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Limiting Current Density of Oxygen Reduction under
Ultrathin Electrolyte Layers: From the Micrometer Range to

Monolayers

Xiankang Zhong,® Matthias Schulz (née Uebel),” Chun-Hung Wu,” Martin Rabe,"

Andreas Erbe,” and Michael Rohwerder*™®!

The oxygen reduction reaction (ORR) under ultrathin electrolyte
layers is a key reaction in many processes, from atmospheric
corrosion to energy conversion in fuel cells. However, the ORR
current under ultrathin electrolyte layers is difficult to measure
using conventional electrochemical methods. Hence, reliable
data are scarce for the micrometer range and totally missing for
the sub-micrometer range of the electrolyte layer thickness.
Here, we report a novel hydrogen-permeation-based approach

1. Introduction

From fuel cells to atmospheric corrosion, electrochemical
reactions underneath ultrathin electrolyte layers play an
important role in quite a number of technically highly relevant
processes. In fuel cells or electrolyzers, very high reaction rates
of reactive gases, such as, for example, the reduction of oxygen
in fuel cells, are the target; whereas, in atmospheric corrosion,
high reaction rates are undesired. In the latter, oxygen
reduction is often observed to determine the corrosion rates.'?
It is well known that initially with decreasing electrolyte layer
thickness the diffusion limited oxygen reduction rate will
increase proportionally to the inverse of the thickness."™ This is
also generally assumed to be the reason for the high reaction
rates achievable in fuel cells. The reaction interface e.g. in
proton exchange membrane fuel cells is the three-phase
boundary between the catalyst (and its support), the “liquid”/
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to measure the ORR current underneath thin and ultrathin
electrolyte layers. By using a Kelvin-probe-based measurement
of the potential, which results from dynamic equilibrium of
oxygen reduction and hydrogen oxidation, and the correspond-
ing hydrogen charging current density, the full current-
potential relationship can be constructed. The results shed a
new light on the nature of the limiting current density of ORR
underneath ultrathin layers of electrolyte.

polymer phase (water and/or ionomer) and the gaseous phase,
i.e. the reactive gas. The direct access of the reactive gas to the
catalyst allows very high geometric current densities in the
range of a few A/cm>® Such high current densities cannot be
provided by rotating disk electrodes (RDE), where the transport
of reactive gas to the catalyst is enhanced by the high rotation
speeds which lead to a shrinking of the depletion layer and
hence to a higher diffusion limited current density.”™

In aqueous electrolytes such as aqueous H,SO, or HCIO,, the
concentration and the diffusion coefficient of oxygen are both
quite low. Even at the rotation rate limit of 10000 rpm, the
limiting geometric current density for ORR is only about 14 mA/
cm?!' At such high rotation speeds the diffusion or depletion
layer thickness is in the range of a few micrometers."" These
restrictions could be overcome by performing a diffusion
correction based on the Koutecky-Levich (K-L) equation,?
which in principle provides a means for assessing ORR at higher
overpotentials where mass transport becomes an issue. Extrap-
olation of the kinetic current densities to potentials more
relevant for fuel cell systems, however, can be extremely
inaccurate, because of the possibility of potential-dependent
Tafel slopes. In literature, electrolyte-dependent ORR activities
are usually assigned to a site blocking mechanism. Hence, a
careful data analysis has to be carried out in order to ensure a
correct extrapolation, as was recently reported by Zana et al.”

Direct experimental access to such high kinetic current
densities as achieved in fuel cells would require thicknesses of
the depletion layer in the range of 100 nm or below. This is not
achievable for RDE, but shrinking the electrolyte layer thickness
is the idea behind the so called floating electrode concept that
allows reaching geometric current densities in the A/cm?
range,**? where the catalyst is deposited onto a thin porous
substrate that is floating on the electrolyte surface. The reactant
gas is provided from above. At the pores the catalyst, electro-
lyte and the gas phase form three-phase boundaries where fast
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access of protons as well as of oxygen is achieved."*' Closer to
the situation within a fuel cell is the so called gas diffusion
electrode approach, where instead of a porous substrate a
suitable membrane, such as a Nafion membrane is used, upon
which the catalyst layer and gas diffusion layer are placed.?***¥

