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Abstract: In this article an overview of our research in the field of nanoelectrocatalysis, in particular electrocata-
lytic energy conversion, is presented. Our research comprises the areas of catalyst preparation as well as per-
formance evaluation of model and applied electrocatalysts with respect to activity, selectivity, and stability. Our
aim is to understand the fundamental properties that determine the performance of electrocatalysts for particular
processes and to build a bridge between fundamental research and realistic applications. In our research we
prepare catalyst materials, study the interface between the catalyst and the electrochemical environment, i.e.
the solid-liquid interface, and perform kinetic measurements. Furthermore, such research relies to a large extent
on material characterization techniques as well as the development and application of advanced experimental

setups.
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1. Introduction

Our research focuses on electrocata-
Iytic energy conversion, i.e. the conversion
of energy stored in chemical bonds into
electricity as well as the reverse process,
the conversion of electricity into chemi-
cals. These chemicals might serve as fuels
(energy carriers) but can also be high value
chemicals. The motivation of such research
is strongly connected to the concept of sus-
tainable chemistry. Today most chemicals
and fuels are derived from fossil resources,
which are limited. Moreover, their ongoing
recovery and consumption leads to signifi-
cant ecological challenges. Therefore, fos-
sil resources must be stepwise replaced by
sustainable sources such as biomass, wind,
and solar power. The latter two are inter-
mittent energy sources that ‘produce’ elec-
tricity. To align energy ‘production’ from
these intermittent energy sources and the
demand from the user, we need processes
that can store electricity, processes that
convert stored electricity back to electric
power, but also processes that convert elec-
tricity into chemicals using abundant feed-
stocks. In all these processes catalysts, in

particular electrocatalysts, play a key role.
By offering alternative reaction pathways
of reduced energy barrier (see scheme in
Fig. 1), catalysts enhance the reaction rate,
control the selectivity and thus render pro-
cesses more efficient.

In our research we try to understand
such energy conversion processes and to
develop materials that help to facilitate
them. Our vision thereby is to bridge the
gap between fundamental and applied
research. Therefore, we conduct stud-
ies on so-called model catalysts as well
as industrial type catalysts. This research
is interdisciplinary combining aspects of
chemistry, surface science, and spectros-
copy, but also engineering. The basis for
developing improved catalyst materials is
a sound concept for catalyst preparation.
‘We concentrate on two approaches, one to
develop supported high surface area cata-
lysts; an approach we dubbed the tool-box
approach to highlight the idea to system-
atically control the individual catalyst pa-
rameters independent of each other. The
second approach is to prepare support-
free, nanoporous metal networks, which
combines bulk-like properties with high
surface area and therefore is suitable for
precious metals as well.

The basis for understanding catalytic
processes are advanced experimental tech-
niques and protocols. These include in situ
and online methodologies such as differ-
ential electrochemical mass spectrometry
(DEMS), Fourier-transform infrared spec-
troscopy (FTIR) and X-ray absorption
spectroscopy (XAS); but also the design
of electrochemical cells with improved
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mass transport and experimental protocols
to follow catalyst degradation or to better
probe the solid-liquid interface. Our gen-
eral research strategy is not to concentrate
on a single investigation method, but to
combine the results of as many techniques
as possible and to develop and improve
techniques based on specific requirements.
Last but not least, combining experimental
work with computational simulations is a
fruitful combination, which we pursue in
collaborative work.

In the following, we first introduce our
concept for catalyst preparation. In the
next chapter, we introduce some experi-
mental techniques and protocols our group
made significant contributions to develop,
followed by case examples of our research.

2. Catalyst Preparation

In heterogeneous catalysis, tailor-made
catalysts are often referred to. The idea is
that catalysts are designed according to
specific, known design parameters that
guarantee an optimized performance for a
specific application. General design strate-
gies have been derived from surface sci-
ence and studies on so-called model cata-
lysts, i.e. catalysts that have very defined
properties, but cannot be applied in a tech-
nical process. These studies significantly
improved our general knowledge in struc-
ture—function relationships of catalysts.
Nevertheless, there is a gap between this
general knowledge and how catalysts are
developed in industry. In industry catalyst
screening-based approaches are still com-
mon and often the most efficient way to op-
timize a catalyst. A famous example from
the past in this regard was the Haber-Bosch
process of ammonia production, which
had been applied for several decades be-
fore resolving the reaction mechanism.!!
In part, this gap between application and
understanding!?! is due to the tremendous
complexity of catalytic processes. In part
however, this is also due to a lack of suit-
able preparation strategies that can use the

knowledge we have to synthesize applied
catalysts according to specific design crite-
ria. Standard catalyst preparation protocols
do not allow for adjusting independently
important catalyst properties. This and the
fact that catalysts change during operation,
and as a consequence what is characterized
after catalyst preparation is rather a precur-
sor than the active catalyst, inhibit a true
materials-by-design approach. Preparing
catalysts is therefore often referred to as
a ‘black art’.’l These limitations in cata-
lyst preparation are not only unsatisfac-
tory from an applied point of view, but
even more so from a scientific point view.
Scientific research requires designing ex-
periments where only a single, but not
multiple, parameters are changed at once
to support or disprove a hypothesis. This
fundamental concept of scientific work is
surprisingly often ignored in academic ca-
talysis research.

