and the point of current measurement € (0 < €
< 1) defines the applied potential form and resulting voltammetry (Fig.1). For flat, planar and
uniform surfaces, it has been clearly established that discrepancies between staircase and true
linear sweep voltammetry can easily arise[11-17]. Recommendations for the optimal selection
of € have been made[17-19] and correction factors have been reported[11]. Similar differences
have been noted for microdisc voltammetry as well as for macroelectrodes[18].

In this paper we explore the implications of approximating true linear sweep voltammetry
by staircase voltammetry for the study of diffusional processes at porous electrodes. Significant
deviations are found with major implications for the possibility of important misinterpretation

if the possibilities for differences are not recognised by experimentalists.

THEORETICAL MODEL

In this work, cyclic voltammetry at a porous electrode is simulated for the cases of true linear

potential sweeps and staircase potential sweeps. The single-electron-transfer reaction,
A+e =B,

between two species with identical diffusion coefficients (D4 = Dg = D (m? s~1)) is considered

at the porous electrode surface.



The porous electrode is modelled as a series of uniformly distributed cylindrical protrusions of
height z. that expand from the electrode surface as shown in Fig.2a. All cylinders are considered
to be identical so that the whole system can be represented in terms of a single cylinder within the
diffusion domain approximation[20-24]. Thus the electrode surface is first divided into square
unit cells each of equal area. Then, within the diffusion domain approximation we replace the
square cells by circular cells with a surface area that is identical to the area of the square unit
cell. Consequently, the cylinder coverage within the diffusion domain approximation is defined

.2 -2
as: T¢ - Tyjaxs

where 7. and 7,4, are the radius of the cylinder and the diffusion domain circle,
respectively. For a single cylinder, we hence simplify the model to a two-dimensional space as
shown in Fig.2b, which is symmetrical with respect to the vertical z axis.

In our model, we assume that there is sufficient supporting electrolyte in the solution, which
screens the electric field generated by the electrode[25]. As a result, mass transport exclusively
occurs via diffusion without migration, which in the case of the given geometry follows Fick’s

Second Law|[26]:
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in cylindrical coordinates for an axially symmetrical system, where ¢ (mol m~—3) is the concen-
tration of either species A or B, D (m?/s™!) is the diffusion coefficient of either A or B, t (s)
is the time, z (m) is the normal coordinate, and r (m) is the radial coordinate.

The electrode kinetics follow the Butler-Volmer model:
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where j (mol m™2s7!) is the flux, c4 (mol m™3) and cp (mol m~3) are the concentrations
of A and B at the electrode surface respectively, o and ( are transfer coefficients[27, 28], ko
(m s~1) is the electrochemical rate constant, E (V) is the electrode potential, E? (V) is the
formal potential, R is the gas constant, and F' and T have their usual significance.

The three-dimensional space shown in Fig.2b are transformed into the two-dimensional region

shown in Fig.2c and the boundary conditions as follows.

1. At zZmazr = 2ze + 687/ Datimar (Where t,4, is the duration of the simulation and z. is the

cylinder height), c4 and cp are equal to their bulk values.
2. At r = rpaz, ¥ = 0 and the electrode base, the flux is equal to zero.

3. The top and side of the cylinder can be independently set to be either zero flux boundaries

or electrodes with Butler-Volmer kinetics.

Both linear sweep and staircase potential cyclic voltammetry are simulated. For linear sweep

cyclic voltammetry simulations, the potential £ (V') follows the below relationship with time:

t
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where v (V s_l) is the scan rate. The potential sweeps from FE, 4 at t = 0 to Ep at t = tm%
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Figure 2: Porous electrode and simulation model

then back to Fpqp at t = t,,4,. For staircase potential voltammetry, when ¢ < t—"‘f&, the potential

decreases from E,,q. t0 Epin by “steps” featuring a “step height” of AE and increases in the

same way when ¢ > tm;z as follows:
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where H is the Heaviside step function, At is the time duration for each potential step, n is the

step number and 7,4, is the maximum number of steps in the whole process.



