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Figure S1: Illustration of the geometry considered in the approximation of the radius of the diffusion
domain.

S1 Radius of the Diffusion Domain

To find an approximate value for the radius of the diffusion domain, we consider the two-dimensional

projection of the first layer of spheres along an axis perpendicular to the electrode surface, see Figure

S1, and determine the packing density η of the spheres in this projection. To this end, we consider an

equilateral triangle, noting that the entire geometry can be constructed of such triangles and the packing

density of spheres inside the boundaries of the triangle must hence equal the packing density in the entire

structure. The length h can be calculated to:

h =
√

(2rp)2 − (rp)2 =
√

3 rp (S1)

Using this value, we find that the total area Atot of the triangle is:

Atot = rp h =
√

3 (rp)2 (S2)

As evident from the figure, the area Atot can be expressed through the total area occupied by spheres

3A1 and the unoccupied area A2:

Atot = 3A1 +A2 (S3)

where we note that A1 equals the area occupied by a sixth of a sphere:

A1 =
1

6
π(rp)2 (S4)

Using the above results, the packing density η can calculated to:

η =
3A1

Atot
=

1
2π(rp)2
√

3 (rp)2
=
π
√

3

6
= 0.9069 (S5)

The so-obtained packing density can now be implemented in the diffusion domain which sets the particle

into the centre of a cylindrical space featuring the radius rmax. The electrode area occupied by a single
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particle in the diffusion domain is hence:

Ap = π(rp)2 (S6)

while the total electrode area within the diffusion domain is:

Add = π(rmax)2 (S7)

The packing density within the diffusion domain can now be calculated and set to the value we determined

above:

η =
Ap

Add
=
π
√

3

6
(S8)

which yields a value for the radius of the diffusion domain:

rmax = 1.0501 rp (S9)
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S2 Experimental Details

Chemicals

Polybead R©Carboxylate Microspheres (carboxylated polystyrene, aqueous suspension, 2.5% solid content)

of three different sizes (0.5 ± 0.004 µm; 4.5 ± 0.18 µm; 20.0 ± 2.27 µm) were purchased from Polysciences

(Germany). Ferrocenemethanol (FcCH2OH, 97%, Santa Cruz Biotechnology), potassium chloride (KCl,

≥99.0%, Sigma-Aldrich), sodium chloride (NaCl, ≥99.5%, Sigma-Aldrich), sodium phosphate dibasic

(Na2HPO4, ≥99.0%, Sigma-Aldrich) and potassium phosphate monobasic (KH2PO4, ≥99.0%, Sigma-

Aldrich) were used as received without further purification. Nafion perfluorinated resin solution (5 wt%

in lower aliphatic alcohol and water with a water content of 45%, Sigma-Aldrich) was heated in a water

bath at 52 ± 0.5oC to obtain a concentrated 12.5wt% Nafion solution. Phosphate buffered saline buffer

solution (PBS, pH = 7.4) was composed of 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 1.8 mM

KH2PO4. All solutions were prepared using ultrapure water (Millipore) with a resistivity of not less than

18.2 MΩ cm at 298 K and degassed with Argon before use.

Synthesis of Nafion Particles

Nafion particles were synthesized by the re-precipitation method. Briefly, 50 µL concentrated 12.5 wt%

Nafion was injected dropwise over 10 seconds into 1 mL ultrapure water under stirring by magnetic

vortexing at 600 rpm for 5 minutes. The resulting mixture was subjected to sonication (FB15050, Fisher

Scientific, 50/60 Hz, Germany) for 30 min at room temperature. The suspension was then centrifuged

(Eppendorf Centrifuge 5430 R) at 14000 rpm for 10 min and the precipitate was dispersed evenly in

0.5 mL water by sonication for 5 min. A stable suspension of sub-micron sized Nafion particles with an

average radius of 0.43 ± 0.26 µm [1, 2] was obtained.

Electrochemical Measurements

Electrochemical experiments were performed with an Autolab II potentiostat (Metrohm-Autolab BV,

Netherlands) and a three-electrode set-up inside a grounded and thermostatted (25.0 ± 0.5 oC) Faraday

cage. A glassy carbon macroelectrode (GC, 3 mm diameter) was used as the working electrode, a

saturated calomel electrode (SCE) as the reference electrode and a graphite rod as the counter electrode.

Prior to each voltammetric scan, the working electrode was polished using micropolish alumina (Buehler)

of decreasing particle size (1.0, 0.3 and 0.05 µm) followed by sonication in water and drying with nitrogen.

