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Abstract

In the current context of energetic transition, investigations of alternative complex systems require
tools as scanning electrochemical microscopy (SECM) offering interesting opportunities as an
electroanalytical technique to evaluate innovative catalysts. Herein, we demonstrate how a judicious
choice of probe and substrate materials opens up improved performances to achieve steady state
measurements for oxygen reduction reaction (ORR) catalytic activity detection through the redox

competition scanning electrochemical microscopy (RC-SECM).
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On the probe side, we show that using gold enhances the stability of the local oxygen concentration
detection in comparison to the regularly used platinum one. On the substrate side, we evaluate boron
doped diamond as an appealing alternative to classical support substrate, that shows a low ORR

activity, high stability and very good reusability.

This work introduces an alternative approach for quantitative measurements with SECM, improving
measurement easiness, comfort and reproducibility, thus paving the way towards standardized

benchmarking and numerical simulation-based parameter extraction.

Introduction

The global energetic transition requires innovative tools enabling the evaluation of alternative
materials and systems as candidates to perform energy. Fuel cells, and proton exchange membranes,
for instance, are envisioned to play a key role as an efficient alternative technology. They are
considered worldwide with high interests and could be easily adopted. However, the variety of
catalysts presently under consideration by the community generates a high demand to enable their
comparative characterization. Improved tools would help in their discrimination?. Presently
characterization methods are the limiting part of innovation and improvements, particularly when
active carbon based nanomaterials are concerned®®. During the past decades, local probe techniques,
such as scanning electrochemical microscopy (SECM) have made great progress. SECM already
provides impressive results in the investigation of local electrochemical properties®. SECM is an
electroanalytical tool that consists of a four-electrodes setup: two working electrodes (WE), namely a
micrometric probe as an electrochemical sensor and a substrate to polarize the investigated material,
a counter electrode (CE) and a reference electrode (RE). A potential can be applied on both the probe
and the substrate while the probe is moved in the close vicinity of the substrate. The versatility of the
technique allows it to be used in many different fields such as electrocatalysis®™®, corrosion!”, photo-

electrochemistry®® or even DNA detection® or archaeological remains investigations!*®,

In the global research context of energetic transition, SECM has been used for the investigation of

materials involved in energy related systems (batteries!*Y, solar cells*?, supercapacitors*?, etc...), in

|(14] |(25)

particular for fuel cells (e.g. direct methanol fuel cell"*, polymer electrolyte fuel cell'™, proton
exchange membrane fuel cell (PEMFC)*528 etc...). The investigations here mainly focus on hydrogen
evolution reaction (HER)™ and more particularly on oxygen reduction reaction (ORR)!®%2% due to its

slow kinetics, which constitutes a key point regarding the adoption of fuel cells at a large scale.
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Regarding electrocatalytic activity assessment, the redox competition (RC) mode of SECM, introduced
by W. Schuhmann’s group in 2006, is a recognised reference protocol?Y. It consists in polarizing the
probe and the substrate in such a way that the same reaction occurs on both sides: the probe then
evaluates the local reactant depletion due to its consumption by the electroactive sample (as shown
in Figure 1). A scan over the surface thus reveals the local activity variations.
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Figure 1. Scheme of the RC-SECM mode.

RC mode has already been used to visualize the cell breathing!??, to understand corrosion mechanism
on CrN film, to study the consumption of oxygen from zinc oxide formation? or even to determine
more accurately enzymatic kinetics!?® thanks to previous modelling studies of such a system!®!, For
ORR catalysts, it operates in such a way that the scanning electrode is used as a probe of the local O,
concentration!*®2%27, However, the use of the technique still remains mostly limited to the SECM
community, where studies are usually proof of concepts. We foresee that the expansion of the
technique to quantitative studies could provide better knowledge of many catalysts that are currently
being investigated within the context of the energetic transition. In fact SECM, and RC-SECM in
particular, are presently underused by the community, in comparison to the benefits the technique