COMPUTATIONAL STRATEGY AND METHODS

In this work, we employ dimensionless parameters to facilitate the scalability of our results
unless units are specified. The dimensionless parameters can be calculated from their dimen-

sional equivalents via the conventions[29] shown in Table.1

parameter conversion
concentration C, =34
J ch
e . D;
diffusion coefficient d; = =L~
) Dy
radial distance R= "
e
axial distance 7 = ri
e
time 7= L4t
TE
rate constant Ky= TB—’“O
A
t o rng
scan rate 0= D RT
F(E—E9)
: _ i
potential 0= —xp
_ I
current J = T Fr.Dac,

Table 1: Conversion from dimensional parameters to dimensionless parameters. ¢ (mol miS) is the bulk con-
centration of A, r. (m) is the cylinder radius, I (A) is the current and all other symbols are defined in the

text.

In the simulations, the two-dimensional space is discretised as an array of expanding grid[30,

31] points in R and Z direction. In the R direction, the spatial grid expands outwards from
R =0 and R = R, as follows[29]:

) R,
R; = Ri_1 + how'™* for0 < R< o
. R,
Ri= Ry +how'™" for £ <R<R. (5)

Ri=Ri_1 +how' ™ 1 for1<R< Rpmas

where R; represents the i" grid point in R direction, n, is the number of grid points within
0 < R < R, hg is the dimensionless distance between the first two grid points, and w is the
dimensionless expansion factor. The Z direction grid points are defined in the same way. We

also discretise the time into time steps while adjacent time steps are separated by Ar.

Using the above-specified transformations, we obtain Fick’s Second Law in dimensionless

cylindrical coordinates:
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Within the finite difference model, this can be approximated as[29]:
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where CZ-’fj is the concentration of species (either A or B) at the kth time step at the position
of the i** grid point in R direction and the j* in Z direction, AR, is the spatial separation
between the (i4 1) and the i*" grid point in R direction, AR_ is the spatial separation between
the it" and the (i — 1)*" grid point in R direction and AZ, and AZ_ are defined in the same

manner.

We use the alternating direction implicit (ADI) method[32-34] to solve eqn.(7), in which
each time step is divided in two half time steps. In the first half time step, an implicit method is
used to solve eqn.(7) along the Z direction and an explicit method is used along the R direction,
and vice versa for the second half time step. The Thomas Algorithm[35] is used to solve the

tridiagonal matrix obtained from each half time step.

The dimensionless current J is calculated from:
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after second half time step at the respective surface. We measure the current for each electrode
surface (top or side) separately, in the case of both the top and side surfaces being conductive,

the sum of two currents is calculated.

In this work, all simulations are written in C++ and simulations were subjected to conver-
gence tests[36]. The results for “reversible kinetics” and “irreversible kinetics” are simulated
using moderate hg, w and time step values so that the average runtime is about 10 minutes on
a desktop computer with 16-core CPU. In the convergence tests, we decrease these parameter
values for a higher accuracy of the result, leading to the average runtime increases to approx-
imately four hours. The peak currents of the results used in this paper are compared to the
convergence test results and the percentage difference is always found to be less than 2%. In
the staircase potential simulations, the average runtime is chosen to be about 8 hours in order
to achieve a more accurate result, as discussed below.

In all simulations, @ = 3 = 0.5, a bulk concentration c¢* = 1000(mol m™3) (C} = 1), ¢ =
0(mol m=3) (C; = 0), diffusion coefficients D4 = D = 1.183 x 1072 (m? s71) (d, = dp = 1),
which is the value for potassium ferrocyanide anions[37], the cylinder radius r. = 10~7(m) (R, =
1) and for the staircase potential voltammetry, the stair height AE = 2.05 (mV') (A8 = 0.08).



Rpaz, Ze, the scan rate o and the rate constant K are varied to achieve different simulated

results.

RESULTS AND DISCUSSION

In the following sections, we separately discuss the results of simulations for reversible and
irreversible electrode kinetics using a true linear voltage ramp and then compare these with the
results for staircase ramps. In order to explain the full simulation results we make recourse to
two familiar different limiting cases as follows.

(a) The thin layer model. In this case the solution between the walls of the electrode and
the boundary of the diffusion domain is assumed to be nearly exhaustively electrolysed on the
timescale of the voltammetric sweep. Thus the annular gap between the two surfaces acts as a
“thin layer” cell [38, 39] for which the following equation holds for Nernstian voltammetry:

F2

Ip = MUVQM’ (10)

where I, is the peak current, v is the scan rate, V' is the volume of the annular gap and other
symbols are as defined previously. The peak to peak separation, AE,,, is zero[39-41].