In the following, our approach of a tai-
lored catalyst preparation for systematic
studies is discussed. The change of cata-
lysts during operation is addressed in later
sections. One can classify catalysts into
supported high surface area and bulk-type
catalysts. Supported high surface area cat-
alysts consist of a highly dispersed active
phase and a support material. Supported
high surface area catalysts are in general
used if the active catalyst material is ex-
pensive, e.g. if it consists of precious group
metals (PGMs). A typical example are Pt
and Pt-alloy nanoparticles supported on a
high surface area carbon, see below. Bulk-
type catalysts are unsupported and are
more common for processes where the ac-
tive catalyst material is neither rare nor ex-
pensive. The best known example of a bulk
catalyst is Raney nickel, which is skeletal
nickel derived from a nickel-aluminum al-
loy by de-alloying.!l

First, we discuss our concept for the
preparation of supported catalysts for sys-
tematic studies, then support-free, nano-
porous metal networks are introduced as a
concept for bulk-type catalysts consisting
of PGMs.

2.1 Colloidal Tool-box Synthesis
of Supported High Surface Area
Catalysts

An example for supported high surface
area catalysts are state-of-the-art proton
exchange membrane fuel cell (PEMFC)
catalysts. They consist of an active phase
of Pt or Pt-alloy nanoparticles that are dis-
tributed over a high surface area carbon
support. The active nanoparticles catalyze
the reactions (oxygen reduction on the
cathode and hydrogen oxidation on the
anode), whilst the carbon support not only
keeps the active phase dispersed, it also
conducts the involved electrons and guar-
antees sufficient reactant transport. From
a simplified point of view only the cata-
lyst performance (activity, selectivity, and
stability) and the material costs (mainly
the precious metal content) are important.
For the catalyst activity, this property is
expressed by the mass activity. However,
manufacturing cost, material abundance
(related to the cost), and reproducibility in
the preparation method are important con-
siderations as well if a catalyst is to be used
in an industrial process. From a scientific
viewpoint, it is also essential to be able
to conduct systematic investigations with
full control over the catalyst properties to
optimize a catalyst, but also to discover
phenomena and mechanistic aspects. In an
example introduced below concerning the
particle size effect of the oxygen reduction
reaction (ORR) usually several parameters
are varied at once (in particular particle
size and interparticle distance) thus inhib-
iting to address observed effects to a single
catalyst property.

Industrial synthesis methods for elec-
trocatalysts are based on impregnation and
incipient wetness techniques to cover the
support with the metal salt precursor, fol-
lowed by calcination and reduction treat-
ments that lead to the formation of the ac-
tive phase in form of nanoparticles.! These
methods allow large-scale production, but
they lack the possibility to change indi-
vidual catalyst properties independently,
e.g. particle size and metal loading cannot
be varied independent of each other. The
main reason for these limitations in cata-
lyst preparation is that the active phase is
directly formed on the carbon support. As
a result, the formation of the active phase
depends strongly on the support properties.
Posttreatment may not only influence the
active phase but also the support. Finally,
the accessibility of the active phase for the
reactants might be limited. Due to capil-
lary forces particles might be formed in
small pores, which inhibits reactant mass
transport. (6]

Natural science is an empirical sci-
ence. Hypotheses generally start with phe-
nomenological discoveries. An important
aspect in this regard is to test hypotheses
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in a suitable manner. Often this is limit-
ed not only by the available investigation
techniques, but also by catalyst prepara-
tion. As outlined above, we aim to perform
hypothesis-driven research. In order to be
able to test certain hypotheses, in recent
years our research group developed, in
collaboration with University of Bremen,
a colloidal tool-box synthesis platform for
electrocatalysts that provides high control
and flexibility over the individual catalyst
parameters.!”l The ‘tool-box’ synthesis ap-
proach is based on a two-step preparation
protocol. First, colloidal nanoparticles of
well-defined size and composition are pre-
pared, which in a second step are deposited
onto a support. This approach disentangles
the formation of the active phase from the
specific support material and type. The
benefits are that parameters like particle
size, particle composition, and particle
loading (on support) can be optimized/
varied independent of each other and inde-
pendent of the support type. Furthermore,
nanoparticles inside inaccessible pores of
the support can be avoided and no post-
treatment is needed that may irreversibly
alter the support properties.

