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Abstract

Voltammetry is ubiquitously used in the characterisation of new materials for electrocatal-
ysis. It often sets at least the starting point of any analysis aiming to explore whether
electrodes decorated with nano- or other particles feature advanced catalytic behaviour
over their bare equivalents. Such analysis bears a substantial and entirely unexpected
level of complexity as the mass transport inside the porous layer formed by the parti-
cles has a dramatic impact on the measurement. It is shown even for entirely inactive,
non-conducting, and non-adsorbing particles, the voltammetry of any electrochemically
reversible reaction necessarily varies both between seeming catalysis and apparent irre-
versible kinetics merely depending on the voltage scan rate. This effect arises from the
superposition of thin layer effects and locally enhanced diffusive fluxes inside the porous
material with the latter being reminiscent of convergent diffusion and leading to apparent
electrochemically-irreversible reactions. While the relevance of thin layer effects in porous
materials has been realised before, the seeming irreversible reactions and the understand-
ing of them as result of the internal structure of the modifying layer are, to our knowledge,
an entirely new finding. The presented results are counter-intuitive and yet essential for
all voltammetric analysis of catalysis at nanostructured interfaces and at porous electrode
materials.
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1. Introduction

Recent years have seen great advances in research on nanostructured electrodes [1, 2,
3,4, 5,6, 7]. Surfaces are often modified with nanoparticles and dramatic changes in the

voltammetry may be observed: At individual [8, 9, 10] or ensembles [2, 8] of nanoparticles,
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reaction kinetics, analyte mass transport, and adsorption differ significantly from what
is seen at bare electrodes. Observations give rise to high hopes, expectations, and great
opportunities setting electrocatalysis at the heart of recent research in material science:
Much attention has been attracted by topics including carbon materials [11, 12, 13],
titanates and TiO, [14], nanorods and nanowires [15, 16], and functionalised nanomaterials
for bio-sensing [17].

Voltammetry is certainly the most commonly used technique in electrochemistry and
for decades has been the starting point of almost every electrochemical investigation. This
includes studies of electrocatalysis [18, 19, 20, 21] at new surface materials which aim to
determine whether a modification alters the speed at which an electrochemical reaction
progresses. To this end, at an electrode modified with nanoparticles, one may conduct
a simple voltammetric analysis: The electrode is set in contact with a solution compris-
ing the reactant of interest, and, while the electrode current is monitored, the electrode
potential is varied linearly with time from a potential at which no reaction occurs to a
potential at which the reaction fully driven by the electrode and only limited by the mass
transport of the reactant towards it. Intuitively one may then infer that an “earlier”
occurrence of a current peak signifies an accelerated reaction and a “later” peak indicates
an irreversible reaction. Equally, one may interpret varied peak-to-peak separations in
cyclic voltammetry, where the electrode potential is subsequently swept back to its initial
value, as changes in the reaction speed: Greater separations suggest slower reaction kinet-
ics as both the forward- and the backward peak occur “later” while smaller separations
may be interpreted to result from a more reversible reaction. This work however proves
that such experiments feature a considerably greater complexity and a far more rigorous
analysis is needed. We exemplarily investigate a reversible electrochemical reaction at a
macroelectrode modified with a single layer or layers of inactive spherical nanoparticles
which simply serve to ‘block’ [22] the electrode. Our results show that depending on
the voltage scan rate both seemingly accelerated and seemingly retarded reactions are

observed! Whilst the former has been previously noted [23, 24, 25, 26] for other porous



materials, the latter is a new? voltammetric insight and results from locally enhanced
diffusive fluxes. The novelty of this work lies hence in the description of the seming
irreversible reaction and understanding it as a consequence of the internal structure of
the modifying layer. This finding is generic and applies to all electrode modifications
with both randomly-oriented nanoparticles and many modifications through self-aligned

nanostructures if dense or multiple layers of the material are applied.