However, from atmospheric corrosion it is well known that
below about 10-20 um the mass transport does not increase
anymore with further decreasing thickness of the electrolyte
layer. This is generally accepted to be due to the oxygen uptake
process, i.e. the dissolution of oxygen into the electrolyte
becomes rate controlling, leading to maximum current densities
for oxygen reduction in the range of a few mA/cm? once the
thickness gets below about 10 pm."™ This raises the question
how to explain the high current densities observed with
floating electrode set-ups, gas diffusion electrode or in fuel
cells. Although there the reactions take place at three phase
boundaries, i.e., underneath effective electrolyte layers with a
thickness well below 10 pm, where indeed fast transport is
ensured, an uptake determined limitation should also be
expected in these cases.

Until now, no reliable tool or method for measuring ORR
current densities under ultrathin electrolyte layers with a
thickness below the micrometer range has been reported.
Stratmann et al. built an electrochemical set-up based on a
Kelvin probe as reference electrode which allows the measure-
ment of polarization curves on metal surfaces which are
covered by electrolyte layers as thin as a few micrometers.”
Nishikata etal. managed to perform measurements with
electrolyte layers down into the 10 pm range by use of a special
electrode assembly.”” However, studies related to thinner layers
have not been reported yet.

Actually, it is extremely difficult to directly and reliably
measure the ORR current under such a thin electrolyte layer
using a conventional setup that usually includes a reference
electrode and a counter electrode, since the ionic path between
working electrode and counter electrode gets increasingly
interrupted with a decrease of electrolyte layer thickness as a
consequence of nearly unavoidable discontinuous distribution
of the electrolyte layer between working electrode and counter
electrode. Furthermore, large Ohmic drops between the
counter and the working electrode cause additional
problems.” Hence, the development of an approach which can
be used to measure ORR current under ultrathin electrolyte
layers would be of great importance.

In our previous work??” we developed a hydrogen
permeation based potentiometric approach that was success-
fully used to indirectly measure the ORR current in bulk solution
using a conventional reference system. Namely, the current-
potential relationship curve of oxygen reduction reaction on an
electrode surface can be constructed by measuring the
potential resulting from dynamic equilibrium of oxygen reduc-
tion and hydrogen oxidation and the corresponding hydrogen
charging current density at its backside. This approach was
demonstrated to work well for electrodes immersed into bulk
electrolytes. However, it was not yet applied for the measure-
ment of ORR currents under ultrathin electrolyte layers.

ChemeElectroChem 2021, 8,712-718 www.chemelectrochem.org

Here we report now the possibility, to use this hydrogen
permeation based potentiometric approach to study ORR under
ultrathin electrolyte layers from the micrometer range to
monolayers, by applying a Kelvin probe as reference electrode
instead of a conventional one. The application of Kelvin probes
as reference electrodes is contactless and hence can be used
even for measuring potentials underneath ultrathin electrolyte
layers, as introduced by Stratmann etal” and further also
discussed by Hausbrand etal.”® and Turcu etal.” For the
investigation of ORR underneath electrolyte layers in the
micrometer range, a thin and spread-out electrolyte droplet on
palladium was employed. At the edge of a thin droplet, the
electrolyte layer has a low thickness, which due to the high
Ohmic resistances in this ultra-low thickness range should
enable the measurement of the local ORR rate by measuring
the local dynamic steady state potential resulting from ORR and
hydrogen oxidation reaction (HOR). This is achieved by using a
Scanning Kelvin Probe (SKP) with sufficiently high resolution.
Furthermore, current densities of ORR under electrolyte films in
the monolayer range will also be reported, obtained by
exposing the Pd surface to oxygen containing atmospheres of
controlled humidity.

2. Results and Discussion

The developed set-up for the hydrogen permeation based
potentiometric approach is schematically illustrated in Figure 1
where the top (entry) side of sample is used for hydrogen
charging and the bottom (exit) side is for the measurement of
the equilibrium potential of hydrogen oxidation and oxygen
reduction underneath ultrathin electrolyte layers by Scanning
Kelvin Probe. The experimental details can be found in the
Supporting Information.