(b) The Randles-Sevéik model. Diffusion to the top of the electrode and to the walls of
the electrode can be viewed under fast scan rate conditions as being semi-infinite for which the

current to an electrode of surface area A is given by:

FD
I, = 0.446 F Acy Wf’ (11)

and the peak to peak separation is given by:

RT

(12)
= 57 (mV) at 298K,

for reversible electrode kinetics. In the following, the above two equations are applied to either
the top or the side of the electrode. In addition under some circumstances (see below) the
diffusion to the entire electrode reflects the area of the diffusion domain (772,,,) rather than

that of the electrode (7r?2).

Reversible kinetics

In the case of reversible electrode kinetics, taking an artificially high value of Ky = 10° to
ensure “Nernstian” behaviour, we simulated the linear ramp cyclic voltammetry for different
cylinder geometries. To obtain cyclic voltammetry behaviour, the dimensionless potential 6
scans from 20 to —20 then back to 20.

The simulation results of the “both top and side active” cylinder are shown in Fig.3. The
dots and crosses are the simulated log(J,) and A6, against log(o) respectively, where J,, is the

dimensionless peak current and Af,, is the dimensionless peak to peak separation. It can be



1 3 1 3
8 .. S I R SRR D D I VAN VIS VI S 8 e Xon Xy g DO I T I T
2 2
x X
6 x 6
X X X
1 et 1
4 -° 4 e
-~ - -~ A e
Py - a o @ “Tlog(),)= "9 +0.671 o
=S . g = 3 z g
5 2 o * loglp)="20174 10 5 02
o / o
0 e e Simulated log(Jp) 1 0] e e Simulated log(J,) 1
o o -=-+ High o model for J, - o ==+ High o model for J, -
— " — log(Jp)=log(o) -0.203 i
2 o . — Mid o model for J, 2 o o P — Mid o model for J,
- log(Jp)=log(0) -0.580 | ..... Low o model for J, |]_o e Low o model for J, ||_»
=4 o X X Simulated A8, =4 e o X X Simulated A8,
log(Jp)= °9%-0.530 e DOy =222 log(Jp )= 25>-0.530 e By = 222
-3 -3
-8 -6 -4 -2 0 2 4 6 8 10 -8 -6 -4 =2 0 2 4 6 8 10
log(o) log(o)
(a) Rmaz = 115, Z, = 1 (b) Rz = 1.15, Z, = 10
1 3 1 3
.............................................. Lo SR VAR VI VIR S Ko rnrggerernn e e e X Ko Yo K e Ko
8| Hoe e e ere Kin gy 5 PAGIED SIEPC 5 8| Kowioe gy 5 Herw XX )
x
6| 6 X X
1 L. 1
4 -- 4 X L
_ - _ X L
s . 5 . og(o) o
> -~ l0g(0) & => . log(Jp)= —— +0.671 g
N ¢ “log(p)="220174 10 ElG . 0z
0 e e Simulated log()) 1 0 e e Simulated log(J) 1
o --- Highomodelfor)y |[~° | . -- High o model for J,, ||~
-z ot — Mid o model for J, o o log(,)= log(0) +0.252 | — Mid o model for J,
,' oo pona ™ Low o model for Jp |{_» T Low o model for J, |1_»
-4t " log(p)===-0.299 X X Simulated A8, -4 " log(lp)=%2-0.299 X X Simulated A8y,
DBy =222 s ABpp = 2.22
- -3 - -3
-8 -6 -4 - 0 2 4 6 8 10 -8 -6 -4 -2 0 2 4 6 8 10
log(o) log(o)
(¢) Rmaz = 1.5, Ze =1 (d) Rmax = 1.5, Zo = 10

Figure 3: Plot of the dimensionless log(J,,) and Af,, against log(c) with reversible kinetics, Ko = 10° for different
geometries. Both top and side of the cylinder are active.

seen from figures that the peak currents can be divided into three segments at large, intermediate
and small scan rate (o) regions.

The simulated peak currents in the large and small scan rate limits perfectly match with
the Randles-Sevéik model (shown in Fig.3) for all of the cylinder geometries, which is discussed
below. The black line in Fig.3 shows the peak currents for thin layer diffusion model applied to
the medium scan rate range. Note, as expected, the thin layer diffusion approximation exhibits
better agreement in the case of the long cylinder (i.e. Z, = 10).