For the preparation of colloidal
nanoparticles, we adopted the alkaline
polyol approach presented by Wang et
al.81 The method uses alkaline ethylene
glycol (EG) as solvent and reducing agent,
whereas the OH™ is needed for obtaining
stable colloids.®] In contrast to the major-
ity of colloidal syntheses approaches no ad-
ditional surfactants, ligands, or stabilizing
agents such as polyvinylpyrrolidone (PVP)
are needed. Therefore, Wang et al. referred
to these colloidal nanoparticles as ‘unpro-
tected’.l101 As this term might be mislead-
ing, in the following we address these col-
loids as ‘surfactant-free’, fully being aware
that their surface is actually covered by
species protecting them from sintering.[®-11]
In our work concerning the colloidal sta-
bility of nanoparticles prepared by the
alkaline EG approach, it could be shown
that the nanoparticles are mainly protected
by OH™ and CO groups, which both can
be removed easily by washing with H,O
without irreversibly affecting the nanopar-
ticles.[>-112.121 Alternatively, ligands can be
bound to these nanoparticles while the par-
ticle size is maintained.[8131 This allows for
systematic investigations concerning the
effect of ligands on the catalytic proper-
ties of nanoparticles which can even lead
to promoting effects as demonstrated by
the above described strategy.l'4! In general,
however, ligands inhibit catalytic processes
as they block surface atoms and hence need
to be removed prior to any application. This
is in particular the case for strongly bind-
ing ligands such as PVP, which ensure very
good colloidal stability against agglomera-
tion or sintering, but at the cost of influenc-

ing catalytic reactions in an unknown man-
ner. Therefore, they need to be removed
from the catalyst surface, e.g. by ozone
treatment before the catalytic measure-
ments.[!5] Nevertheless even by such harsh
treatments protecting surfactants are not
completely removed, leading to undesired
changes in the catalytic properties and/or
loss in surface area, as well as alteration of
the support properties.!6]

The basic synthesis scheme for prepar-
ing supported catalysts from ‘surfactant-
free’ colloids is sketched in Fig. 2. Preparing
metal nanoparticles in alkaline EG synthe-
sis using a microwave reactor allows very
high reproducibility and reduces the time to
prepare a stable colloidal nanoparticle sus-
pension to just a few minutes.[’>17] Within
a day, literally dozens of different colloid
samples can be produced. To prepare a sup-

ported catalyst, the nanoparticles need to be
precipitated with HCI (often referred to as
‘washing’), redispersed in an organic sol-
vent with a low boiling point (e.g. acetone)
from which they can be deposited onto sup-
port by simply drying. These procedures,
i.e. the colloidal Pt nanoparticle prepara-
tion and supporting step are described in
detail in a recent open access tutorialll7a]
and thus will not be described here further.
It is always accompanied by a proper char-
acterization of obtained catalyst samples,
e.g. by transmission electron microscopy
(TEM) and/or small angle X-ray scattering
(SAXS). Furthermore, the obtained metal
loading on the support needs to be deter-
mined by complete digestion in aqua regia
and inductively coupled plasma mass spec-
trometry (ICP-MS) or thermogravimetric
analysis (TGA).

1. NP synthesis
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X-rays

>

2. Catalyst formation

Thermal treatment =
Room conditions
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Fig. 2. Sketch of the
tool-box approach
based on the colloidal
synthesis of precious
metal nanoparticles
in alkaline ethylene
glycol.
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In previous studies, the ‘tool-box’
approach was used to study the particle
proximity effect on the ORR as well as the
influence on the Pt loading and support
type on the stability of PEMFC catalysts,
see below. More recently, we significantly
improved the general synthesis approach
by replacing EG. The use of EG as sol-
vent requires its removal by a precipitation
step with 1 M HCI, as already described
in the original work by Wang et al.,[8! be-
fore redispersion of the nanoparticles and
their deposition onto a support material. As
chlorides are a severe catalyst poison, this
step is not uncritical. Investigating small
amounts of catalyst, the chlorides can be
removed by washing the catalyst powder
in deionized (DI) water. Followed by a pH
adjustment of the catalyst ink, highly per-
forming catalyst layers can be produced.!'8]
In addition, we investigated different
alternatives to HCIl, with some promis-
ing results. Nevertheless, all these steps
increase the amount of waste produced
in the catalyst preparation, which dimin-
ishes its potential for production at larger
scale. Therefore, we intensively searched
for strategies to prepare colloidal nanopar-
ticles without the use of surfactants that
in contrast to the alkaline EG method ex-
hibit chemical properties that allow for
completely avoiding any precipitation and
post-synthetic treatments to prepare sup-
ported catalysts. We successfully achieved
a synthesis approach for nanoparticles in
low boiling point solvents such as metha-
nol or ethanol without the use of surfac-
tants like polymers.l'®! Particle size and
composition can be tuned by adjusting the
synthesis conditions. Colloids synthesized
by our low boiling point solvent approach
can be mixed with the support and then be
deposited by simple drying. Thus obtained
catalysts can be washed, preferably with
protic solutions that may be organic (e.g.
trifluoroacetic acid, formic acid, acetic
acid, etc.) or aqueous solutions (HNO,,
H,SO,, H,PO,, oxalic acid, etc.) to re-
move synthetic residues. Unlike catalysts
prepared by other approaches, no further
post-synthetic steps are needed to activate
these nanoparticles.

