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Abstract

Recent theoretical work (Applied Materials Today 15 (2019), pp. 139-144)
has however demonstrated that the cyclic voltammetry of particle-modified
electrodes bears a significant level of complexity: Altered mass transport in-
side the porous layer gives rise to effects that may falsely suggest positive
or negative catalysis. This communication reports experimental work that
validates this theory. Using the well-studied oxidation of ferrocenemethanol
at glassy carbon, we describe experiments in the presence of non-conducting
electrochemically-inert microspheres that reproduce trends in the theoretical
predictions and illustrate how experimental results may mislead. In addition,
we present experimental data of the reduction of oxygen at glassy carbon elec-
trodes modified with Nafion microspheres and show that, unless compared
with theoretical work, an electrocatalytic activity of Nafion may falsely be
inferred.

Keywords: Electrocatalysis, Nanoparticles, Nanoporous Electrodes,

*Authors contributed equally.
TCorresponding author: Richard G. Compton, richard.compton@chem.ox.ac.uk

Preprint submitted to Applied Materials Today March 18, 2019



Catalysis? @

Nanoparticle ‘\K'/\

Electrode

Graphical abstract

Nanoparticle-modified electrodes remain at the heart of electrocatalytic
research and still continue to be one main focus in catalysis research. A
recent communication in this journal [1] has provided an overview of related
experimental and theoretical work, to which we here point the interested
reader. Notable review papers include [2, 3, 4, 5, 6, 7, 8] and offer excellent
introductions to the topic.

In the analysis of the electrocatalytic properties of nanoparticles, cyclic
voltammetry very commonly plays a central role. Materials of interest are
deposited on an electrode surface and characterised in the presence of a suit-
able reactant. The voltammetry of the modified electrode is subsequently
compared with its bare equivalent where an ‘earlier’ peak potential or a
higher peak current might intuitively [9] suggest a catalytic activity of the
nanoparticles. Recent theoretical work [1] has however led to the insight
that, counter-intuitively, such experiments bear a significant level of com-
plexity: Due to the geometrical constrains imposed on diffusion inside the
porous layer formed by the nanoparticles, accelerated mass transport can
occur locally where more pronounced concentration gradients are formed.
Simultaneously, the mass transport towards the electrode may be retarded
in other regions by the presence of the nanoparticles. As a result and in
comparison to bare electrodes, porous electrodes may exhibit shifts in peak
positions in any direction - anodic or cathodic - and peak currents may vary
in a complex fashion. As this altered voltammetry is crucially determined
by the electrode geometry and other experimental conditions, any analysis of
such experimental data remains ambiguous unless accompanied by rigorous
theoretical work.



This communication reports experimental work that supports the theory
mentioned above: Using the well-characterised one-electron oxidation of fer-
rocenemethanol in aqueous solution at glassy carbon, we show that voltam-
metric peak-to-peak separations and -peak currents follow theoretically-
predicted trends if electrodes are modified with carboxylated polystyrene
microspheres which are non-conducting, non-reactive, and non-absorbing un-
der the set experimental conditions. In addition, we illustrate the complexity
of such analysis at the example of an often-studied reaction, the reduction
of oxygen: A glassy carbon electrode decorated with a layer or layers of
Nafion particles shows elevated voltammetric peak currents and peak po-
tentials which, in the absence of any catalytic reaction, may falsely suggest
electrocatalytic activity.

We employ a theoretical model detailed previously [1]. In short, a planar
electrode is modified with inactive particles which are identical, spherical,
and arrange in the hexagonal packing shown in Figure la. The resulting
electrode geometry is then simplified along the lines of the diffusion-domain
approximation [10] as illustrated in Figure 1b. Furthermore and in addition
to the assumptions made in [1], we set the radius of the cylindrical diffusion
domain 7,,,,, see Figure 1c, in a way that the packing density of the first layer
of spheres in the original geometry matches the respective packing density in
the diffusion domain. Please see supporting material for further details and
derivations which demonstrate that this is the case when:

Tmaz = 1.0501 7, (1)

where r, is the particle radius. The electrochemical reaction is implemented
as a reversible one-electron processes with the oxidised and the reduced
species featuring equal diffusion coefficients. Bespoke simulation code has
been developed which, despite some improvements, is similar to the code used
in [1] and comprises large parts of it. Software testing [11] is of paramount
importance in the development of electrochemical simulations and have con-
ducted a broad range of tests including an analysis of the conservation of
mass, comparisons with theoretical peak currents and peak-to-peak separa-
tions where feasible, and convergence studies.