can provide, namely its high resolution?%2,

The lack of a comfortable configuration that would enable better ease and reproducibility, and
particularly in complex conditions such as in acidic media to be compatible with PEMFC technology, is
a key obstacle to the development of the RC mode approach. Herein, we show how the choice of the
probe and substrate materials can help to stabilize the experimental configuration and enable steady

state measurements while scanning the surface.
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Up to now, Pt microelectrodes are the most frequently used for the RC mode!*®2%27:30 ' which is a
rational choice considering the established electrocatalytic activity of this material towards ORR.
However, Pt presents some drawbacks, for instance measurement instabilities are common at high
probe current densities, and further it displays a high sensitivity to impurities that might be present in
the solution. Subsequent alternatives such as the use of potential pulses®¥ or high scan speeds?” are
required, but that may significantly hinder quantitative studies. On the other hand, gold as a probe
metal has been used for other SECM measurements!*®!, but —to the best of our knowledge- not for ORR
detection. Here, we show that the low catalytic activity of gold is not an issue for ORR detection, which

makes it suitable for studying ORR in RC mode, and even in acidic media.

In theory, the high sensitivity of the RC mode enables the evaluation of very low catalytic activities,
however in this case, the substrate activity is likely to enter in competition with the catalytic
material®®?. Overall ORR studies are usually performed using glassy carbon (GC) substrate3®3334, Boron
doped diamond (BDD) catalytic activity toward ORR has been investigated®®, as other carbon based
materials®®!. Furthermore, BDD has been used in SECM as a probel”! or a studied material®>38, but
not as substrate for ORR catalytic activity determination. BDD has shown higher overpotential for ORR,
higher stability and lower H,0, production in acidic media compared to other carbon based
substratest®. Here we demonstrate that BDD is an interesting alternative to standard carbon based
substrates. We compared it to a GC substrate, due to its high representation in the literature, and a Si-
wafer substrate covered with gold, as it is easy to produce, with good reproducibility and permits to
achieve highly flat surface. The catalyst used to illustrate the potentiality of the new setup is a noble-

metal free material based on carbon nanotubes (CNT) annealed with cobalt and nitrogen precursors*?.

Experimental

Materials

All chemicals and solvents of research grade were purchased in the highest purity from Sigma Aldrich
and used as received. All gases (nitrogen, oxygen) were of 99.995% purity. Commercial grade NC3100

(purity >95%) multi-wall carbon nanotubes were obtained from Nanocyl (Belgium).

BDD substrate preparation

BDD was grown onto highly doped 4 inches silicon substrates by microwave plasma enhanced chemical
vapor deposition (MPECVD) technique in a Seki Diamond AX6500 diamond growth reactor in a
hydrogen plasma containing 1% methane as the source of carbon and trimethylboron as dopant. The

resulting boron doping level is approximately 2x10%' cm™ as determined by secondary ion mass



113
114

115

116
117
118
119

120
121
122

123

124
125
126
127
128
129

130

131
132
133
134

135

136
137
138
139
140

141
142
143

spectrometry measurements. The polycrystalline diamond film obtained is approximately 1 micron

thick.

BDD substrate cleaning process

BDD substrates were immerged into a piranha solution during 30 minutes and then in pure H,SO, at
300°C for 30 minutes. Afterward, KNO3; was added into the solution until a yellow coloration started to
appear and the substrates stayed still 30 minutes more in the 300°C solution. Then, the substrates

were rinsed into a 300°C pure H,S04solution during 10 minutes and finally rinsed with distilled water.

In the case there was any doubt of catalyst residual traces on the substrate, a micro-wave hydrogen
plasma exposure of the BDD surface, at a temperature of 600°C, was used to perform a complete

reclaim of the BDD native surface.