2.2 Support-free, Nanoporous Metal
Networks

As discussed above, supported high
surface area catalysts are commonly used
in cases where the active material is rare
and expensive. How effective the material
is used is displayed in the electrochemi-
cally accessible surface area (ECSA). The
ECSA strongly depends on the particle
size. For Pt-based PEMFC catalysts val-
ues range from 140 m*> g,~' down to less
than 40 m*> g,-'. Maximizing the ECSA
might negatively affect the catalyst stabil-
ity as small nanoparticles are less stable

than larger ones. In addition, for supported
high surface area catalysts, support cor-
rosion needs to be considered; especially
in case of carbon supports which have a
very limited stability (potential) window
and are only kinetically stable at applied
conditions.

Therefore, several approaches have
been presented to avoid the use of carbon
supports for electrocatalysts that experi-
ence high potentials under operation, e.g.
ORR catalysts. 3M demonstrated nano-
structured thin film (NSTF) ORR cata-
lysts, where the carbon support has been
replaced by a non-conducting inorganic
dye (perylene red whiskers).[201 The ad-
vantages are high specific activities (SA)
and good degradation resistance, however,
at the expense of the ECSA. For NSTF
PEMFC catalysts ECSA values below
10 m* g, are reported.l?!l Another ex-
ample of unsupported ORR catalysts are
Pt-alloy aerogels, which can achieve con-
siderably higher ECSA values (ca. 30 m?
g, '122), while maintaining improvements
in SA and durability.

In collaboration with the Leibniz Insti-
tute for Plasma Science and Technology
(INP), we developed an alternative ap-
proach of support-free, nanoporous thin
metal networks, see Fig. 3. The basic idea
is to use alternating magnetron sputter-
ing of layers of a noble metal, e.g. Pt for
PEMEFC applications, and a second, less
(non) noble component, e.g. Co or Cu, to
create a mixed metal film. The non-noble
component thereby is sputtered at large
excess, e.g. in the case of Pt and Co ratios
of 1:6 up to 1:14 were applied. The sub-
strate may be a glassy carbon (GC) elec-
trode for measurements in electrochemical
half-cells, or directly a gas diffusion layer
(GDL) such as applied in fuel cell systems.
If beneficial for alloying, a subsequent heat
treatment can be applied. In the next step,
the non-noble component can be leached
out of the metal film by a simple acid treat-
ment. This step can be done with or without
potential control. Leaching out the excess

non-noble component a nanoporous metal
network is created that combines the favor-
able properties of bulk-type catalysts with
exceptional high surface areas. Studies to
apply Pt-based nanoporous networks as
PEMEFC catalysts are currently in progress,
however, such nanoporous metal networks
can be applied in other areas as well.

3. Method Developments

Equally important as catalyst prepa-
ration are suitable experimental methods
and protocols for evaluating catalyst per-
formance. In this regard in sifu and online
methods are of particular importance for
our research. Also, automation of electro-
chemical measurements and the coupling
of different devices via LabView was a
cornerstone of our work that eventually
led to the founding of the spin-off compa-
ny NordicElectrochemistry.[?3] The basic
principles of in situ methods can be found
in many advanced textbooks, therefore
in the following only those methods and
procedures are introduced and discussed,
where our research group made significant
contributions to their development.

3.1 Identical-location Microscopy
for Studying Catalyst Degradation
The stability of a catalyst is of crucial
importance for its applicability. Even high-
ly active catalysts cannot be used if they
do not exhibit sufficient lifetime. There are
different approaches to investigate catalyst
stability. Probing the activity of a catalyst
upon specific accelerated degradation tests
(ADTs) provides information if a catalyst
is stable or not under these specific condi-
tions. Often such measurements are used
to ‘prove’ that a catalyst indeed is stable,
while conditions where the catalyst is in-
stable are avoided. Such studies do not pro-
vide any scientific insight into the ‘mecha-
nistics’ of degradation processes. Thus, the
acquired knowledge is limited and does not
promote the development of catalysts with
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improved properties. Further, the informa-
tion is limited to specific reaction condi-
tions. This is meaningful if it should be
decided which catalyst is most suitable for
a very specific, defined process. In electro-
catalytic processes, however, the reaction
conditions are often not (yet) completely
defined and it is essential to investigate how
the catalyst reacts to different experimen-
tal protocols, i.e. where the ‘boundaries’
of stability are. No catalyst is stable under
all conditions. From a scientific point of
view it is of fundamental importance to un-
derstand specific degradation mechanisms
and how they depend on specific operation
conditions. For this electrocatalysts need
to be exposed to conditions where perfor-
mance degradation is observed.