Varying amounts of the microspheres suspension were drop-casted on the GC macroelectrode to modify

the electrode and left to dry under a nitrogen atmosphere. Cyclic voltammetry was conducted at selected

scan rates of between 25 mVs−1 to 800 mVs−1 in 1.0 mM ferrocenemethanol supported with 0.1 M KCl.

For the study of Nafion particles, 10 µL of varying concentrations of fresh prepared Nafion particles

suspension was drop-cast on the GC macroelectrode and left to dry under a nitrogen environment.

The PBS buffer was placed in water bath at 25oC to for 1 h to obtain air saturated condition before

measurements. Cyclic voltammetry was then conducted at selected scan rates of between 25 mVs−1 to

400 mVs−1 in air-saturated PBS buffer.
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S3 Stability of Carboxylated Polystyrene Microspheres

We investigate the stability of the polybead microspheres in terms of possible swelling and shrinking

under the utilised experimental conditions. To this end layers of polybead microspheres are subsequently

dropcast centrally onto the electrode while the areas covered by each step decrease, hence forming three

zones as seen in Figure S2a. A solution containing 1 mM ferrocenemethanol and 0.1 M KCl is slowly

injected into the support cell and the electrode surface is immersed. Microscope images are taken after 20

min, which is the time scale for electrochemical experiments, and no change of the microspheres is observed

as see Figure S2b. Finally, cyclic voltammetry is performed from -0.2 V vs. SCE to 0.6 V and back to

-0.2 V at the scan rate of 25 mV s−1 and a third micrograph is taken, see Figure S2c. Microspheres

again remain visibly unaltered suggesting stability of the deposited layers throughout electrochemical

experiments.
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Figure S2: Optical microscope images of a glassy carbon macroelectrode modified with one layer (zone
1), two layers (zone 2) and multiple layers (zone 3) of polybead microspheres with 20 µm diameter (a)
original microspheres after dried on the electrode surface (b) after immersion in solution containing 1mM
ferrocenemethanol and 0.1 M KCl for 20 min (c) after a cyclic voltammetry from -0.2V vs. SCE to 0.6
V and back to -0.2V at the scan rate of 25 mV s−1.
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S4 Micrographs of Particle-Modified Electrodes

Figure S3 shows microscope images of a glassy carbon electrode modified with one layer of carboxylated

polystyrene microspheres. A single-layer of spheres in a dense hexagonal packing can be seen locally

though few black holes can be seen which feature sizes ranging from 5 µm to 15 µm and indicate that

small areas of electrode surface have remained uncovered. It can be further noticed that the edge view

of electrode surface shows rough outline in comparison with the larger microspheres.

Figure S3: Micrographs of a glassy carbon macroelectrode modified with one layer of carboxylated
polystyrene microspheres featuring a radius of 2.25 µm (a) middle view of the electrode (b) edge view of
the electrode (c) zoom-in of the middle view (d) zoom-in of the edge view.
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S5 Voltammetry at Bare Electrodes

Figure S4 reveals that the peak current of ferrocenemethanol oxidation is directly proportional to the

square root of the scan rate, suggesting the electrochemical reaction rate is diffusion limited. The diffusion

coefficient of ferrocenemethanol can be determined via the one-electron-transfer, reversible Randles-S̆evc̆́ık

equation [3]:

Ip = 2.69 · 105AD
1
2Cv

1
2 at 25 oC (S10)

where A is the geometrical surface area of working electrode, D is the diffusion coefficient, C is the

concentration of the active species in the bulk solution, and v is scan rate. By this means the diffusion

coefficient of ferrocenemethanol is calculated to be 7.6 · 10−10 m2 s−1, which is in excellent agreement

with reported values, (7.6 ± 0.4) · 10−10 m2 s−1 [4]. The formal potential of ferrocene methanol oxidation

can be approximated to be the mid-point potential of the voltammogram, which is about 190 ± 1 mV vs

SCE.

Figure S4: Voltammograms measured at a bare glassy carbon macroelectrode in a solution containing 1
mM ferrocenemethanol and 0.1 M KCl. The inset presents a plot of the peak current as a function of the
square root of the scan rate.
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The Figures S5 and S6 compare experimental and theoretical results for the peak-to-peak separations

and peak currents, respectively. Good agreement is found for all data.
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Figure S5: Comparison of measured and theoretical peak-to-peak separations as a function of scan rate.
Experimental data was recorded in 1 mM ferrocenemethanol and 100 mM potassium chloride.
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Figure S6: Comparison of measured, simulated, and theoretical peak currents as a function of scan rate.
Theoretical peak heights are calculated via the Randles-S̆evc̆́ık equation.
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S6 Peak-to-peak Separations for Multiple Layers of Polybead

Microspheres
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Figure S7: 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
two layers of spheres. Experimental data was recorded in a solution comprising 1 mM ferrocenemethanol
and 100 mM potassium chloride.

