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Abstract: A new concept for the localized characterization of gas
evolving electrodes based on scanning electrochemical microscopy
(SECM) is suggested. It offers information about the spatial distribu-
tion of the predominant locations and dynamic characteristics of gas-
bubble departure which represent the most active catalytic sites. The
knowledge about gas-bubble departure is critical for the assessment
and development of new electrode materials for energy applications.

One of the promising approaches to enable the increasing use of
so-called renewable energy implies a wider application of electro-
chemical devices such as electrolyzers and fuel cells."” In general, in
fuel cells dielectric properties of gaseous O, and H, phases are of
less importance. In contrast, electrochemical production of H, and
O, from water often leads to a stochastic, periodic or permanent
blockage of the electrode surface with an insulating gas phase.’
Thus, to further improve the performance of many types of electro-
lyzers, it is not sufficient to just find improved electrocatalysts. In
addition, the morphology of the catalyst surface is critical; however,
its role is less investigated.* The impact of the morphology is related
to a peculiarity of electrochemical gas evolution, namely that the
formation and growth of the new gas phase occurs non-evenly at
specific sites across the surface, even if the catalyst loading is quasi-
uniform. In an ideal situation, the density of those specific “gas evol-
ving spots” (which are principally nucleation and growth sites for the
new phase) should be maximal, and the gas bubbles should leave the
surface quasi-periodically at the highest possible rate. The ability to
predict and design the properties of these active spots is limited and
a comprehensive characterization of surface distribution and local
properties of gas evolving sites is not available. A more detailed cha-
racterization of gas evolution processes is additionally of great im-
portance for the optimization of electrochemical Cl, production,
which consumes approximately 1% of the electrical energy used in
the world annually.’

Scanning electrochemical microscopy (SECM), e.g. using the
sample generation-tip collection mode (SG-TC), is straightforward
for acquiring detailed information about the properties and local
electrocatalytic activity of gas evolving electrodes.*® However, SG-
TC mode SECM enables monitoring of the local electrocatalytic
activity only at low current densities below gas bubble formation in
order to avoid blocking of the tip electrode surface. However, this
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may not be sufficient to evaluate the impact of gas-bubble formation,
growth and departure on the electrocatalytic properties of a catalyst.

In this work, we propose a concept for the characterization of
gas evolving electrodes implementing in addition the recently deve-
loped noise mode***% of SECM together with the SG-TC mode. In
a single area scan, not only information about the distribution of gas
evolving sites but also the mode of the gas bubble departure at each
site (e.g. periodic, quasi-periodic or stochastic) can be elucidated. It
is possible to determine the characteristic frequency (v) and the amp-
litude (o) of the current noise generated by the periodic gas evolution
and gas-bubble departure process. By multiplying these two parame-
ters, a new parameter p =v*a is suggested which is characteristic for
the periodicity of the local gas evolution process.

A four-electrode SECM system controlled by a bipotentiostat
with a Pt-disk microelectrode (@ = 25 um)’ as SECM tip was used.
All experimental details can be found in the supporting information.
RuO, as well as industrial O,-evolving electrodes were used as
model catalysts. All experiments were performed in air-saturated 0.1
M NaOH solution. An agar-based Ag/AgCl/3M KCl reference elec-
trode (RE; 0.209 V vs. normal hydrogen electrode; NHE)8 was fixed
at a horizontally constant distance of 2 mm to the SECM tip and
moved simultaneously. Thus, the probed distance between the tip
and the RE was constant during scanning. A Pt-wire was coiled
around the RE and was used as counter electrode (CE). The vertical
distance between the tip and the sample surface was controlled to be
10 pm, 20 pm, or 50 um using SECM approach curves.

Figure 1 shows a set of amplitude spectra obtained by fast Fou-
rier transformation (FFT) of the SECM tip current over time. The tip
current is due to O, reduction with the O, concentration in the gap
determined by the evolved O, at the sample surface. The image
shows O, evolution at a RuO, powder, which was pressed in the cir-
cular cavity of a recessed Au microelectrode’ with a diameter of
~100 pm. The datasets correspond to different potentials applied at
the O,-evolving electrode. Additionally, the locally evolved and
detached gas bubbles were video-monitored to further confirm the
characteristic frequencies of the gas bubble detachment as obtained
by FFT-spectra (see SI). Video-monitoring showed that about 58,
78, 96 and 100 bubbles were detached from the sample surface
during 60 s when Eg,np. was 0.640 V, 0.650 V, 0.675 V and 0.690
V, respectively. This corresponds to v ~ 0.97 Hz, ~1.3 Hz, ~1.6 Hz,
and ~1.67 Hz, respectively, and it is in perfect agreement with the
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characteristic frequency values obtained through the FFT-spectra
(Figure 1B-E). In contrast, at Egype =0.200 V, when no O, evolu-
tion reaction (OER) takes place at the sample, no pronounced peaks
were observed in the amplitude spectrum (Figure 1A). The localized
SECM tip current noise measurements at specific sites over the gas
evolving surface are able to detect bubble detachment and provide
information about the dynamics of this process. The appearance of
characteristic frequencies in the FFT-spectra may be due to periodic
changes of the resistance of a fraction of the electrolyte located bet-
ween the SECM tip and the RE caused by the insulating gas phase.
This change in the electrolyte resistance is described by the Brug-
geman equation: R=R.(1-¢)"*"*, where R, is the electrolyte resistance
in presence of the gas phase, R, is the electrolyte resistance without
the gas phase, and ¢ is the gas fraction. Once the tip potential is
constant any change in the electrolyte resistance results in a corres-
ponding fluctuation of the measured tip current. Alternatively, perio-
dic changes in the O, surface concentrations at the SECM tip due to
local convection effects in the electrolyte and local variations of the
level of supersaturation of the gas caused by the periodic bubble de-
tachment may account for the observed tip current fluctuations.
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Figure 1. FFT amplitude spectra extracted from the currents recorded at the SECM tip
(Eqip = -0.400 V, sufficiently cathodic for diffusion controlled reduction of O, produced
at the sample surface), while the sample was polarized at potentials as indicated. Note
the absence of any characteristic frequency when Egmp. = 0.200 V at which no O, is
evolved. The tip current was monitored with a sampling frequency of 1 kHz for 240 s.
Tip-to-sample distance: 50 pm. The smoothed dotted lines is a guide to eye.

