https://doi.org/ 10. 48549/ 3945 | downl oaded: 9. 3.2026

source:

A new concept for nanocomposite electrocatalysts: studying
the oxygen reduction/evolution reaction and the formic acid

oxidation reaction on Pt-based systems

Inaugural dissertation
of the Faculty of Science,

University of Bern

presented by
Jia Du

from China

Supervisor of the doctoral thesis:
Prof. Dr. Matthias Arenz

Department of Chemistry, Biochemistry and Pharmaceutical Sciences

Original document saved on the web server of the University Library of Bern

This work is licensed under a
Creative Commons Attribution-Non-Commercial-No derivative works 2.5
Switzerland license. To see the license go to
http://creativecommons.org/licenses/by-nc-nd/2.5/ch/deed.en or write to Creative
Commons, 171 Second Street, Suite 300, San Francisco, California 94105, USA.




Copyright Notice

This document is licensed under the Creative Commons Attribution-Non-
Commercial-No derivative works 2.5 Switzerland.

http://creativecommons.org/licenses/by-nc-nd/2.5/ch/deed.en

You are free:

‘ to copy, distribute, display, and perform the work.

Under the following conditions:
@ Attribution. You must give the original author credit.

@Non-Commercial. You may not use this work for commercial
purposes.

@ No derivative works. You may not alter, transform, or build upon
this work.

For any reuse or distribution, you must make clear to others the license
terms of this work.

Any of these conditions can be waived if you get permission from the
copyright holder.

Nothing in this license impairs or restricts the author’s moral rights
according to Swiss law.

The detailed license agreement can be found at:
http://creativecommons.org/licenses/by-nc-nd/2.5/ch/legalcode.de (only in

German)



A new concept for nanocomposite electrocatalysts: studying
the oxygen reduction/evolution reaction and the formic acid

oxidation reaction on Pt-based systems

Inaugural dissertation

of the Faculty of Science,

University of Bern

presented by

JiaDu

from China

Supervisor of the doctoral thesis:

Prof. Dr. Matthias Arenz

Department of Chemistry, Biochemistry and Pharmaceutical Sciences

Accepted by the Faculty of Science.

Bern, 17.06.2022 The Dean

Pof. Dr. Zoltan Balogh



Abstract

Fuel cells are an integral part of the renewable energy concept which involves hydrogen
or liquid fuels, e.g., formic acid, as energy carrier. In this thesis, a nanocomposite
catalyst concept is developed to prepare fuel cell catalysts. Nanocomposite catalysts are
prepared by separately depositing different (two types in this thesis) monometallic
nanoparticles onto a support material (carbon black in the thesis). With respect to
conventional alloys, the nanocomposites allow to individually control the physical
properties of different metal nanoparticles, i.e., particle size, catalyst loading, etc.,
which benefits from the facile and straightforward preparation method.

The nanocomposite concept is initially introduced to prepare bifunctional Pt-Ir(IrO,)/C
(with various Ir contents) catalysts. Ptlry/C alloy counterparts serve as benchmark. The
catalysts are tested in degradation tests, as well as for the oxygen evolution reaction
(OER) and the oxygen reduction reaction (ORR). The measurement results show that
bifunctional nanocomposite catalysts present both challenges and potentials in
comparison with Ptlry/C alloys, in terms of OER and ORR performances. The observed
stability improvement for Pt is however at the cost of Ir dissolution, in all the studied
bifunctional nanocomposites.

Ir recycling is an important topic associated not only with the use of Ir in fuel cell
catalysts to improve the overall catalyst stability. It becomes also essential for the re-
use of electrodes from electrolysis cells, which typically contain Ir or IrO; at the anode.
The observed instability of Ir in the nanocomposite catalysts triggered further
investigations towards potential electrochemical Ir recycling schemes. It is shown that
by adjusting the applied test protocols a nearly 100% selective Ir dissolution can be
achieved. It is further demonstrated that selective Ir dissolution can be achieved in a
simple current control setting, which enables simplified electrochemical two electrode
setups.

The next part of this thesis extends the nanocomposite concept to prepare potential Pt-
based ORR catalysts for proton exchange membrane fuel cells (PEMFCs). Compared

with the standard work implemented with rotating disk electrode (RDE), I evaluate the
I



ORR performance under both low (in RDE) and high (in gas diffusion electrode (GDE)
setups) reactant mass transport conditions. The results demonstrate the potential for Pt-
Au/C nanocomposites as fuel cell ORR catalyst, as both Pt and Au are stabilized in the
nanocomposite and at the same time an improvement of the ORR activity is observed.
This is in contrast to Pt-IrO,/C nanocomposites, displaying only limited performance.