2. Theoretical Model

Our computational analysis investigates an electrochemically reversible reaction, A +

= B, at a macroelectrode modified with varying numbers of equally sized inactive, i.e.
non-conductive®, non-adsorbing, and non-electroactive, spheres packed in complete layers
(Figure 1a), similar to models previously described in literature [31, 32] on diffusion in
porous materials. The solution initially comprises only one of the two species and mass
transport solely occurs by virtue of diffusion as the experiment is assumed to be conducted
in presence of a sufficient amount of electrolyte screening all electric fields in solution.
For modelling purposes, this geometry is simplified along the lines of a diffusion domain
approximation [33, 34, 35] (Figure 1b), and evaluated in cylindrical coordinates (Figure
Ic). We note that these approximations may impact results, the conclusions drawn yet
remain qualitatively unchanged. In fact and as it will be shown below, every electrode
modification that approximates a series of volumes will exhibit a qualitatively similar
voltammetric response if volumes are weakly-coupled in terms of diffusion and connect the
electrode on one side and with the bulk solution on the other. For details of the theoretical
model, its implementation and validation [36], and the dimensionless coordinates used,
please refer to the Supporting Information. For simplicity and transferability of our

results, all data is expressed in dimensionless coordinates as defined in Table 1.

2The presented results must not be confused with a—prrer—s&u@%%y%hr&gre&p—w&h&e&a&eﬂmew

: £ £ : v ated: prior works of this group. Ban
et al. [27] 1nvest1gated an entlrely dliferent structure namely a conductlng porous film which features a
very different voltammetric behaviour. In another study, Hepburn et al. [28] model an electrode modified
with inactive particles and, similar to the here-presented work, investigate the effect of the modification
on the voltammetry. The theoretical model is however distinctly different: While we report effects that
result from the complex mass transport within the heterogeneous particle film, Hepburn et al. considered
a uniform film. Observed changes in the voltammetric response of the latter electrode are hence very
different and, in Hepburn’s case, arise from the different diffusion coefficient and an assumed ditferent
solubility of the analyte inside the modifying film.

3The voltammetry of electrodes modified with conducting porous layers [29, 30, 23, 24] differs signifi-
cantly from the here considered electrode and requires modelling via a different theoretical model.
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Figure 1: Illustration of the geometry considered. a) The electrode surface is decorated with inactive
nanoparticles arranged in a hexagonal packing pattern. b) The structure depicted in a) is approximated
as a stack of spheres located centrally in a cylindrical diffusion domain. ¢) The rotational symmetry of
the diffusion domain is exploited to transform the three-dimensional structure into a two-dimensional
geometry over which diffusion equation is solved subject to the boundary conditions shown. R and Z
signify dimensionless cylindrical coordinates, C' is the dimensionless concentration of the reactant, R, is
the particle radius, 6 is the dimensionless electrode potential, and f(6) represents a Nerstian Dirichlet-
type boundary condition. The radius of the simulated space, R4z, is set to 1.05 in all calculations while
Zmaz 1s chosen sufficiently large value to not perturb the simulation results.

Parameter Symbol (dimensioned) | Symbol (dimensionless) and transformation
Radial coordinate r = %
Axial coordinate z =

Time t T =5t
p
. _ F 0
Potential E 0 = ﬁ(EZF— E?)
Scan rate v o= ;”—RTU
Concentration c C=2%
ocC
Flux J J = [gdA ( az)

Table 1: Definition of the dimensionless coordinates used throughout the study. r, is the particle radius,
D is the diffusion coefficient of both species, E? is formal potential of the reaction, ¢* is the bulk
concentration of the initially present species, S is the dimensionless surface of the electrode, and dA is a
dimensionless surface element.

3. Results and Discussion

Figure 2 presents cyclic voltammograms simulated for different electrode modifications
and illustrates that, as one might anticipate, the voltammetry changes with the modi-
fication while voltammetric features of significance to the characterisation of catalytic
materials - and many other electroanalytical applications - vary. The following provides
an analysis of how these features, namely peak positions, peak-to-peak separations, and

peak heights, are affected by the electrode modification.
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Figure 2: Voltammograms of different electrode geometries calculated for a dimensionless scan rate of 0.1.
The theoretical model is evaluated for a bare macro electrode and compared with models of electrodes
decorated with one, three, and five layers of inactive spheres.