For large scan rates, the diffusion occurs close to the electrode surface and can be approxi-
mated as one-dimensional. The peak currents for the “both top and side active” cylinders match

with the dimensionless reversible Randles-Sevéik equation for semi-infinite diffusion:

0.446
Jp = 0.446Ze\/7 + =5/, (13)

where the first and second term correspond to the current at the side and the top of the cylinder,
respectively. In the case of only one surface of cylinder being conductive, we modify the eqn.(13)
in a way that we solely evaluate the respective term, for example, J, = 0.446Z.+/c for “side
active” cylinders.

In the small o limit, the sweep is slow compared to the time required to establish a local
concentration equilibrium within the region surrounding the cylinder at the bottom of the sim-

ulated cylindrical space. This allows the establishing of a near equilibrium within the pore and



above the cylinder and a significant gradient in the diffusing substance’s concentration can only
be found far from the electrode surface. As a result of this, only planar diffusion can be found to-
wards the bottom of the simulated cylindrical space, which can be approximated as a macrodisk
electrode with the radius R = Ry,. The peak currents follow the reversible Randles-Sevéik
equation for planar diffusion:
gy =202 /o (14)
5 “tmazV s
which is universally applicable for all of three cases for “both top and side active”, “side active
only” and “top active only” cylinders.
For medium scan rates, the peak currents for thin layer diffusion model on the side of the
cylinder can then be expressed as[2]:
Ty = 5(Ci + (R

max

— R*)Z.o. (15)

It is clear from the figures that the thin layer diffusion model cannot be applied to the case
of short cylinder geometries. We attribute this to the fact that there is insufficient A in the
small pore to enable dominant thin layer behaviour so that the effect of planar diffusion is
predominant, and that there is significant diffusion out of the pore. However, as the height of
the cylinder increases, the thin layer behaviour becomes more evident.

We additionally compared the simulated peak to peak separations to the reversible Randles-
Sevéik limiting value (A6, = 2.22 [40, 41]), shown in Fig.3. In the large and small scan rate
limits, the simulated A6, values reflect the theoretical value. At the medium scan rate range,
deviations for A#,, are observed. Fig.3 also reveals the dip in A, for Z. = 10 (long cylinder)
at the middle is much larger than that found for smaller Z. values.

In thin layer diffusion model, within the pore, the diffusion gradient is zero and the concen-
tration at any position is essentially uniform, hence leading to a zero peak to peak separation
and the voltammetry to be symmetrical with respect to the formal potential. The fact that the
long cylinder geometries agree better with the thin layer diffusion model (larger dip) indicates
that most of the signal is dominated by thin layer effects as expected. However, at log(o) equal

to about 2, A6, exceeds 2.22; this is discussed below.
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Figure 4: Plot of the dimensionless log(.J,) and Af,, against log(c) with reversible kinetics, Ko = 10°, Rynaz = 1.5
and Z. = 10 for “side active only” and “top active only” cylinder.



Fig.4 shows the same plots as Fig.3, for “side active only” and “top active only” cylinders. In
the “side active only” cylinder case (shown as Fig.4a), the result is similar to that of the “both
top and side” active case, which means the peak currents follow the Randles-Sevéik model and
the thin layer model as well and the peak to peak separation dips at the middle. For the “top
active only” cylinder (shown as Fig.4b), the simulated peak currents in the two limits still match
with the Randles-Sevéik model, however, as the side of the cylinder is not conductive, there is
no thin layer model to predict the the medium scan rate region. In this case the dimensionless
peak to peak separation is much greater than 2.22.

The plot of the A#f,, against log(o) for

4.0 — three different Ry,q, values is shown in Fig.5
x el for this “top active” case. Perhaps counter-

> ’."' (= B2 2] intuitively, Af,, increases at the medium o
3.0 range, which is opposed to the thin layer be-
g T ,x.--*"fl;.‘; haviour. This effect increases as R,,q.z be-
* x el . - comes larger. This is because the diffusion
- '1:;‘ from within the pore towards the top of the
\" cylinder, which is the only active surface, ac-

" -4 -2 gt 4 6 8  counts for this seemingly “irreversible” be-

haviour even though the reaction is reversible.
Figure 5: Plot of the dimensionless Af,, against log(o)
with “top active only” cylinder, Z, = 10 and Ko = 10°
for Rmas = 1.01, 1.15, 1.5 respectively. 2.22 (at about log(o) equal to 2) in the “top

and side active” simulations.

This insight also explains why A#,, exceeds

Irreversible kinetics

We simulated the linear ramp cyclic voltammetries with fully irreversible kinetics, Kg =
1076, for “side active only” cylinders and “top and side active” cylinders. In this case, the
dimensionless potential, 6, sweeps from 40 to —40 then back to 40.