In studies of supported high surface
area catalysts, transmission electron mi-
croscopy (TEM) is a popular method.
Establishing particle size histograms of the
catalyst before and after a treating the cat-
alyst with ADTs in principle can provide
insights which characteristic degradation
mechanism is predominant, i.e. particle
migration and coalescence, metal dissolu-
tion, (electrochemical) Ostwald ripening,
or particle detachment, see also below.
However, these studies are limited by the
fact that supported high surface area cata-
lysts are in general quite inhomogeneous
and TEM studies are always selective, even
if different areas of the catalyst are investi-
gated. We introduced the identical-location
(IL) electron microscopy concept to allevi-
ate these limitations in TEM degradation
studies, see scheme in Fig. 4.1241 The basic
idea is to attach a thin film of high surface
area catalyst onto a so-called TEM-finder
grid, which then is used as a working elec-
trode in ADTs. Probing identical locations
of the catalyst layer before and after the
ADT, the degradation mechanism can be
followed on a selected number of individ-
ual particles. This technique significantly
improves our understanding of degradation
mechanisms and has been widely adopted
and developed further for applications in
electro- and gas-phase catalysis by many
other research groups.?3 In examples from
our group, with the help of IL-TEM it
could be shown that for a specific catalyst
and treatment particle detachment was the
main degradation channel,/?#2] or that the
treatment of a carbon support led to a sig-
nificantly reduced loss mechanism, while
not avoiding particle coalescence, see also
below.[24¢]

3.2 In situ FTIR Spectroscopy for
Electrocatalytic Studies
Fourier-transform infrared spectros-
copy (FT-IRS) is an effective tool to in-
vestigate the behavior of molecules at the
solid—liquid interface. The molecules of
interest can be reactants and intermediates,

Sample preparation TEM analysis

Fig. 4. Sketch of the
IL-TEM concept for
probing identical par-
ticles before and after
degradation tests.

Stress testin
electrochemical cell

but also so-called spectator species from
the electrolyte. The combination of IRS
with electrochemical control poses some
challenges, in particular when working
with aqueous-based electrolytes, which
exhibit high IR absorption. There are two
main experimental configurations for the
coupling of IRS to electrochemistry, i.e.
infrared reflection absorption spectros-
copy (IRAS) and the attenuated total re-
flection (ATR) configuration. The IRAS
configuration is suitable when working
with reflective electrode materials, but it
has the inherent disadvantage that a con-
fined space between a IR transparent prism
and the working electrode is created that
strongly inhibits any mass transport to the
electrode surface. IRAS is therefore most
suitable for the investigation of anion ad-
sorption(20l or processes, where a change
of a pre-adsorbed layer of molecules is
detected on the electrode such as in CO
oxidation studies.[27!

In the ATR configuration the working
electrode is directly attached to an ATR
prism and therefore the electrolyte above
the electrode is fully accessible. Molecular
vibrations are detected via the so-called
evanescent wave ‘leaking’ into the solid—
liquid interface. Therefore, the method is
much more flexible for investigating dy-
namic changes at the solid—liquid interface
than IRAS. Electrochemically coupled
ATR-FTIRS is also known under the name
surface-enhanced infrared absorption
spectroscopy (SEIRAS). The method has
been developed by Osawa.[281 Our contri-
bution to this field is the further develop-
ment by coupling ATR-FTIR to an electro-
chemical flow cell®! as well as introduc-
ing a ‘finger-type’ electrode that allows
the study of supported high surface area
catalysts.[301 The coupling to an electro-
chemical flow cell was an important step to
investigate the influence of anions on cata-
Iytic reactions such as the ORR. In previ-
ous investigations, the results from kinetic
measurements were always compared to
anion adsorption investigations performed
on different electrodes in different electro-
chemical cells. This significantly limits the
validity of the measurements as compared
to the case where the reaction kinetics and
the FTIR spectra are recorded simultane-
ously. The main experimental difficulty

in our development was to obtain stable
electrode layers onto an ATR prism, which
can consist of silicon, germanium or zinc
selenide. Poor adhesion of the electrode
layers on the ATR prism has been reported
in static cells.311 However, adhesion is es-
pecially challenging for the coupling with
flow cells where electrolyte convection
induces strong friction often leading to a
lifting of the electrode layer on the prism.
The use of adhesion layers of chromium or
titanium followed by an ‘activation treat-
ment’ has been reported in literature, but
we could show that these layers render the
electrode layer non-transparent for the IR
beam.[?%:301 Modifying the ATR prism with
a Cr-Au layer in a ‘finger’ pattern provided
a clever solution to the problem. The Cr
adhesion layer fixed the gold layer, which
is also used for electrical contact, strongly
to the ATR prism. The patterned electrode
can be spray-coated with any high sur-
face area catalyst; the space between the
‘fingers’ is large enough for the IR beam
to penetrate the catalyst layers and at the
same time allows electrochemical contact
to the gold layer (see Fig. 5). As the Cr-
Au is non-transparent for the IR beam, no
information from the interface with the
Au layer disturbs the analysis. Thus high
surface area catalysts can be investigated
in an ATR configuration coupled to a flow
cell setup.B30