Last but not least, by adjusting the added volume of Pt and Au colloidal stock solution,
Pt-Au/C nanocomposites with various Au loadings are prepared. The analysis of the
formic acid oxidation reaction (FAOR) is combined with detailed characterization by
pair distribution function (PDF), scanning transmission electron microscopy-Energy
dispersive X-ray spectroscopy (STEM-EDX), in situ small-angle X-ray scattering
(SAXS), etc., to reveal that nanocomposites mixed with Pt and Au monometallic
particles can be used to dynamically prepare in situ surface alloys with favorable FAOR
performance. These studies are discussed with respect to the conventional preparation
of alloy catalysts, highlighting the advantage of the nanocomposite concept to prepare

in situ surface alloy nanoparticles.
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1. Introduction

1.1 Background
1.1.1 Polymer electrolyte membrane fuel cells (PEMFCs)

Due to the increasing depletion of conventional oil-based or gas-based energy sources,
fuel cell technologies have been gaining broader interest as clean and efficient energy
converters.' The fuel cell, which was discovered in 1839,* is an electrochemical
device that can convert the chemical energy of the fed fuel into electricity.! The fuel
is consumed at the anode via electrochemical oxidation, during which the released
electrons are externally transferred to the cathode to reduce the oxidant (typically
oxygen from air). Both electrodes are separated by an ionic polymer membrane, which
serves as electrolyte to conduct protons or hydroxyl ions. The key application of fuel
cells is in the transportation sector, however, additional applications including driving
portable devices and providing stationary power are reported as well.>>>¢ Fuel cells are
mainly classified by their operating temperature and the properties of the applied
polymer membrane (electrolyte). Low-temperature fuel cells (80-100°C operating
temperature) using polymer electrolyte membranes receive the widest attention due to
their conveniency.*

Proton exchange membrane fuel cells (PEMFCs) (typically using a Nafion membrane)
are the most standard polymer electrolyte membrane fuel cells.” Ha fuel is provided
and oxidized to protons (hydrogen oxidation reaction, HOR) at the anode, while the O
(or air) provided at the cathode is reduced to water (reacting with protons, oxygen
reduction reaction, ORR).” The actual output potential in fuel cells is less than the
expected value from thermodynamic considerations due to irreversible losses. These
losses include activation loss (in particular in the low current region), ohmic loss
(component resistance), and mass transport loss (transport of reactants or/and
products).?

Despite the fact that PEMFC is a mature technology, the large-scale commercialization



is limited (among other factors) by the supply and the storage of hydrogen fuel.!®!!

Therefore, various types of fuels, e.g., formic acid,'? methanol,'® and ethanol,'* etc., are
used to reform hydrogen and thus to overcome the problem of hydrogen supply.
Additionally, these liquid fuels can be directly used to power polymer electrolyte
membrane fuel cells, i.e., the so-called direct formic acid, methanol, and ethanol fuel
cells, etc.!>2! The amount of required catalyst and the crossover of the supplied fuel (at
the anode) to the cathodic side are the most prominent issues for liquid fuel based fuel
cells.> The liquid fuel can further react with oxygen at the cathode, which leads to a
reduced overall efficiency of the fuel cell.> Among the liquid fuels, formic acid displays
lower toxicity than methanol.> Apart from that, formic acid possesses the lowest
crossover rate (in comparison to methanol and ethanol) due to the repulsion between
formate and sulphonate groups of the Nafion membrane.**? Therefore, direct formic
acid fuel cells attract increasing interest as an alternative liquid fuel-based polymer
electrolyte membrane fuel cell.

In addition, the proton exchange membrane could be replaced by polymer membranes
conducting hydroxyl ions, i.e., anion exchange membrane fuel cells (AEMFCs).?>? The
overall reaction is the same in basic and acidic media.> However, in alkaline media, the
crossover rate of liquid fuel is lower than the one under acidic media, as the hydroxyl
produced at the cathode, would transfer to the anode side, which is in the opposite
movement direction of liquid fuel molecules. Furthermore, alkaline media allows to
apply non-noble metal catalysts to proceed a specific reaction, e.g., transition metal
catalysts. They are prone to dissolve in acidic media, however, display high dissolution
resistance in basic media and can help to reduce the overall price of a fuel cell.?*** The
dominant issue limiting the development of AEMFCs is the quality of anion membranes,
which are unlike proton exchange membranes (e.g. Nafion membranes) not
manufactured with mature processes. The ionic conductivity, thermal stability and
mechanical stability are mutually restrictive issues that exist in almost all anion
exchange membranes. For example, a higher amount of conductive functional groups