Gold substrate preparation

Gold substrates were obtained by vacuum evaporation in a Balzers BAK 600 evaporator: a thin
interlayer of chromium (to enhance gold adhesion on glass) and pure gold (99.99 % from Williams
Advanced Materials) were evaporated at room temperature on silicium wafers. Prior to evaporation,
the silicium wafers were rinsed 10 min under ultrasonication in water, ethanol and acetone
successively. The thickness of the deposited layers was 3 nm of chromium and 30 nm of gold monitored

in-situ by using a quartz crystal microbalance.

Catalyst preparation

The catalyst was prepared as described previously®?. Briefly, Co(NOs),.6H,0, multi-wall carbon
nanotubes (MWNTs) and triazolopyridine (TAPy) were mixed in ethanol and sonicated for 30 minutes.
Ethanol was removed under low pressure and the black Co-TAPy/CNTs powder was pyrolyzed at 950°C

during 2h under argon. This catalyst will be called Co-N-NTC.

Catalyst deposition

The catalyst ink was prepared by dispersing Co-N-NTC powder (20 mg) with 5% in wt of D-520 Nafion
in ethanol (1 mL) under sonication (30 min) with a cup-horn coupled with a Vibra-Cell (VCX 130 PB
from Sonics Material). Afterwards, the total volume is increased with ethanol to 2 mL and the process
is repeated. The same process continues by increasing the total volume to 5/10/20/50/100/200 mL to

obtain a catalyst ink of 0.1 g.L .

The catalyst spot was obtained by two methods. The first one consists of dropping 2 mL of the catalytic
ink onto the substrate heated at a temperature of 100°C with a micropipette. The second method uses

the ExactaCoat apparatus from Sono-Tek to pulverize the solution onto the substrate. A mask with
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micropatterns (from Micron Laser Technology) was used to obtain a controlled square spot in size and

volume of solution deposited.

Instrumentation

AFM and SEM measurements
AFM images were performed on a Veeco Dimension 3100 equipped with a Nanoscope llla controller
and analysed with the software Gwyddion. SEM images were recorded with a Hitachi S-4500 scanning

electron microscope.

Electrochemical measurements

Electrochemical measurements were performed in sulfuric acid (Sigma Aldrich). The gold and platinum
microelectrodes from Sensolytics had an active radius of 5 microns and a RG (the ratio between the
inactive part radius and the active part radius of the probe) of 30. SECM experiments were performed
on a modified M470 SECM Workstation from Bio-Logic Science Instruments. A four-electrode setup
was used for the SECM experiments. It involved a platinum or a gold microdisk as first working
electrode, a GC, a gold or a BDD substrate as second working electrode, a saturated calomel electrode
(SCE) as reference and a net made of platinum wires as counter electrode. Both reference and counter
electrodes are placed in sintered guards to avoid direct contact between the analysed solution, the
reference and the counter electrodes. The probe-substrate distance was evaluated by approaching the
probe in the vicinity of the area of interest, somewhere without catalyst, and by letting the substrate
at open circuit potential (OCP). In this case a negative feedback was obtained, and a comparison with
theory provides the relationship between the probe position and the probe-substrate distancel*2,
Unless mentioned, the analysis of the ORR activity was made in H,SO4 0.1 M solution. The probe was

stabilized 300 s before each measurement.

Results & discussion

The working electrodes are central to the SECM technique. Improving both of them to specific
demands allows progresses in the quality of measurements. First, in order to investigate the first
working electrode, i.e. the probe, a linear sweep voltammetry (LSV) is performed from OCP up to the
solvent reduction signal, in Ar saturated solution and O, saturated solution. At this step, the probe is

put in solution without the substrate to avoid any interaction.
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Figure 2. (a) LSV at the platinum probe from 0.55 to -0.43 V/SCE with a 10 mV/s scan rate. (b) CA at the platinum probe at
different potentials (-0.2, -0.3 and -0.4 V//SCE). Black curves for Ar saturated solution and green curves for O, saturated solution
in (a & b). (c) LSV at the gold probe from 0.1 to -0.9 V/SCE with a 10 mV/s scan rate. (d) CA at the gold probe at different
potentials (-0.4, -0.5 and -0.6 V//SCE). Blue curves for Ar saturated solution and red curves for O, saturated solution in (c & d).
All measurements were made in H;SO4 0.1M, rr =5 um and RG = 30 for both probes.