Figure 2 shows the thickness of the electrolyte layer at
different distances from the edge of a droplet of aqueous
saturated NaCl, the potentials obtained by SKP measured on its
surface and the corresponding current densities applied at the
entry side. The current density vs. potential curves deduced
from the hydrogen charging current density at the entry side
and the equilibrium potential at the exit side under the droplet
are shown in Figure 3. For all thicknesses, clearly two successive
current density plateaus can be seen: one plateau with the
current density around —12 pA/cm?, and another one with the
current density about —24 pA/cm?, as marked in Figure 3.

The observation of two plateaus, with the limiting current
density of the second plateau being about twice of the one of
the first plateau, indicates that for these experiments at lower
overpotentials a two-electron pathway and at higher over-
potentials a four-electron pathway prevail for the oxygen
reduction on Pd.**¥ Such observations are common and are
observed on a number of electrode materials and at different
pH, see literature.”*>" This is often explained by Yeager's theory
of the 2-electron pathway reduction to peroxide and the 4-
elecron pathway reduction to water.®® However, for instance
for catalysts in fuel cells only the four-electron pathway is
desirable, as it is the case e.g. on Pt catalysts, for which recent
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(b2)

Figure 1. Schematic diagram of the experimental setup a) front view: the
upper side is the hydrogen charging cell, as simply illustrated in (a,), in
which H* is electrochemically reduced to atomic H that can permeate
through the Pd membrane and finally reaches the exit side where it can
react with O,. a,) The enlarged view between hydrogen charging cell and
exit side of hydrogen. b) Lateral view: b,) the permeating H and the O,
uptake, and b,) enlarged view of the H exit side and the droplet. A droplet is
hanging down from the exit side surface. The number in the figure indicates:
1 - Counter electrode, 2 - Ar gas outlet, 3 — Ar gas inlet, 4 — Reference
electrode, 5 - SKP head, 6 - O ring, 7 - Pd membrane, 8 - Sample holder, 9 -
Droplet and 10 - SKP-tip.

works based on DFT suggest indeed a direct four electron
pathway.®**¥ The focus here is, however, on the limiting current
densities. It should be noted that the second plateau of limiting
current is incomplete because the potential is pinned as the
current density increases due to the formation of palladium
hydride (B-Pd—H), resulting in the constructed current density
vs. potential curves to show a sudden apparent steep increase
of cathodic current densities,” see shaded data in Figure 3.

The obtained limiting current densities do not show
significant differences for electrolyte thicknesses in the range
between about 0.1 um and 24 pm. It should be noted that the
height resolution of the SKP at the edge of the droplet is about
100 nm, i.e. “0 um” in Figure 3 indicates a thickness range
around or below 100 nm. The current density vs. potential
curves shift towards higher potentials with decreasing electro-
lyte thickness, especially when the thickness gets below the
10 um range. This is not understood yet.

ChemeElectroChem 2021, 8,712-718 www.chemelectrochem.org
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Figure 2. a) Height profile of the droplet (saturated NaCl) from the edge (left
side) toward the center (right side), measured by SKP. “0 pm” indicates a
thickness range around or below 100 nm since the height resolution of the
SKP at the edge of the droplet is about 100 nm. b) Potential distribution of
the sample surface from the vicinity to the center direction of the droplet.
The thickness of electrolyte layer at each point on the sample surface along
the X-axis can be deduced from this height profile curve.
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Figure 3. Current density vs. potential curves deduced from hydrogen
charging current at the entry side and equilibrium potential at the exit side
under a droplet. The electrolyte thicknesses are marked in Figure 2 with
dashed lines. Spline is used to connect the data for each thickness. The red
dotted lines indicate the current densities at the two current plateaus. The
shaded data do not show the correct current density-potential correlation as

the formation of palladium hydride pins the potential as the current
densities increase.

To verify the validity of the results obtained from the
hydrogen permeation based potentiometric approach, another
experiment was conducted using a more conventional three-
electrode set-up but with the reference electrode replaced by
an SKP (similar to Stratmann etal!) under the same test
conditions. Electrolyte layers with thicknesses of 26, 70 and
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4030 um were prepared (the experimental details can be found
in the Supporting Information).