In order to use the proposed noise analysis in microscopic inves-
tigations, i.e. for evaluation of the local performance of surface sites
of gas evolving electrodes, neither the characteristic frequency nor
the peak maxima in the FFT amplitude spectra are alone suitable to
provide information about the relative contribution of a specific spot
to the overall electrode performance. For instance, if only the fre-
quency v is selected for the visualization of the dynamic properties,
the microscopic v(x;y) images would not be sensitive to e.g. the dis-
tance between the SECM tip and O, evolving spots. Even small
peaks in the FFT-spectra corresponding to positions of the SECM tip
far from the site of gas bubble detachment would contribute equally
to the microscopic image. If only the amplitudes a of the peaks in
the FFT-spectra are selected, the dynamic properties of the revealed
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O, evolving areas become ambiguous. Two spectra with the same
amplitudes but different characteristic frequencies would contribute
to the resulting microscopic images of a(x;y) equally. The “ampli-
tude” refers to the variation of the tip current for the given
characteristic frequency and not to the magnitude of the faradaic
current. Therefore, both values, v and a should be simultaneously
taken into account. Multiplication of v and o leads to the new
parameter p =v*o which takes into account both criteria: the distance
to the gas evolving spot and its “power” (through the amplitude) as
well as the dynamic properties of the oxygen evolving site (the rate
at which the bubbles leave the electrode surface). A bigger or/and
faster bubble will in general refer to a higher value of p i.e. a more
pronounced contribution of the relevant surface area to the overall
catalyst activity (see SI for more information about p). Therefore,
p(x;y) helps in locating surface area where the change of the tip
current with time is maximal. a(x;y) and v(x;y) can be additionally
evaluated (see examples in SI).

Figure 2 describes the acquisition procedure leading to p(x:y)
images. Figure 2A shows the spatial distribution of the dominant
characteristic frequencies v(x;y) derived from the FFT-spectra at
each grid point during the area scan. As discussed above, even small
peaks in the FFT-spectra related to tip positions far from the active
area, contribute equally to the image. While a maximum background
frequency can be selected at which no characteristic peak is
observed, ambiguous values in the frequency map may be obtained
in some cases. One example is also given in Figure 2A where some
spots have rather high frequencies of up to ~4 Hz with small
corresponding amplitudes (Figure 2B). However, one can still
distinguish several truly “active” gas evolving areas (Figure 2A; e.g.
at x ~ 75 pum; y ~ 75 pm) which have simultaneously significant
amplitudes o(x;y) and characteristic frequencies v(x;y) (Figure 2A
and Figure 2B). Figure 2C shows the p(x;y) = v(x;y)-a(x;y) image,
which locates the most active gas evolving areas unequivocally at x
~75 pm; y ~ 75 um by simply multiplying v and a. This is seen as a
substantial improvement in comparison with previous work where
stationary electrodes and only the frequency (v) were used to charac-
terize gas evolving catalysts,**4

p (nA/s)
I 60

40

v(Hz) (B)

ama) (C)

0 50 100 150 200
X/ pm

0 50 100 150 200
X/ um

0 50 100 150 200
X/ pm

Figure 2. Spatial distributions of (A) the characteristic frequencies v(x;y) available from
the FFT-spectra, and (B) the corresponding amplitude map a(x;y). (C) shows the p(x;y)
= v(x;y)*a(x;y) image. White dotted lines indicate the approximate position of the
circular cavity filled with RuO; (Egmpe = 0.700 V, Ey, = -0.400 V, tip-to-sample
distance: 10 um, the tip current was monitored with a sampling frequency of 100 Hz for
60 s at each scanning grid point). The background in figure A formally starts from 0 Hz,
i.e. when no characteristic frequency is detected (see SI for details).