As shown in Figure 2.a, a well-defined plateau is observed between -0.2 to -0.4 V/SCE for the ORR at
the platinum probe, illustrated by the green bar. Several potentials of this plateau are then tested by
chronoamperometry (CA). Each potential is applied for 600 seconds, in order to investigate the stability
of the measurement. The probe is polished and cleaned between each measurement and the
procedure is repeated several times in the O, saturated solution. The results presented Figure 2.b show
the currents measured at -0.2, -0.3 and -0.4 V/SCE. For the three potentials, an exponential loss of
current is observed, followed by a stabilization of the slope to a non 0 value. This behaviour is not the
one expected from a well-defined diffusion plateau as observed on the CV. Furthermore, the current
variation during the first 200 seconds is not exclusively due to the establishment of the diffusion profile
in the vicinity of the probe, as this is a process that has time constant of typically seconds!®. It is also
related to the evolution of platinum surface states, with possibly some contamination due to side
reactions. Furthermore, the current densities are not the same along the probe surface increasing the

complexity of such phenomenon. In any case, the observation is in accordance with what is observed
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in the literature!?Y. In any case, the important element for SECM imaging is to have a steady-state
current at the probe. The Pt probe current was the most stabilized after 300s with a linear loss of
current. After this stabilization step, the sensitivity, the detection threshold and the instability can be
then evaluated. These values are shown in Table 1. We evaluated the theoretical sensitivity by using

(44 In the equation 1, n is the number of electrons

the equation of the current at a diffusion plateau
exchanged (4 in the case of a complete O reduction), F is the Faraday constant, Dy is the diffusion
coefficient of O, in H,SO4 (1.4x10° cm?.s* for 0.5M)**, Cy is the concentration of O in H,SO4 (in the
case of an O, saturated H,SO4 0.1M solution, it is 1.27x10°® mol.cm™ at 298K)™“®! and rr is the radius of
the active part of the electrode. The theoritical sensitivity is 10.8 nA/mM(0,). The sensitivity measured
at teoo is 1.0, 2.2 and 4.3 nA/mM(03) for -0.2, -0.3 and -0.4 V/SCE respectively, which are significantly

lower values compared to the theoritical one. It can be noticed that the sensitivity measured at t is

8.3, 5.9 and 6.4 respectively which is closer to the theoritical one.
I = 4nFD0C0TT (1)

We decided to consider the detection threshold as the O, concentration for a current equal to the
current measured in absence of O in solution. This is calculated by the equation 2 where I, is the
current measured in the O, saturated solution and I4,., the current measured in the Ar saturated
solution. For -0.2, -0.3 and -0.4 V/SCE, the detection threshold is 47, 31 and 46 uM(0,) respectively.

Co

Detection threshold = —
IOZX IAT

(2)

Besides, the instability of the measurement is evaluated by considering the current difference between
480 and 600 s to have a well-defined slope compared to 300 s where the stabilization occurs (see
equation 3, where lgqo is the current at teoo, laso is the current at tago and I,,, is the averaged current
between tsgo and teoo).

Instability = |20 =1s0 » 115100 (3)

te00— taso Im

The calculated instability is expressed in %/min which corresponds to the current percentage loss every
minute of the measurement. In the case of the Pt probe, the instability is 0.44, 0.62 and 0.44 for -0.2,
-0.3 and -0.4 V/SCE respectively.