Our analysis commences with an investigation of the electrochemically
reversible® reaction of ferrocenemethanol, FcCH,OH, at particle-modified

3Please see below discussion and supporting material for a detailed analysis.
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Figure 1: Illustration of the geometry simplified along the lines of the diffu-
sion domain approximation. The figure has been adapted from [1].

glassy carbon electrodes. To this end, inactive carboxylated polystyrene mi-
crospheres? of equal sizes (r, = 225 nm, 2.25 ym, and 10 ym) are dropcast
onto the electrode surface to form dense layers in a homogeneous hexago-
nal packing pattern as evident from the micrographs of the 10 um spheres
shown in Figure 2. Corresponding micrographs for an electrode modified
with smaller spheres featuring a radius of 2.25 ym can be found in the sup-
porting material and reveal that these arrange in a less symmetrical fashion.
A comparison with Figure 1a nonetheless reveals that the electrode geometry
for both particle sizes closely resembles the theoretical model.
Voltammograms are recorded at different scan rates at a bare electrode
and at the electrodes modified with carboxylated polystyrene microspheres.
The voltammetry of the bare electrodes is subsequently compared with
Randles-Sevéik equation and the theoretically predicted peak-to-peak sep-
aration of 2.218%% [12] which both apply for a reversible one-electron reac-
tion. Good agreement is seen between experiment and theory as shown in
the supporting material and the theoretical model is hence confirmed. On
the basis of Randles-Seveik equation the diffusion coefficient is determined
to 7.6 - 10719 m? s=! which matches the value of (7.6 + 0.4) - 1071% m? s™!

4Polystyrene is a good electrical insulator and hence electrochemically inactive if used
as an electrode material at a liquid-solid interface. The stability of the microspheres is
investigated in the supporting material: No changes can be seen on micrographs of the
deposited spheres before and after an electrochemical experiment.
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Figure 2: Micrographs of polybead microspheres dropcast on a glassy carbon
electrode. Microspheres feature a radius of 10 gm and are deposited in one
layer. (a) middle view of the electrode (b) edge view of the electrode.

priorly reported [13]. The formal potential is found to be 0.19 V vs SCE via
determination of the mid-point potential.

Moving on to modified electrodes, Figure 3 presents aggregated data of
large number of voltammograms recorded for an average surface coverage of
one layer of microspheres: The measured peak-to-peak separations (dashed
lines) are plotted as a function of scan rate for comparison with simulated
data (solid lines). Following the theoretical prediction, we find significant
variations in peak-to-peak separations for all sphere radii. Most notably and
depending on the sphere radius, separations may increase or decrease with
increasing scan rates which may falsely suggest negative or positive catalysis,
respectively. Simulated trends are reproduced and, for the smallest spheres,
an almost an ideal match between experiment and theory is seen. Differences
may relate to the assumptions made in the diffusion domain approximation,
imperfections in the deposited layers of spheres, and a potentially limited
electrolytic support within nano-scaled features inside the porous layer. Sim-
ilar results where obtained for two and three layers of spheres as shown in
the supporting material.

Having shown the applicability of the theoretical model in terms of peak-
to-peak separations, our analysis turns towards measured peak currents. Fig-
ure 4 plots the peak currents as a function of the scan rate for an average
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Figure 3: Comparison of measured (dashed lines) and simulated (solid lines)
peak-to-peak separations as a function of scan rate for three different sizes
of polybead microspheres and an average surface coverage of one layer of
spheres. All simulations here and in the following use a diffusion coefficient
of 7.61 x 1071 m? s7!. Experimental data was recorded in a solution com-
prising 1 mM ferrocenemethanol and 100 mM potassium chloride. Please see
supporting material for further experimental details.

surface coverage of one layer of spheres (dashed lines). In agreement with
theoretical predictions and in stark contrast to the expected square-root de-
pendency of the peak current on the scan rate at a bare electrode, significant
variations are seen with the scan rate and the particle size. The same figure
compares experimental data with simulations (solid lines) which reproduce
trends in experimental data and support the validity of the theoretical model.
Similar results are obtained for averages of two and three layers are shown
in the supporting material.