is needed to guarantee the conductivity of anion exchange membranes, due to the lower



conductivity of hydroxyl ion as compared to protons in the liquid phase.® This, however,
leads to a poor mechanical stability or/and thermal stability.>*>2?® To get more
information about polymer electrolyte membrane fuel cells, the reader is referred to the

following references. ! 68:11-17.19.21.23.24

1.2 “State of the art” of the studied reactions
1.2.1 Oxygen reduction reaction (ORR)

1.2.1.1 Fundamentals of the ORR

The ORR is the predominant cathodic reaction in PEMFCs.!™ The reaction is presented
in formula (1.1), which includes several major steps. A variety of reaction pathways
have been proposed in the history of ORR studies. Among which, the oxygen
associative and oxygen dissociative pathways are widely accepted?’ >* as shown in the
following: 0, +4H* + 4e~ > 2H,0 (1.1)

Oxygen associative pathway:

0,(g)+H* + e~ - HO,(ads) (1.2)
HO,(ads) < 0(ads) + OH(ads) (1.3)
O(ads)+ H" + e~ - OH(ads) (1.4)
OH(ads) + H* + e~ - H,0(1) (1.5)

Oxygen dissociative pathway:

0,(g) — 20(ads) (1.6)
O(ads) + H" + e~ - OH(ads) (1.7)
OH(ads) + H* + e~ -» H,0(D) (1.8)

where (g), (I) and (ads) represent gaseous, liquid and adsorbed phase, respectively.
In addition to the two well-accepted pathways, an alternative pathway including H>O>
formation is also previously reported. The formed H>O> is however negligible for Pt-
based catalysts®! (small amount of H,O; is generated in the hydrogen underpotential
deposition potential region).

27,29

According to the oxygen associative pathway, i.e., Oz gets hydrogenated before
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dissociation. Nerskov et al. obtained ORR rates of various metals as a function of the
calculated OH and O binding energies. The found “volcano” behavior of the ORR

activity versus O binding energy is demonstrated in Figure 1.1.

b
0.0 )
05F
2 1.0F
2
2
Q
< 45}
20
-2.5 h
-3 2 1 0 1 2 3 4
-1.5 -1 =05 0 0.5 I 1.5 2
aEq,(eV) AEQ (eV)

Figure 1.1 Trends in oxygen reduction activity plotted as a function of both the O and the OH binding
energy (a) and the “volcano” behavior of oxygen reduction activity plotted as a function of the O binding

energy (b). Reprinted with permission from ref. 27. Copyright 2004, American Chemical Society.

One can observe from Figure 1.1a, that the binding energies of O and OH on the various
metals are roughly proportionally correlated. In addition, the ORR activity is co-
regulated by the binding energy of both O and OH intermediates, which suggests
(according to formula (1.2) and (1.5)) that one needs to coordinatively tune the binding
strength of the two species on the metal surface to achieve an optimized ORR rate. As
seen in Figure 1.1b, the inflection point on the “volcano” plot indicates that the ORR
activity from the two sides is determined by different intermediate steps (HO: (ads)
formation versus OH (ads) reduction). As 4Eo increases, the formation of HO (ads)
gets more difficult (formula (1.2)) and thus the reduction of OH (ads) (formula (1.5)) is
easier (the binding energy of the two intermediates are linearly correlated). Therefore,
on the right side of the “volcano” plot, the HO» (ads) formation step determines the
ORR activity, while the OH (ads) reduction step determines the ORR rate on the left
side of the “volcano” plot.