Exactly the same procedure is applied to the gold probe. The LSV and the CA are presented in Figure
2.c and Figure 2.d respectively. In this case, a pseudo-plateau between -0.4 to -0.7 V/SCE is observed
(illustrated by the red bar) in the ORR window instead of a well-defined diffusion plateau. Different CA
were done in the same condition as previously for the platinum probe, except that the chosen

potentials are -0.4, -0.5 and -0.6 V/SCE, in accordance with the observed lower electrocatalytic activity
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of gold versus platinum. Here also, stabilisation of measurements lasted about 300 s. The shape of the
current curves is different in the case of gold. Here again, the probe’s surface state impacts positively
or negatively the kinetics at the surface. The difference between Pt and Au probes can be explained by
their different ORR mechanisms occurring at the surface, as well as the difference in the stability of the
surface states. It can be noticed in the Figure 2.d that the stabilized current is close to the starting
current. Thus, for the gold probe, the sensitivity calculated is 3.3, 7.4 and 10.0 nA/mM(0,) for -0.4, -
0.5 and -0.6 V/SCE respectively. The detection threshold is 63, 49 and 46 uM(0O) and the instability is
0.62, 0.13 and 0.19 %/min respectively. The sensitivity at -0.6 V/SCE is close to the theoretical one. As
an additional advantage, the use of a gold probe permits to avoid the possibility to contaminate the
substrate with a highly active material such as platinum. Moreover, the stability of the current at the
gold probe allows long time acquisition with steady-state measurements. Therefore, based on the
comparison of their sensitivities, their detection thresholds and their instabilities between platinum

and gold probes, the latter really appears as a very interesting alternative probe for studying ORR.

Table 1. Averaged values from the CA at the probes at tepos and calculated sensitivity, detection threshold and instability for
these values.

Active part Eprobe Current at Current at Sensitivity Detection threshold  Instability
composition  (V/SCE)  teoos (NA) Arsat  teoos (NA) O2sat  (NA/mM(O2) (UM(02)) (%/min)
0.2 -0.04 122 1.0 46 0.44
Platinum
0.3 -0.07 283 2.2 31 0.62
probe
-0.4 -0.20 5.48 4.3 46 0.44
-0.4 -0.21 4.27 3.3 63 0.62
Gold probe -0.5 -0.36 -9.39 7.4 49 0.13
0.6 -0.46 12.72 10.0 46 0.19

The supporting substrate used to analyse the activity of a catalyst is another important element for
electrochemical measurements. Micrometric planarity, roughness and electrochemical activity are key
parameters that influence the analysis. Figure 3 shows AFM (a) and SEM (b) images of a BDD substrate,
where one can observe its polycrystallinity. The roughness average (Ra) and the root-mean-square
roughness (Rq) of BDD is measured by AFM and is 39.9 nm and 50.0 nm respectively. Moreover, the
maximum measured height is 372 nm. In the present work, a micrometric probe is used, and the
positioning is performed at the micrometric scale (typically 30 microns, as shown Figure 5), so the ~100
nm roughness of the sample is negligible!*?. Besides, the use of a Si-wafer as substrate support
guaranties a negligible non-planarity of the whole sample. Thus, the topography of the BDD substrate
is highly acceptable for the investigation of micrometric spots of catalysts with the RC-mode and a

micrometric probe.
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Figure 3. (a) AFM image showing a thickness of 372 nm, Ra of 39.9 nm and Rq of 50.0 nm and (b) SEM image showing crystals
smaller than 1 um in diameter of a BDD substrate. (c) Scheme of the gold substrate structure. (d) AFM image showing a 2.3
nm thickness, Ra of 178 pm and Rq of 225 pm of a gold substrate. (e) AFM image showing a GC substrate with a Ra of 7.2 nm
and a Rq of 11.4 nm. (f) SEM image of a GC substrate.