The above experimental data has confirmed the theoretically-predicted
complexity of any voltammetric analysis at nano-structured surfaces. Using
the relatively simple and well-studied reaction of ferrocenemethanol at glassy
carbon, we have demonstrated that a sole voltammetric analysis of particle-
modified electrode cannot provide insight into the catalytic properties of the
material deposited unless accompanied by suitable theoretical models or data
obtained from other experimental techniques. To further emphasise this fact,
the following presents data of a reaction that is much more in the focus of



I
o

r=0.25um
35— r=225um
30| r=10.0 um

N
[0,

peak current [uAl]
= N
(0] o

=
o

(6]

1 02 03 04 05 06 07 08 09 1.0
sqrt scan rate [sqrt(V/s)]
Figure 4: Comparison of measured (dashed lines) and simulated (solid lines)
peak currents as a function of scan rate for three different sizes of polybead
microspheres. Experimental data was collected from the same voltammo-
grams analysed in Figure 3.

current research, namely the reduction of oxygen®. In comparison to fer-

rocenemethanol, this is a much more complex process as it involves multiple
electron-transfers, reaction intermediates, and species that may adsorb at
some electrode surfaces:

02+2H++2€ —>H202 (2)

or:

Oy + 4H™T + 4e — 2H,0 (3)

While the above theoretical model of a reversible one-electron transfer is
hence not applicable, experimental data of the oxygen reduction nonetheless
strikingly illustrates the complexity of the mass transport in porous layers
and points out the risk of misinterpretation of experimental results.

The following investigates the voltammetry of a glassy carbon electrode
modified with layers of Nafion particles [15, 16] featuring an average radius
of 430 nm. To this end, we first measure the electrochemical activity of

°Please see the review [14] by Shao et al. for a comprehensive discussion of recent
research activities related to proton exchange membrane fuel cells.



the Nafion particles: Voltammograms are recorded at a bare- and a modi-
fied electrode in Argon-saturated phosphate buffered saline solution at pH
7.4 where no changes are seen except for an expected [17] small change in
the electrode capacity, see supporting material, suggesting the particles are
inactive in the buffer solution.

The bare glassy carbon electrode is subsequently characterised in air-
saturated phosphate buffered saline solution at pH 7.4 featuring an oxygen
concentration of 0.26 mM [18], see supporting material, which is known to
be the two-electron process shown in Equation 2 [19]. Via a Tafel analysis
[20], the electrochemical transfer coefficient [21, 22] is determined to 0.25
and by comparison with the multiple-electron-transfer irreversible Randles-
Seviik the diffusion coefficient is found to be 2.00 - 107 m? s~!. Both values
are in excellent agreement with prior literature values of 0.24 4+ 0.06 [23] and
1.95 - 107 m? s71) [24], respectively. Figure 5 compares the voltammetry of
a bare glassy carbon electrode and particle-modified electrodes. The latter
are modified with the above Nafion particles while various average numbers
of particle layers are deposited on the electrode surface. As one would antic-
ipate from the analysis of the voltammetry of ferrocene methanol at similar
electrodes, the figure reveals a strong dependency of the voltammograms on
the amount of Nafion deposited. Most notably, there is a shift of about 60
mV in the position of the oxygen peak towards lower overpotentials and a
dramatic increase of more than 40 % in the peak current. The Tafel analysis
further yields an « value of 0.39 rather than 0.25 at a bare glassy carbon
electrode, see supporting material. All three findings might intuitively be at-
tributed to a false and electrochemically implausible electrocatalytic activity
of Nafion particles, though the above theoretical analysis suggests they are
likely purely diffusional effects.

In conclusion, this work has demonstrated the paramount importance
of theoretical modelling in all electrocatalytic analysis of nanoparticles on
an electrode surface. Prior theoretical work is validated which has sug-
gested that, under most common experimental conditions, the voltamme-
try of particle-modified electrodes features an unexpected level of complex-
ity: Peak positions and -currents are altered dramatically, a straightforward
analysis is obstructed, and there is a risk of false interpretation in the ab-
sence of theoretical modelling. Using ferrocenemethanol at glassy carbon
electrodes as a model system, we find good agreement of theoretically pre-
dicted trends and measured data. In addition, the complexity of the analysis
of more complex reactions such as the reduction of oxygen is demonstrated

8
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Figure 5: Voltammetry of air-saturated phosphate-buffered saline solution at
a glassy carbon electrode modified with Nafion particles. Particles feature a
radius of 430 nm and have been dropcast onto the electrode. Voltammograms

are recorded at a scan rate of 100 mV s~!. Please see supporting material

for full experimental details.

experimentally and risks of misinterpreting experimental results are pointed
out.
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