The results obtained by using this more conventional set-up
are shown in Figure 4. It can be seen that the limiting current
density for oxygen reduction increases with the decreasing
thickness of electrolyte layer, see the marked current density
data (Figure 4a). This is in good agreement with the results
obtained by Stratmann et al.” and Nishikata et al..”’ Figure 4b
shows the comparison of results obtained from both ap-
proaches, in which the thickness of the electrolyte layer is very
close for both experiments. The 26 um are at the lower limit of
the thickness that we could reach with the more conventional
set-up. It is found that the limiting current regions for oxygen
reduction match very well (Figure 4b). Therefore, it can be
considered that the hydrogen permeation based potentiometric
approach is reliable to be used to measure ORR current
densities in ultrathin electrolyte layers.

Figures 3 and 4 show that the limiting current densities
within the 2-electron potential range are relatively similar for
electrolyte layer thicknesses below a few micrometers. For the
second plateau at more negative potentials this correlation is
more difficult to see, because of the formation of palladium
hydride (3-Pd—H) as mentioned above. This observed independ-
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Figure 4. a) The current density vs. potential curves obtained from conven-
tional two-electrode system and SKP as a reference electrode. The marked
current densities are used to indicate the two different current densities
plateaus and b) the comparison of current density vs. potential curves
obtained hydrogen permeation based potentiometric approach and conven-
tional two-electrode system coupled with SKP.
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ence of the limiting current density is in good agreement with
earlier reports that the oxygen uptake at the surface of the
electrolyte becomes rate determining once the thickness of the
electrolyte layer gets into the range of a few tens of micro-
meters and hence the current density is limited to a constant
value, even down to the range of a few micrometers.*!

Our results show that limiting current does not change even
when the thickness of the electrolyte layer goes well below the
micrometer range down to about 100 nm. No tendency for a
change in uptake kinetics can be observed, as can be seen
directly from the nearly identical current density vs. potential
curves for about 0.6 um electrolyte thickness and the one of the
about 100 nm thick electrolyte layer. This means that even an
electrolyte layer of only about 100 nm thickness would not
allow to achieve current densities for oxygen reduction of more
than about 2.5 mA/cm? (note that our results were obtained at
a partial pressure of 10 mbar oxygen, i.e. in order to compare
with 1 bar of oxygen atmosphere our current densities have to
be multiplied by 100, see Figure 3).

However, how is it then possible that e.g. by use of floating
electrodes orders of magnitude higher current densities are
reported,"” while here the uptake limitation is found even for
very thin electrolyte layers of down to 100 nm?

It is not surprising that even for ~100 nm electrolyte
thickness the uptake kinetics at the surface of the electrolyte is
the same as for an electrolyte layer of several micrometers or
even thicker, as the molecular structure is not expected to differ
much. However, this will change once the thickness of the
electrolyte layer gets even much thinner, into the range of a
few tens of nanometers or even below.

Experiments on such thin electrolyte layers are difficult to
perform, even with the approach presented here, because it is
difficult to control the thickness of the electrolyte layer in this
range. Hence, another approach was taken. The electrolyte layer
on a surface can be defined in the monolayer range just by
adjusting the humidity in the environment of that surface, see
ellipsometry data in Supporting Information (Figure S2). In
Figure 5, constructed Tafel plots derived from measurements
performed at 93% relative humidity (rh), at which about a
monolayer of electrolyte is formed, are shown (Figure S2). As
can be seen from the Tafel plots, there is no limiting current
density. A Tafel slope of about 60 mV/decade at low current
densities is found, for the higher current densities 120 mV/
decade, as is also reported for ORR on Pd in bulk electrolytes.""
For the lower oxygen partial pressures only the high current
density range was measured since low current densities are
prone to artefacts from contamination. As can be seen, the
current density at a given potential increases proportionally
with the oxygen partial pressure, again as also found for Pd
immersed in bulk electrolyte.*” For 1% oxygen content current
densities of up to 400 pA/cm’® were measured, which is hence
equivalent to up to 40 mA/cm? for humid oxygen at 1 bar O, (to
measure this directly for humid oxygen of 1 bar is not feasible,
as such high hydrogen charging from the backside was not
achievable; hence, the use of 10 mbar oxygen). This means that
for such monolayers there is no uptake limitation for oxygen.
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Figure 5. Current-potential correlation obtained on a polycrystalline palla-
dium sample exposed to different O, partial pressures environment at 93 %
r.h. Into the measured data straight lines indicating a Tafel slope of 60 mV/
decade at lower current densities and of 120 mV/decade at higher current
densities are drawn as dashed lines.