Fig.6a shows the plot of log(J,) against log(c) for a “top and side active” cylinder with
Ryur = 1.15 and Z, = 10. The dots are the simulated log(Jp) values and both the Randles-
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(a) Plot of the dimensionless log(J,) against log(c)  (b) Plot of the dimensionless cyclic voltammograms
with Rmaez = 1.15, Z. = 10. with Rmaez = 1.15, 0 = 0.1 for different Z. values.

Figure 6: Irreversible simulations of “both top and side active” cylinders, Ko = 1076,
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Sevéik model for irreversible electrode kinetics and the thin layer model are plotted. Similarly, it
can be clearly seen that the Randles-Sevéik model and the thin layer model, as discussed above,
can analogously be applied to irreversible kinetics.

For the “both top and side active” cylinders, the peak current J, in the large o limit is well

predicted by the irreversible Randles-Sevéik model, given by:

0.496
Jp =0.496Z.\/ao + — Vao, (16)
while in the small o limit follows:
4
Jp = %R%’Lax Vo, (17)

and in the medium o region, the thin layer prediction remains unchanged as eqn.(15). In this
case, Z. is large and thin layer diffusion model can be applied to it as discussed previously.
Modification for other cylinder types are made as mentioned in the reversible case.

Voltammograms with different Z, values for “both top and side active” cylinders with R, =
10 and o = 0.1 are shown in Fig.6b. It is evident that, within —1 < log(c) < 2, two forward
peaks are found in the long cylinder geometry cases and the first peak (at about # = —10) rises,
but the second peak(at about §# = —15) decreases as the cylinder becomes longer.

It has been suggested the first peak is due to thin layer diffusion and the second peak is due
to planar diffusion[42]. For the cylinders with small Z, values, as mentioned in the above case,
it is the insufficiency of the amount of the substance within the pore, the influence of planar
diffusion, and diffusion from the inside to the outside of the pore leading to the thin layer peak
being less pronounced. As Z, increases, the significance of thin layer diffusion becomes enhanced
while planar diffusion to the cylinder top remains unchanged except for a small amount of the
substance in its diffusion field that interferes differently with the pore. Consequently, the first
peak grows and the second peak decreases to a small extent with Z..

We simulated “side active” cylinder case as well and two forwards peaks can still be observed
at the medium scan rate region. However, for “top active” cylinders, the peak splitting in the
voltammogram is not found because when the side of the cylinder is not conductive, there is no

thin layer diffusion within the annular gap.

Staircase potential sweeps

The above simulations model true voltammetry using a linear ramp, whereas, in reality, mod-
ern potentiostats apply potential steps rather than linear potential sweeps as discussed above. In
this section, we study staircase ramp cyclic voltammetry at the “side active only” cylinder. We
use dimensional parameters for the convenience of comparing the results to practical experimen-
tal results. In the simulations, a step height of AE = 2.05 (mV') is used; the electrode potential
E sweeps from 0.513 (V') to —0.513 (V') then back to 0.513 (V') for reversible reactions and from
1.03 (V') to —1.03 (V') then returns 1.03 (V') for irreversible reactions; the diffusion coefficients for
A and B are both equal to 1.20x 10~ (m?2s71); r. = 10 (um), ze = 100 (um) and rpee = 11 (um);
the reversible kinetics are modelled with an artificially fast kg = 1.2 x 10* (em - s7!) to ensure

“Nernstian behaviour” and the irreversible simulations use kg = 1.2 x 107 (cm - s71).
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Figure 7: Plots of the voltammograms with “side active only” cylinder, re = 10 (um), ze = 100 (um), Tmaz =
11 (um), Da = Dp = 1.20x 1077 (m?s™ ") and ko = 12000 (cm-s~ ") (ensuring “reversible Nernstian behaviour”).
The linear ramp simulation results using the same parameters are shown as solid lines and the other discontinuous
lines are the staircase ramp results. [Figure was amended.]

In the staircase simulations, due to the approximations made in the ADI method, the result
is convergent only if the total number of timestep is large. In order to achieve better results, we
increase the number of time steps for each simulation and hence the average runtime for these
simulations is about 21 hours on a 16-core CPU desktop computer.