Our study commences with an investigation of the peak positions and the resulting
peak-to-peak separations, i.e. the absolute difference between the potentials at which
the peaks are observed. To this end, we evaluate voltammograms for different electrode
modifications as a function of the scan rate as shown in Figure 3. The figure reveals
remarkable changes in the positions of the peaks: While at low and high scan rates
peak positions approach the positions observed at bare electrodes, there are substantial
variations in the intermediate region. At a scan rate of about five, the peak positions for
all modified electrodes shift towards the thermodynamic formal potential which in the
dimensionless coordinates employed equals to zero, and the peak-to-peak separation falls
to only less than half of the value observed at a bare electrode at the same scan rate. In
stark contrast and possibly counter-intuitively, at a dimensionless scan rate of 0.1, a single
layer of spheres results in peaks shifted in the opposite direction away from the formal
potential while the peak-to-peak separation approximately doubles. Electrodes modified
with more than one layer exhibit a similar voltammetry with even more pronounced
shifts appearing at lower scan rates. The implications of this result for experimental
work are tremendous: If the subtleties of an electrochemical system are not sufficiently
recognised, any cyclovoltammetric analysis of an electrode modification may hence, and
almost necessarily will, falsely suggest either accelerated or decelerated reaction kinetics
independent of the actual kinetics. The factors in Figure 2 and 3 will be present in
any particle modified electrode in the absence of any ‘active’ effects of the spheres. To
further emphasise the significance of this finding, we replot the peak-to-peak separations
in dimensional coordinates for common experimental set-ups in Figure 4 where a dramatic
impact can be seen. A discussion of the peak fluxes that correspond to the same peaks

analysed in Figure 3 is provided at the end of the manuscript in Figure 6.
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Figure 3: Peak positions and peak-to-peak separations as a function of the scan rate. Dashed black lines
indicate the theoretical results for a bare electrode. The voltammetric scan covers a potential range of +
20.
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Figure 4: Replotted peak-to-peak separations in dimensional coordinates. Results are shown for mono-
layers of identical spheres featuring sizes sizes between 250 nm and 5 ym, an analyte diffusion coefficient

of 1072 m? 571 and a temperature of 298 Kelvin. {fgare-has-been-added}

setted by anv active effects of the spheres.

To identify the underlying physical principles that lead to the remarkable dependency
of the peak position on the scan rate, we analyse the concentration profiles of species A
throughout the modelled time interval. Figure 5 depicts the concentration as a function
of time and evaluated along a line parallel to the Z- axis and perpendicular to the elec-
trode surface. This line cuts through one layer of spheres deposited on the electrode as
illustrated in Figure Ha.

We first focus on the concentration profiles in Figure 5b which correspond to a dimen-
sionless scan rate of 5 at which we have priorly observed a peak shifts towards the formal

potential. The concentration profile illustrates that mass transport in the two volumes



formed by the sphere, the volume confined by the electrode and the sphere (I) and the
volume above the sphere (II), are almost entirely decoupled in terms of diffusion. Concen-
tration changes in (I) near the electrode have only little impact on the concentration in
(IT) above the sphere. In addition, we find that there is hardly any concentration gradient
in (I) though the value of the absolute concentration changes with time. The solution
in (I) hence remains close to the thermal equilibrium at any time, the concentration not
only at the surface but throughout the entire volume approaches Nernst equation, and
the voltammetry begins to approach a classical thin layer behaviour [33, 37] with peak
positions and a peak-to-peak separation of zero rather than a one-dimensional diffusional
voltammogram featuring a peak-to-peak separation of 2.218, which amounts to approxi-
mately 57 mV at room temperature.

Second and much on the contrary, in Figure 5c, we find a completely different mass
transport at the slower scan rate of 0.1. On this time scale, the volumes (I) and (II)
are weakly coupled in terms of diffusion and the concentration near the sphere in (II)
follows the concentration in (I). We can though note a slight delay in response as a
result of the much narrowed space available to diffusion where the distance between the
sphere and the outer boundary in R is the smallest. The observed voltammetry is hence
a superposition of the thin-layer voltammetric signal seen in the previous case and the
‘delayed’ voltammetric signal that arises from material initially located in (II). Due to the
limited diffusive coupling between (I) and (II), the latter material in (II) requires more
time to reach the electrode surface and therefore only reacts when the electrode potential
has already progressed to a greater absolute over- or underpotential. Consequentially,
the forward- and backward peaks occur at potential shifts further away from the formal
potential. In between the scan rates of 0.1 and 5 there is a point where both effects, the
thin-layer effect and the delayed mass transport from (II), balance out and no potential
shift is observed compared to the bare electrode.