3.3 Experimental Setups for Im-
proved Mass Transport

The standard method for examining the
kinetic reaction rate of an electrocatalyst
are thin-film rotating disk electrode (TF-
RDE) measurements.[32] The method was
derived from RDE measurements using
flat, bulk metal disk electrodes. Inserting
the disk electrode into a tip of inert mate-
rial, e.g. polytetrafluoroethylene (Teflon),
and rotating the electrode around its own
axis, allows a homogeneous and controlled
mass flow of the reactants (dissolved) in
the electrolyte to the electrode surface.
From hydrodynamic equations, the mea-
sured current density (reaction rate) can
be divided into a kinetic and a mass trans-
port term. In the TF version of the RDE
methodology, the disk electrode is an inert
glassy carbon (GC) electrode covered by
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Fig. 5. Application of the finger-type electrode for simultaneously recording electrochemical polar-
ization curves and in situ FTIR spectra. Figure reproduced with permission of Wiley-VCH.B

a very thin film of supported high surface
area catalyst.

The TF-RDE method is extensively
used to determine catalyst activities, which
can be expressed as the reaction rate at a
certain electrode potential normalized to
the electrochemical surface area (specific
activity; SA) or the precious metal mass
(mass activity; MA), respectively. The
method is fast and requires only small
amounts of catalyst material as well as
standard experimental setups. It is there-
fore used for fundamental investigations
as well as screening type evaluations of
different catalysts; most of them related to
fuel cells. The two main drawbacks of the
TF-RDE method, however, are that i) the
determined activities significantly depend
on the film homogeneity and although
the measurements are easy to perform, it
requires experience to obtain meaningful
data; that ii) due to limited mass transport
the obtained reaction rates — and thus the
accessible potential window where ki-
netic data can be extracted — are limited.
Concerning the first drawback, in recent
years significant efforts have been spent to
develop reliable protocols and best prac-
tice guides,33 which helped to consider-
ably improve the reliability of TF-RDE re-
sults. However, mass transport limitation
is intrinsic as many reactants of interest
(e.g. oxygen) are gaseous and need to be
dissolved in the electrolyte, which is lim-
ited by their solubility in the electrolyte.
As consequence, kinetic activities are in
general determined at different potentials
(typically 0.9V for the ORR) from what
is applied in real systems. In other words,
the kinetic ORR activity determined for a
fuel cell catalyst is in the range of around
4-5 mA cm’zgeo, whereas hydrogen fuel

cells are operated at > 1 A cm,  (geomet-
ric, not kinetic current densities are given).

In our group two approaches are pur-
sued to increase mass transport, i.e. pres-
surized34 electrochemical RDE cells and
gas diffusion electrodes (GDE), see Fig.
6.1351 Pressurized electrochemical cells can
also be operated at higher temperatures (>
100 °C) and enable a range of investiga-
tions that are difficult to conduct in other
setups.3¢ In combination with high tem-
perature, the experiments become time
consuming and elaborate, thus limiting
its applicability for experiments requir-
ing high throughput of different catalyst
samples. GDEs by comparison can be em-
ployed in similar fashion as the TF-RDE
method.35371 As the TF-RDE method,
GDE measurements can be performed at
different temperatures, only limited by the
electrolyte; in concentrated phosphoric ac-

id measurements up to 160 °C have been
performed.35 Most important, GDE inves-
tigations enable the investigation of cata-
lysts in a straight-forward manner, but at
conditions very similar to actual single cell
fuel cell measurements.381 It enables sys-
tematic studies of catalysts and electrode
layer preparation at high current densities;
a topic of strong interest for mobile appli-
cations.3!

4. Example Studies

In order to highlight the above de-
scribed concepts and experimental devel-
opments, in the following a few examples
of our research with respect to catalyst
degradation, particle size and particle
proximity effect as well as studies of the
solid—liquid interface and its influence on
catalytic reactions are given.

4.1 Degradation of PEM Fuel Cell
Catalysts

The first example of a PEM fuel cell
catalyst degradation study is connected to
the introduction of IL-TEM. A commercial
PEMEFC catalyst consisting of Pt nanopar-
ticles supported on a high surface area car-
bon (Pt/C) was subjected to an accelerated
degradation test (ADT) and its effect on the
catalyst was followed on a defined number
of Pt nanoparticles. As outlined above the
basic degradation mechanisms of a high
surface area PEMFC catalyst are i) par-
ticle migration and coalescence, ii) metal
dissolution, iii) (electrochemical) Ostwald
ripening, and iv) particle detachment. Each
degradation mechanism is expected to
have a particular influence on the size dis-
tribution of the nanoparticles; see sketch of
size histograms in Fig. 7, where the dotted
lines represent the size distribution before
and the full line the size distribution after
the ADT.

a) Pressurized RDE setup

ENGINE

SYSTEM

PRESSURE
CHAMBER

POTENTIOSTAT

GAS
SOURCE

b) Gas diffusion electrode (GDE) setup

Gas flow field and GDL

GAS OUTLET

Fig. 6. Sketch of a) pressurized RDE setup and b) gas diffusion electrode (GDE) setup. Figure re-

produced with permission of AIP Publishing.34:3
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Fig. 7. Sketch of the different high surface area catalyst degradation mechanisms and the ex-
pected changes in the particle size distributions. The dotted line represents the respective size
histogram before, the full line the size histogram after degradation.