It is hypothesized that this increased accessibility of O, for
the case of monolayer covered metal is caused by a difference
in the structural dynamics of water at the water film / gas
interface. It is well established for a series of metals, semi-
conductors and insulators, both in simulation and vibrational
spectroscopic experiment®“® that strongly bound interfacial
water has a different coordination of the water molecule
compared to bulk water. Differences in water structure at the
surface were also found for solvated Pd.*® IR spectra of the OH
stretching modes e.g. in porous silica with different pore sizes
shows deviations from the bulk water spectrum up to 30 nm
pore diameter, indicating a long range coupling between water
molecules.”” Such long range coupling in bulk water is also
suggested by simulations and 2D IR experiments.***” The exact
water thickness value for the transition is beyond the scope of
the current work.

Our results strongly indicate that high current densities
achieved with a floating electrode or a diffusion cell approach
originate from the outermost perimeter of the three-phase
boundary zone, where the electrolyte layer is at most a few
nanometers thick.

3. Conclusions

In this study, the ORR current under ultrathin aqueous electro-
lyte layers from the micrometer range to monolayers was
successfully measured, using a hydrogen permeation based
potentiometric approach utilizing a Kelvin probe as reference
electrode. Through this approach, reliable current-potential
curves of ORR under ultrathin electrolyte layers can be
constructed by measuring the dynamic equilibrium potential of
oxygen reduction and hydrogen oxidation on the surface, and
the corresponding hydrogen charging current density at the
backside of the sample.

ChemeElectroChem 2021, 8,712-718 www.chemelectrochem.org

Under electrolyte layers of aqueous saturated NaCl in the
thickness range between 24 um and 0.1 pm, the limiting current
densities do not show significant differences. At 1 bar oxygen
partial pressure, the current densities in this thickness range are
limited to about 2.5 mA/cm” due to oxygen uptake limitation at
the surface of the electrolyte film. This value for the limiting
current density due to oxygen uptake limitation is in good
agreement with values reported in the literature, if the depend-
ence of oxygen solubility on electrolyte concentration is also
taken into account (see Stratmann et al”). While the inves-
tigations discussed here were carried out on aqueous saturated
NaCl electrolyte layers, uptake limitation has been, however,
also reported for chloride, perchlorate and sulphate containing
electrolytes of different concentrations and pH.***! Hence, we
are sure that our observations are not restricted to aqueous
saturated NaCl electrolyte and this limitation will also exist in
the case of other aqueous electrolyte compositions and
thicknesses down to the range of at least several tens of
nanometers, if not down to even just several nanometers. This
rate limitation breaks down for ultrathin electrolyte layers in the
monolayer range, enabling ORR current densities in the A/cm?
range. Obviously, the molecular structure of the electrolyte in
the outermost periphery of the three-phase boundary plays a
crucial role. Further research on this should provide new
important insights.

While oxygen uptake limitation is in principle well known in
corrosion science, in other fields of electrochemistry it is usually
not much discussed. For instance, in order to reach the targeted
high current densities as they occur in membrane electrode
assemblies (MEAs), different experimental approaches beyond
high speed rotating disk, are utilized, such as floating electrodes
and gas diffusion electrodes.>? The idea in these approaches
is that electrolyte just wets the catalyst layer so that the
reactant gas does not have to diffuse through bulk electrolyte
and thus diffusion limitation will be significantly reduced.
However, our results show that even for very thin electrolyte
layers wetting the surface, oxygen uptake limitation should
prevent the targeted high current densities unless they are in
the monolayer range or at most a few nanometers thick. Only
underneath such ultrathin layers ORR can reach the targeted
current densities. In floating electrode or diffusion electrode
experiments this are the regions at the outermost periphery of
the three-phase boundary region of aqueous electrolyte,
support/catalyst and gas phase.