Third, the peak positions at high and low scan rates, where the voltammetry ap-
proaches the behaviour of a bare electrode, can be readily understood with ‘classic’
voltammetric theory: At fast scan rates the diffusion field does not spread notably into
the porous material formed by the spheres and the mass transport does hence not differ
qualitatively from the mass transport to a bare electrode. At slow scan rates, the space
near the electrode reaches the thermal equilibrium, which, due to the long time scale,
embraces the entire surface modification and equally resembles the diffusion field of a
bare electrode.

We next investigate the peak heights of the first peaks as a function of the electrode

modification. Figure 7 depicts a different analysis of the same simulated data already
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Figure 5: [This figure was amended.]Concentration profiles as a function of Z and time evaluated for two
different dimensionless scan rates and one layer of spheres. a) Schematic depiction of the line at which
the concentration profile is calculated. b), ¢) Concentration profiles calculated for scan rates of 5 and
0.1, respectively. Please note that for the clarity of presentation voltammograms are modelled within a
dimensionless potential range of + 10 rather than + 20 in all other simulations.

been analysed with respect to the peak positions in Figure 3 and 4. as-afunetion-of-the
sean—rateThe figure reveals where-we-find reduced peak heights for all modifications and at
all scan rates. The greater is the amount of inactive material deposited on the electrode,
the more pronounced is the reduction in peak current and and the more it spreads over a
greater range of scan rates. This result is much in line with possible expectations as the
modification with the inactive material retards the mass transport to the electrode. In
addition, for small and large scan rates, peak heights again approach the ones modelled for
a bare electrode for the reasons outlined in the previous paragraph: At long times scales,
the space near the electrode reaches the steady state which is a thermal equilibrium similar
to that at a bare electrode while, at short time scales, the diffusion field does not reach
out far enough into the solution to be effected by the electrode modification.

Figure 7 summarises all of the above key findings and contrasts the voltammetry of a

bare- and a modified electrode.

4. Conclusions

We have proved that detailed modelling is mandatory for any conclusions to be drawn
from cyclic voltammetric data of electrodes modified with particles. The experimental
system bears a remarkable and quite unexpected level of complexity which arises from
the altered mass transport inside the porous layer formed by the deposited particles:
Classical thin-layer behaviour or a retarded mass transport within the porous layer may

dominate the voltammetry at certain scan rates. If these subtleties were to be ignored,
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Figure 6: Oxidative peak heights as a function of the scan rate. The case of a bare macro electrode is addi-
tionally compared with Randles-Sevéik equation illustrating that both graphs overlap. The voltammetric
scan again covers a dimensionless potential range of 4+ 20.
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Figure 7: Schematic summary of this work’s key findings. While the voltammetry of at bare electrodes
follows ’classical’ theory in terms of peak height and peak-to-peak separation, modified electrodes exhibit
an entirely different voltammetric behaviour. Only at low and a fast scan rates the voltammetry of a
bare electrode is approached. Everywhere else, we see an interplay between thin layer voltammetry of
analyte in the immediate proximity of the electrode and material that was initially located further away
from the electrode and reaches it by retarded mass transport through the porous membrane.

false impressions of electrocatalysis - positive or negative - would be measured and, under

many circumstances, a catalytic activity of the modifying nanoparticles would falsely be



inferred.* While the paramount importance of thin layer effects in porous materials has
been realised in prior literature, the seeming irreversible reactions as a result of the in-
ternal structure of a modifying layer have, to our knowledge, never before been reported.
While Though our current work focuses on reversible voltammetry, we note that similar
considerations must be taken into account in any analysis of quasi- and irreversible systems

which we intend to address in future publications.
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