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
sqrt scan rate [sqrt(V/s)]

0.00

0.02

0.04

0.06

0.08

0.10

pe
ak

-to
-p

ea
k 

se
pa

ra
tio

n 
[V

]

sim: r = 0.25 um
sim: r = 2.25 um
sim: r = 10.0 um

Figure S8: Comparison of measured (dashed lines) and simulated (solid lines) peak-to-peak separations
for an average surface coverage of three layers of spheres. All other experimental details remain unchanged
with regard to Figure S7

.
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S7 Peak currents for Multiple Layers of Polybead Microspheres
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Figure S9: Comparison of measured (dashed lines) and simulated (solid lines) peak currents for an average
of two layers of polybead microspheres. Experimental data was collected from the same voltammograms
analysed in Figure S7.
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Figure S10: Comparison of measured (dashed lines) and simulated (solid lines) peak currents as a function
of scan rate for an average of two layers of polybead microspheres. Data was collected from the raw data
used in Figure S8.
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S8 Voltammetry of Oxygen at Electrodes Modified with Nafion

Microspheres

Figure S11 shows voltammograms measured at a bare and a Nafion-modified electrode in presence of

oxygen and it can be seen that the Nafion particles seemingly ‘catalyse’ the oxygen reduction: The peak

potential is lowered and the peak current higher while the Nafion particles themselves are inactive in the

same solution as established above. We note that Nafion can increase the capacitance of carbon materials

[5] which is consistent with the observation of the slight increase in the capacitive current in the presence

of Nafion particles on the electrode (red line).

Figure S11: Voltammograms of a bare (black and green) and a modified (with 15 layers of Nafion particles,
red and blue) glassy carbon macroelectrode in Argon-degassed PBS buffer solution at pH 7.4 and in air-
saturated PBS buffer solution at pH 7.4. All voltammograms are recorded at a scan rate of 25 mV
s−1.

The diffusion coefficient of oxygen and the electrochemical transfer coefficient of the reaction are

determined via the multiple-electron-transfer irreversible Randles-S̆evc̆́ık equation [3]:

Ip = −0.496
√
n′ + αn′ nFAC

√
FvD

RT
(S11)

where n is the number of electrons transferred in the overall electrochemical process (here n = 2 for

the reduction of oxygen to hydrogen peroxide [6]), n′ is the number of electrons transferred before the

rate determining step (here n′ = 0 [7]), α is the apparent reductive transfer coefficient [8, 9], C is the

oxygen concentration in solution (here C = 0.26 mM for an air-saturated solution [10]), F is the Faraday

constant, R is the gas constant, and T is the temperature.

Figure S12a and S12b present voltammograms recorded at different scan rates and the corresponding

Tafel plots. α is determined to be 0.25 via a Tafel analysis which is in good agreement with literature

values [7]. The diffusion coefficient of oxygen in pH 7.4 aqueous solution is found to be 2.00 · 10−9 m2

s−1, in an excellent agreement with the reported value of 1.95 · 10−9 m2 s−1) [11].

The Tafel analysis was also performed for the voltammogram of a glassy carbon macroelectrode

modified with 15 layers of Nafion particles and α has a value of 0.39, suggesting a relative faster electron
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Figure S12: (a) Voltammograms of a bare glassy carbon macroelectrode in air-saturated pH 7.4 PBS
buffer solution recorded for different scan rates. Inset: Plot of the peak current as a function of the
square root of the scan rate. (b) Tafel analysis at a scan rate of 25 mV s−1. The highlighted red region in
the inset voltammogram is selected as the Tafel analysis region where the diffusion plays a near negligible
role [12].

transfer (vs. α = 0.25 for bare glassy carbon electrode).

Figure S13: Tafel analysis for voltammogram of a glassy carbon macroelectrode modified with 15 layers
of Nafion particles in air-saturated pH 7.4 PBS buffer at a scan rate of 25 mV s−1. The highlighted red
region in inset voltammogram was selected as the Tafel analysis region.
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