As an alternative to BDD, a Si-wafer covered with gold and a GC substrate can be considered. The gold
substrate structure is illustrated in Figure 3.c and d for the AFM image. The maximum measured height
is 2.3 nm with a Ra of 178 pm and a Rq of 225 pm which allows to scan on a nanoscale surface where
inhomogeneities come from the investigated material only. The AFM and SEM image of a GC substrate
are presented in Figure 3.e and f respectively. The maximum height measured on the GC substrate is
almost 650 nm despite a Ra of 7.2 nm and a Rqg of 11.4 nm. The average value is 58.3 nm meaning
there is scarce but important inhomogeneities on the GC substrate. The polishing process of the GC
substrate is of the outmost importance to allows a high planarity and so nanoscale measurements on
it. In contrary, gold and BDD substrates, thanks to the Si-wafer support, keep their planarity on the

whole surface.

Electrochemical results are presented Figure 4 comparing BDD to a GC substrate, a gold substrate and
a catalyst spot of Co-N-NTC deposited on BDD. The samples are studied by RC-SECM at a constant
height with a probe-substrate distance of 50 um. The process involved is presented Figure 4.A and is

done in acidic media saturated with oxygen (H,SO4 0.1 M) due to the acidic condition used in a PEMFC.

10
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Figure 4. (a) Scheme presenting the process involved in the RC-SECM measurement to analyse the ORR activity of BDD, GC, Au
and the catalyst spot. (b) Results of chronoamperometry (CA) at different substrate potentials with a gold probe (rr =5 um,
RG = 30, Eprope = -0.6V/SCE) in H,SO4 0.1 M solution saturated with oxygen and with a distance probe-substrate of 50 um.
Measurements are made on a clean BDD substrate (W), a clean GC substrate (A), a clean gold substrate (¢) and a Co-N-NTC
spot (e). The area under the curves represent the potential zone were the competition between the probe and the substrate
occurs.

The probe was held at -0.6 V/SCE in order to reduce O, during all measurements. Samples were held
at different potentials, from one from which the sample is inactive, to one corresponding to a high
activity of the sample (almost no current at the probe) with a 100 mV difference between each
measurement. Each potential was held at least 100 s for the current to reach a plateau once stabilized.

The results of the experiment are presented in Figure 4.b.

The competition starting point between the probe and the samples is noticed at a potential between
0.5 and 0.4 V/SCE for the Co-N-NTC spot, 0.1 V/SCE for the gold substrate, between -0.1 and -0.2 VV/SCE
for the GC substrate and -0.3 V/SCE for the BDD substrate. This means that the competition occurs for
more negative potentials applied to the substrate than the one of this starting point. A 50 %
contribution of samples is observed at 0.3 V/SCE for the Co-N-NTC spot, -0.1 V/SCE for the gold
substrate, -0.41 V/SCE for the GC substrate and -0.48 V/SCE for the BDD substrate. Finally, the probe
measures a current almost null at -0.2 V/SCE for the Co-N-NTC spot, -0.5 V/SCE for the gold substrate
and -0.7 V/SCE for the BDD. However, for the GC substrate, even at the lowest potentials, the probe
current was not null. This can be explained by an uncomplete ORR at the GC substrate. These results
showed that the BDD substrate is less active than the other substrates. Moreover, according to
previous investigations made for GC through cyclic voltammetry, the same conclusion was established

in acidic®® and alkaline media®®”.

11
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Overall, the large inactive window of BDD -until -0.3 V/SCE no contribution from the substrate is
observed- offers a wider range of experimental conditions that can be used, as illustrated with the Co-
N-NTC spot with a loading around 200 pug/cm?. There, the O, consumption by the catalyst is total before
the O, consumption starts at the substrate, which is not the case with gold. This proves that much

lower electrocatalytic activities or loadings can be investigated with BDD.

In order to further show that gold probe and BDD substrate are suitable to perform SECM imaging at
steady state, Figure 5.a shows a 3 mm? optical image of two Co-N-NTC spots of 120 (a) and 230 (b)
pg/cm? sprayed with the ExactaCoat system through a micro-patterned mask to obtain this well-
defined square spots. The RC-SECM image of these spots is shown in Figure 5.b at Esypstrate = -0.3 V/SCE.