Although recent simulation work on ORR at catalysts in gas
diffusion electrodes provides high current densities, being in
good agreement with experimental results, even when assum-
ing continuous thin electrolyte films in the range of 25-300 nm
covering the catalyst particles and without considering uptake
control,®" this does not contradict the results reported here. In
fact, for the same kind of electrode it was reported that the gas-
liquid interface is by far more complex than a homogenously
thin film, rather being characterized by a high density of micro-
droplets, as was revealed by operando X-Ray imaging.” Hence,
it is proposed here that also in that case the main O, uptake is
occurring exactly in the ultrathin boundary regions of these
droplets.
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Most likely also regions which are not in direct contact with
the three-phase boundary region but which are also not too far
away and connected to the electrolyte layer by the ionomer
networks, which in a MEA are providing the proton transport,
are playing a crucial role. The oxygen uptake at the surface of
ionomer layers is also known to show a limitation, but it is by
far not as severe as it is at the surface of aqueous electrolyte.*
Thin water layers are by far more critical, as they result in nearly
three orders of magnitude lower oxygen uptake rates. Never-
theless, the development of ionomers which are more perme-
able for oxygen and also have improved oxygen uptake is still
an important topic of current research.®

Maybe the most fascinating result of this work is that the
electrochemical oxygen reduction reaction on the surface of
palladium just covered by one to two monolayers of water, is in
principle the same as on an electrode immersed in acidic bulk
electrolyte, just without the mass transport limitation for
oxygen. Because for an electrode immersed in electrolyte the
double layer is more extended, this directly raises questions
about the structure of the electrochemical double layer, which
is here confined to just one or two monolayers with protons as
counter ions, and how this determines the reaction kinetics.
Further research in our group will concentrate on this object.
From a more practical perspective, this indicates that “bare”
catalyst particles, which are just covered by adsorbed water in
the monolayer range, can be electrochemically active and can
provide ORR at high rates. For ORR on a “bare” catalyst particle
in a MEA, protons have to be delivered from the ionomer in the
vicinity. It is reported that proton transport can readily occur on
the surface of the metallic catalyst, e.g. for Pt via Pt-OH or
Pt—H.5>>7 Thus, as supported by our results, catalysts not
covered by ionomer may play an important role in the overall
ORR activity of the MEA. This is in agreement with recent works
where it is reported that catalyst particles located in small pores
inside porous carbon and which are thus close to but not in
direct contact with ionomer, show high electrochemical activity
for ORR at high current densities,”” compared to catalyst
covered by ionomer where the interaction with the ionomer is
observed to result in decreased catalytic activity.*” Although it
is suggested by some authors®® that a direct correlation of the
3D ionomer layer structure to the electrochemical response of
the electrode can be made, our results show that the
distribution of the “bare” catalyst particles at least in the vicinity
of the ionomer also have to be taken into account.

Hence, our findings provide new insights concerning the
origin of the high current densities achieved for ORR in fuel
cells, diffusion electrode or floating electrode experiments and
shed new light on the nature of the three-phase boundary
zone.

Furthermore, the results reported here should be of
importance for obtaining a better understanding also of
atmospheric corrosion. For instance, besides the cathodic
activity in micro-droplets that are forming around the larger
primary droplets,”® it might be also important to consider the
activity in the seemingly inactive area between them, which is
just covered by ultrathin electrolyte layers in the monolayer
range.

ChemeElectroChem 2021, 8,712-718 www.chemelectrochem.org

Finally, we point out that the approach presented here may
find application also for studies on other electrode materials
and of other cathodic reactions than palladium and oxygen
reduction. The method just requires that a hydrogen loading
from the backside of the sample is possible and that hydrogen
permeation to the surface is not blocked. This could be
achieved in a first step with thin layers of the materials of
interest to be deposited onto a Pd membrane. If the layers are
thin enough, then even for materials with low H permeation
high enough hydrogen permeation rates can be achieved. But
even more challenging applications seem possible. For instance,
individual nanoscopic particles of catalyst could be deposited
on a Pd membrane and laterally resolved studies could be
carried out by using an AFM based Kelvin probe approach
(Scanning Kelvin Probe Microscopy, SKPFM). However, this will
require intense further research. In fact, there are a number of
possible applications thinkable, many of which are not address-
able by other approaches. But it has to be pointed out, that this
is not a standard technique that can be easily and directly
applied on different systems. It is rather an experimental tool
that needs to be adjusted to the system to be addressed.
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