In conventional TEM studies, the dif-
ferent degradation mechanisms are dif-
ficult to distinguish. Standard catalysts
are not homogeneous and for meaningful
analysis several hundred particles need to
be counted. Furthermore, some areas (usu-
ally with larger agglomerates) cannot be
analyzed, posing the question if agglomer-
ate and sintered particles are a result of the
ADT, or if they already had been present
in the as-prepared catalyst layer. Finally,
detecting a change in particle density on
the support is not possible either. Thus,
metal dissolution and particle detachment
for example are extremely difficult to dis-
tinguish. In IL-TEM the statistics are based
on the tracking of individual particles, see
Fig. 8. In the given example, the change in
size histograms is characteristic for metal
dissolution as well as particle detachment.
From the histogram alone, no distinction
is possible, although a slight change in the

average size could indicate particle disso-
lution. However, in the series of IL-TEM
micrographs it can be seen that the particle
density on the carbon support decreases.
Furthermore, particles almost always com-
pletely disappear from one treatment to the
other, but no particle shrinking is observed.
Thus IL-TEM unambiguously could show
that, under the applied conditions, the main
degradation mechanism is particle detach-
ment, not Pt dissolution. The small change
in the shape of the size histogram upon ap-
plying the ADTs could be a consequence
of migration and coalescence, but also a
slight preferential detachment of smaller
nanoparticles.

In subsequent measurements, we could
show that for the ADT used, particle de-
tachment is not always as dominant as in
the shown case, but that the degradation
mechanism differs for different commer-
cial PEMFC catalysts of the Pt/C type.[24]
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Fig. 8. The influence of two consecutive ADTs on individual Pt nanoparticles (left hand side TEM
micrographs) as well as the overall size histogram (right). The ADTs consisted of 1800 cycles
each between 0.4 and 1.4V with a scan rate of 1 V s™'. Figure reproduced with permission of

Elsevier.24

Therefore the fact that in commercial cata-
lyst samples the preparation method is
never disclosed severely inhibits the ability
to derive general principles concerning the
degradation of commercial Pt/C catalysts.
Applying our tool-box synthesis approach
to prepare a series of different Pt/C cata-
lysts varying only one property at the time,
some more general degradation principles
could be derived. For example it could be
shown that upon applying an ADT that is
suggested to simulate start-stop conditions
in PEMFCs*0l (potential cycles between
1.0 and 1.5 V. with a scan rate of 0.5
V s7!) preferentially carbon corrosion ac-
companied by particle detachment occurs.
On the other hand, an ADT that simulates
load cycle conditions (potential steps be-
tween 0.6 and 1.0 V. with a hold time of
3 s) preferentially leads to Pt nanoparticle
growth, see Fig. 9.7¢1 An unresolved ques-
tion is the driving force of the observed Pt
particle migration and the fact that appar-
ently specific particle distances are pre-
ferred.*!]

4.2 The Particle Size and the Particle
Proximity Effect

Another long-standing research topic
of our group are structure—activity rela-
tionships, especially concerning the ORR.
This includes the effect of the structure of
the catalyst surface, and the particle size
effect, as well as more mesoscopic effects
of how the particles are arranged on a sup-
port, e.g. the particle proximity effect.

The particle size effect on the ORR was
first studied using the TF-RDE method by
Gasteiger et al.[33¢l and Mayrhofer et al.[2)
Both studies demonstrated a large decrease
in specific ORR activity (SA), i.e. the re-
action rate per Pt surface atom, when de-
creasing the particle size. The results were
explained by geometric effects leading
to changes in the adsorption strength of
OH-intermediates. A later refinement of
the TF-RDE measurement procedure by
our group, see results in Table 1, however,
could demonstrate (using the same com-
mercial Pt/C catalysts) that the influence
of the particle size is less pronounced than
previously reported. Furthermore, model-
ling trends in the ORR activity expected
from different particle geometries and sin-
gle crystal activity data, it could be shown
that the obtained activity trends cannot be
explained by sole geometric effects.