Fig.7 displays three voltammograms simulated at different scan rates for reversible kinetics.
For the staircase ramp simulations, voltammograms were recorded at various e values. We
define € as the point, at which the current is recorded during each potential step, and it equals
0 immediately after the potential rises to a new step and 1 at the last moment of the same step
(see Fig.1).

As it can be seen from the plots, changes in the voltammograms are found in the staircase
simulations (shown as discontinuous lines) as a function of € and the variation strong at small €
values. Furthermore, comparing to true linear ramp simulations (shown as solid lines), deviations
can be significant depending on €. For the cases of v = 0.025 (Vs~!) (Fig.7a) and v = 0.1 (Vs 1)
(Fig.7b), the true linear ramp simulation voltammograms lie within the region € smaller than
0.1. For v = 1.0 (Vs~1) (Fig.7c), the true linear ramp result is found at € between 0.2 and 0.4.

In the case of v = 1.0(Vs™!), at € equals 0.2 and 0.4, the voltammograms exhibit dominant
symmetrical components with respect to the applied potential and the peak to peak separations

are approximately zero. The linear sweep simulation gives a similar voltammogram, which
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Figure 8: Plots of absolute peak currents and peak to peak separations against e for “side active only” cylinder,
scan rate (v) = 1 (Vs™1), re = 10 (um), ze = 100 (um), Tmaz = 11 (um), Da = Dp = 1.20 x 1077 (m?s™1)
and ko = 12000 (ecm - s~ ') (ensuring “reversible Nernstian behaviour”). The dotted lines are the linear ramp
simulation results and the solid lines are the results from staircase simulations. [Figure was amended.]

suggests that thin layer behaviour can be found within the pore for the reason as mentioned
above.

In order to study the relation between the voltammogram and e in detail, we additionally
plotted the absolute peak currents and peak to peak separations as a function of € (shown in
Fig.8) for the case of v = 1.0 (Vs~!). The solid lines and dotted lines represent the results from
staircase and true linear sweep simulations, respectively. Both plots in Fig.8 are consistent with
the fact that the true linear ramp result is located between € equals 0.2 and 0.4 in this case.

It is evident from Fig.8a that the peak current decays to approximately zero, leading to
significant underestimated of the current at high € values. The reason for this behaviour is that,
on small time scales, the voltammetries can be considered as potential step chronoamperometry
as the voltage increases to a new step abruptly and stays at the same value for a period.

The peak to peak separation plotted in

o

Fig.8b shows an increasing trend in peak to

peak separation with € and the slope is the

steepest at the middle € region. It is worth

§ ’ noticing that the peak to peak separation ex-
§ ——es ceeds 57 (mV'), which is the limiting value
- e for reversible kinetics at 298K in the case of
-4 e linear sweep voltammetry at macro- and mi-
o — — inear =1 crodisk electrodes, when € is larger than 0.6.

0.0
E (V) . .
However, in real experiments, currents are of-

Figure 9: Plot of voltammograms with irreversible kinet- ten recorded at € equal to 1 and, accordingly,
ics, ko = 1.2x 1075 (em-s™'). Other parameters are the
same as Fig.8 simulation.

(AE,, > 57 (mV)) even though reversible kinetics are present. Moreover, as Fig.8a shows large

it may wrongly imply irreversible behaviour

€ significantly undermeasures the current.
We simulated irreversible kinetics reaction using ko = 1.2 x 107° (cm - s71)(shown in Fig.9)
while other parameters remain the same as the simulation shown in Fig.8. The voltammograms

in Fig.9 reveal the variation in voltammetry against € whilst not as obvious as that under
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reversible kinetics and two forward peaks are found, that are still significant. An enlarged region
for the first peak (thin layer peak) is shown in the plot, and the true linear sweep voltammogram
is found to be above the one recorded at e= 0.6.

Last, it should be noted that capacitive charging of double layers may additionally obscure
the shape of recorded voltammograms. These can be very considerable in the case of porous

layers and this provides a further reason for the need for careful analysis of experimental data.

CONCLUSIONS

In conclusion, for staircase voltammetry especially for reversible kinetics, the voltammogram
significantly depends on €. The absolute peak current decreases with €, and the peak to peak
separation increases with €. The correspondence with the true linear sweep voltammogram lies
at different € values when different scan rates are used. In particular, experimentalists need to
exercise due caution in using staircase voltammetry for the study of electrodes modified with
porous layers not least since the default option in many potentiostats sets € equal to 1.0 where

errors are significant.
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