Figure 3 represents p(x;y) images obtained over the same sample
area together with the corresponding SECM images obtained using
the classic sample generation-tip collection (SG-TC) mode. In the
SG-TC mode the O, reduction current as measured at the SECM tip
is used as a measure for the activity of the local catalyst activity.
However, low values of the O, reduction current at the tip may be
not only due to a low concentration of dissolved O, between tip and
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sample (case 1) but also to a possible blockage of the sample surface
or the tip surface by gas bubbles (case 2) or the variation of the level
of supersaturation due to convective effects caused by detaching gas
bubbles (case 3). Therefore, the proposed visualization of local cata-
Iytic activity of gas evolving electrodes using the parameter p(x;y) as
shown in Figure 3 (top images) provides clearer information about
the location of the active areas as compared to the data acquired in
the classical SG-TC mode of SECM (bottom images). The parameter
p represents a measure of a “dynamicity” of specific domains at the
surface. The higher the characteristic frequency v and the higher the
corresponding amplitude o in the FFT-spectra, the more significant
is the relative contribution of the area to the overall catalytic activity
of the surface. In the resulting p(x;y) image, the contribution of
v(x;y) is mainly to reveal “dynamic” areas, while the main role of
a(x;y) is to accurately locate the “truly active spots”. The domains
with the main contribution to the overall activity are located within
the area filled with RuO, (bottom images). Moreover, the size of
these active areas (top images) is smaller than those revealed by
SECM in the SG-TC mode. The location of the areas with maximum
p(x;y) does not necessarily correspond to the highest SG-TC mode
tip currents. Evidently, if the SECM tip is positioned exactly over a
gas-evolving active area, the small gap between tip and sample is
immediately filled with gaseous O, thus reducing the electrolyte
contact between the SECM tip and the RE. This may also lead to
decreased oxygen-reduction currents at the SECM tip in the SG-TC
mode of SECM (more explanation with a schematic drawing is
presented in SI). Additionally, mainly convective phenomena caused
by the bubble departure or topographic restrictions may cause asym-
metries in the SG-TC SECM images (Figure 3, bottom line). In con-
trast, the frequency of gas-bubble departure and the amplitude in the
FFT spectra are maximal in this case.
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Figure 3. (A-C, top line) successive amplitude-by-frequency, p(x;y), images (left to
right, recorded every 80 min) and (A-C, bottom line) corresponding SECM images
recorded in SG-TC mode taken simultaneously over the same RuO, surface. White
dashed lines indicate the approximate position of the active areas (Esample = 0.700 V, E;p
= -0.400 V, tip-to-sample distance: 10 um, the tip current was monitored with a
sampling frequency of 100 Hz for 60 s at each scanning grid point). Pure RuO; is known
to be unstable under the selected experimental conditions; thus, the figures reveal
deactivation of the catalyst with time from A to C.

Figure 4 shows SECM images of the surface of a commercial di-
mensionally stable anode (DSA) using the SG-TC mode (Figure 4A)
and the noise mode with the corresponding amplitude-by-frequency,
p(x;y) images (Figure 4B). The SG-TC mode image identifies three
interesting domains designated as 1, 2 and 3 in the figure. The rela-
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tively small circular domains 1 and 2 appear as ‘“non-active”
exhibiting very low O, reduction currents at the tip which are even
below the background current defined by dissolved O,. In contrast,
the extended domain 3 in Figure 4A appears as “active”, with a
measured tip current which is significantly more negative than the
background current. The corresponding p(x;y) image (Figure 4B)
reveals that domain 1 is an active area demonstrating that the
dynamics of the gas bubble departure is efficiently removing
dissolved O,. Domain 2 also appears as active (Figure 4B) but its
contribution is significantly lower than that of domain 1. This
difference originates from the fact that the characteristic frequency
and the corresponding amplitude are lower for domain 2 (see SI).
Interestingly, domain 3 does not show any significant dynamicity.
We hypothesize that it is permanently blocked by gas bubble(s).
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Figure 4. Characterization of an industrial DSA anode under O, evolution conditions (Ej
=0.700 V, E;;, = -0.400 V, tip-to-sample distance: 20 um, the tip current was monitored
with a sampling frequency of 100 Hz for 60 s at each scanning grid point). (A) SG-TC
mode image and (B) corresponding amplitude-by-frequency, p(x;y), image of the same
electrode area.

In summary, we have demonstrated a novel concept for a de-
tailed SECM characterization of gas evolving electrodes based on
the combination of both the noise and SG-TC modes of SECM. An
objective mean of how to assess the dynamic properties of gas evol-
ving areas on catalyst surfaces is provided allowing distinguishing
areas at the surface of gas evolving electrodes, which primarily con-
tribute to the overall electrocatalytic activity in form of gas bubble
production. Moreover, this approach can be implemented for investi-
gating industrial gas evolving electrodes. Further elaboration of this
method, including improved temporal resolution for less stable elec-
trocatalysts, will provide a research tool for gaining improved under-
standing of how to design and optimize the electrode surface for
electrochemical gas production processes.
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