A closer look at the data in Table 1 re-
veals that in the commercial samples that
were investigated the particle size and Pt
loading are changed at the same time. This
example is a typical case of the problem
discussed above, where due to limitations
in catalyst synthesis multiple parameters
were changed at once. After developing the
tool-box synthesis approach, we therefore
prepared in a subsequent study two series
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Fig. 9. The influence
of different ADTs
simulating start-stop
conditions (A, B) and
load cycle condi-
tions (C, D) on a Pt/C
catalyst. Figure repro-
duced with permis-
sion of Elsevier.[”®

of Pt/C catalysts with fixed particle size,
but varying Pt loading, see Fig. 10. The
two series distinguish themselves only by
the choice of carbon support; one carbon
support has micropores (Ketjenblack EC-
300J), whereas the other does not (Vulcan
XCT72R). In each Pt/C series the particle
size could be kept constant until extremely
high Pt loadings, i.e. > 70 wt.% Pt, as seen
by the fact that the determined Pt surface
areais independent of the Ptloading. Above
70 wt.% Pt, particle agglomeration and sin-
tering occurs during catalyst preparation
as indicated by the decrease in Pt surface
area. The two series of Pt/C catalysts were
then investigated for their ORR activity
and a clear trend became apparent that had
been previously described on size-selected
Pt nanoparticles deposited onto a planar
GC electrode, i.e. the particle proximity ef-
fect of the ORR, see Fig. 11. The particle
proximity effect of the ORR describes the
fact that the activity of a catalyst not only
depends on the properties of the individual
particles, but also on the particle assembly.
For the ORR this means that the SA sig-

nificantly increases for particle assemblies
with close particle proximity. Similar ob-
servations have been made in noncatalytic
studies. For example, it has been argued
that very small interparticle separations
induce dipole—dipole interactions that lead
to an energy transfer between neighboring
particles and otherwise insulating assem-
blies can become semiconducting or even
metallic, see ref. [44] and refs. therein. In
catalysis, the particle proximity effect has
only been studied for a few selected cases
and its potential use for optimizing catalyt-
ic properties needs to be further exploited.

4.3 The Solid-Liquid Interface and
its Influence on Catalytic Reactions

Studying the influence of the solid-lig-
uid interface on catalytic reactions is often
related to anion adsorption. In early studies
concerning structure—activity relationships
in electrocatalytic processes, it has been
discovered that in half-cell measurements
the observed activities are not a conse-
quence of the structure-dependent interac-
tion of the reactants or intermediates with

the catalyst, but due to the interaction of the
catalyst with the electrolyte.[*>] Therefore,
for anion adsorption the term ‘spectator
species’ was introduced, highlighting that
anions might not have a direct influence of
the catalytic processes, but mostly blocks
active sites for the reaction. For alkaline
electrolytes it could be shown that even
non-specifically adsorbed cations influ-
ence electrocatalytic reactions.[40]

With the introduction of high-tem-
perature PEMFCs where the electrolyte
consists of concentrated phosphoric acid
embedded into a polybenzimidazole (PBI)
polymer, specific anion adsorption gained
also practical relevance for applications. To
relate anion adsorption with the observed
reaction rates, it is interesting to determine
the absolute anion coverage at a certain
electrode potential. Often this is pursued
by constructing ‘isotherm-like’ plots from
cyclic voltammetry, however, the assign-
ment of observed current responses is am-
biguous. Even in situ FTIR spectroscopy,
see above, only provides qualitative, not
quantitative values for the anion coverage.
We therefore searched for new approaches
to correlate activity data to anion adsorp-
tion. By extrapolating data from RDE
measurements to potentials where anion
adsorption sets in, we could demonstrate
a procedure to correlate activity data to
the computational modelling of adsorp-
tion isotherms. For this we systematically
analyzed for the first time RDE ORR data
under conditions of high reactant mass
transfer conditions, i.e. at diffusion limited
conditions. Using the Koutecky-Levich (K-
L) Eqn. (1) describing the correlation be-
tween the measured current density J, the
kinetic current density J,, and the diffusion
limited density J , of a reaction:

1 1

L
] Tk

(1)
Jdi

we extracted mass-transport free ORR cur-
rent densities (J,)) for different concentra-
tions of chloride (a strongly adsorbing an-

Table 1. Summary of the particle size, Pt loading, ECSA, SA, and MA of different commercial Pt/C measured in 0.1 M HCIO4 electrolyte at room

temperature conditions. Data taken from ref. [43].

Particle size [nm]

1-1.5 19.4
2 20.1
2-3 46
4-5 50.6
30 96

Ptbulk -

Pt loading [wt.

% ECSA [m%g, ] SA [mAem, ] MA [Amg, ]
128 0.43 0.55
108 0.51 0.548
76 0.49 0.374
46 0.5 0.227
13 1.2 0.151
- 2.1 -
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ion) in the electrolyte. The potential depen-
dent values for J,, exhibited clear minima
in the potential region where hydrogen un-
derpotential adsorption decreases and an-
ion adsorption sets in (Fig. 12). Combining
these measurements with computational

modelling, anion adsorption ‘isotherms’

could be derived. We could extract very
accurate data for the Gibbs energies of
adsorption of H (AG’,)) and Cl (AG’),
respectively, whereas for the repulsive in-
teractions (g, €., ) improved modelling
is required (Table 2). In future, we plan
to combine such K-L RDE investigations
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with in situ FTIR spectroscopy to investi-
gate more complex anion adsorption.
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