The full RC-SECM image (with both forward and backward scans) is recorded within 2 hours.

(C) ~——— Forward scan
—— Backward scan

Probe current (nA)

1000 1500 2000 2500 3000
Probe position (um)

Probe
4200 Current
(nA)

Figure 5. (a) Optical image of (1) 120 ug/cm? and (2) 230 ug/cm? Co-N-NTC spots on a BDD substrate. (b) RC-SECM image of
the spots shown in (a). (c) RC-SECM forward (black curve) and backward (red curve) linescans at Y = 450 um from the RC-SECM
image (b) corresponding. SECM experiments done with a gold probe (rr=12 um, RG = 11, Eprope = - 0.45V/SCE) in H,S04 0.1 M
solution saturated with oxygen and with Esupstrate = -0.3 V/SCE, a distance probe-substrate of 30 um and Vscan = 20 um/s.

As shown in Figure 5.c, forward and backward linescans overlap above the active spot, and this proves
the steady state nature of the measurement. Still, non-stationarity can be seen when the probe is at
the extremity of the spots, and in this case the current is smaller if the probe is approaching the center
of the spot, and larger in the contrary. This fits the expectations, and does not affect the maximal
current variation, which is the most important parameter regarding the spot electrocatalytic activity
evaluation. At each line of the image, the current obtained far from the spots can be used to calibrate
the relationship between the measured current and the oxygen concentration, by evaluating the

effective number of electrons transferred:
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n =
4FDoCorrB(RG)NIT(L,RG)

(4)

with B(RG), a correction factor due to the enhancement of diffusion limiting current for the small RG
values® and NiT(L, RG), a correction factor due to diffusion hindering similar than a negative
feedback!*?. With the experimental conditions of Figure 5.c (RG = 11, L = 2.5; L being the ratio between
the distance probe-substrate with the ry), NiT(L, RG) = 0.79 so n= 1.8 with the current measured at
the end of the linescan (-11.5 nA) presented Figure 5.c. Alternatively, NiT(L, RG) = 0.78 is the ratio
between the current measured far from the spot, divided by the current measured in solution. nis

smaller than 2 here probably because the diffusion plateau is not reached at the working potential.

This way, the quantification of the oxygen consumption rate will become possible. It will need the
support of numerical simulation, explicitly taking into account the experimental parameters such as
the probe-to-substrate distance, the probe size (active and inactive part), and the spot size and shape.
This is fully justified in a context of performing the benchmarking of catalysts, which will be done in

future works.

Conclusion

Herein, we showed how steady state evaluation by RC-SECM for ORR detection in acidic conditions can
be achieved with gold probes and BDD substrates. The gold probe exhibited a remarkable current
stability, with variation values under 0.2 % variation per minute), further to a good sensitivity and a
detection threshold similar to that of the platinum probe. Similarly, we also demonstrated that BDD as
supporting substrate shows a very large inactivity window, up to -0.3 V vs SCE, with a submicrometric
roughness and a small long-distance non-planarity, thanks to the Si-wafer support underneath. The
same setup can also be considered for alkaline media investigations. This may be the basis of future

works. Furthermore, preparation of flat BDD substrates is also planned in the future.
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This paper demonstrates how a judicious choice of probe and substrate materials opens up improved
performances to achieve steady state measurements, in this case, for oxygen reduction reaction (ORR)
catalytic activity detection through the redox competition scanning electrochemical microscopy (RC-

SECM).

We show that the use of gold enhances the stability of the local oxygen concentration detection in
comparison to the regularly used platinum one. We evaluate boron doped diamond as an appealing

support substrate, that shows a low ORR activity, high stability and very good reusability.

Keywords

Boron doped diamond; Electrocatalysis; ORR; Redox competition mode; SECM
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