1.2.1.2 Electrochemical techniques used to study the ORR

The rotating disk electrode (RDE) method is the most widely applied technique to

4



evaluate a newly developed catalyst for the ORR. The conveniency of the RDE setup
usage and the simplicity of catalyst layer fabrication (on the working electrode) make
the RDE technique accessible for most research laboratories. A potentiodynamic
protocol, i.e., sweeping the potential with a constant scan rate in a fixed potential region,
is well-established and typically used for recording ORR behaviors. The
current/potential is then extracted at a given potential/current (after iR, background
current and mass transport correction) to elucidate the ORR performance. By applying
potentiodynamic protocol, the ORR performance is evaluated under a transient state of

the catalyst surface (intrinsic activity),’>*

and thus deviates from the activity obtained
under realistic conditions, which are implemented by using membrane electrode
assembly (MEA) setups.>**> However, the elaborate infrastructure of (multiple) MEA
tests makes it inaccessible for most basic research labs. Therefore, gas diffusion
electrodes (GDEs) with various configurations were developed.**** They possess the
conveniency of a RDE setup, and allow that ORR measurements are performed under
steady state conditions (by applying potentiostatic or galvanostatic protocol) and high
reactant mass transport, therefore, bridging the gap between fundamental and
practically-related studies and attracting increasing concerns. More detailed
information about using the RDE and GDE methods for ORR studies, is given the
following chapter.

1.2.1.3 Electrocatalysts for the ORR

As demonstrated in Figure 1.1a, Pt displays the best ORR performance of the different
monometals, because the binding energy of hydroxyl and oxygen on the Pt surface
exhibits close to optimum values. The low surface-to-volume ratio of single Pt crystals
limits their practical applications in fuel cells. However, the results of single Pt crystals
offer insight into the influence of Pt structure on the ORR performance. According to
previous research using Pt single crystals for ORR studies, the following conclusions
could be reached: in aqueous HCIO;4 electrolyte, the ORR rate follows the sequence of
Pt(100) < Pt(111) < Pt(110),* in aqueous H2SOj electrolyte , the ORR rate follows a
different sequence, i.e., Pt(111) < Pt(100) < Pt(110).** Finally, in 0.1 M aqueous KOH



electrolyte , the ORR rate follows the sequence of Pt(100) < Pt(110) < Pt(111).* These
results indicate that the observed structure-sensitive ORR activity can be predominately
ascribed to the specific adsorption of anions (HC1O4", SO4*, HSOs and OH, etc.) on
the different Pt facets. Therefore, one speaks of spectator species, as they influence the
reaction without being a part of it.

To investigate the influence of structure on the ORR further, Pt particles with well-
defined structures (shape-controlled Pt particles) were developed. EI-Sayed et al.
pioneeringly synthesized Pt cubic particles enclosed by (100) planes.*® From then on,
tremendous work had been reported on the synthesis of shaped Pt particles enclosed
with low-index facets.*”* Tian et al. synthesized Pt nanocrystals enclosed with high-
index facets (730) in 2007,* followed by extensive outstanding studies of the synthesis
of well-defined particles with high-index facets used for the ORR. However, the biggest
issue for shaped particles is their stability, the well-controlled shape is easy to develop
into a structure that is thermodynamically stable during the electrochemical
measurements.>’

The effect of Pt particle size on the ORR performance has also been intensively
discussed in the literature.’!%° Shinozaki,’? Perez-Alonso,’® Watanabe® and Bregoli,*
etc. reported excellent work and obtained consistent findings: the ORR rate increases

with Pt particle size. The proposed properties, i.e., electronic effect,®!

oxide coverage
effect,®? etc. are challenging to unambiguously be distinguished to interpret the particle
size effect on the ORR performance. Nevertheless, a basic consensus could be reached:
a reduction in particle size leads to an increased number of low coordination sites, i.e.,
steps, kinks, and edges, which bind oxygen-containing species stronger to maintain
stability. Thus more active sites are blocked, and the ORR activity is reduced.®*%

In addition to the particle size effect, the interparticle distance (proximity effect) effect
on the ORR was being addressed.’”*-% Nesselberger et al.®® reported that the ORR
activity improved with a decreased interparticle distance and proposed that the electric

double layer structure contributed to the improved performance. A follow-up study

investigating Pt high surface area catalysts by Speder et al,® demonstrated the same



effect, i.e., a reduced particle distance led to an increase in ORR activity. A recent study
carried out by Inaba et al.’” investigated the particle size and proximity effect on the
ORR (demonstrated in Figure 1.2). It was concluded that the particle proximity effect
is more notable for small particles and that the reduced oxophilicity and the changed
electric double-layer structure with smaller interparticle distance together led to the

improvement in ORR activity.
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Figure 1.2 ORR specific activity (SA) at 0.9 Vrue of the Pt/Vulcan catalysts with various Pt loadings and
Pt nanoparticle sizes determined from the RDE measurements. Reprinted with permission from ref. 57.

Copyright 2021, American Chemical Society.

Alloying Pt with other elements to form Pt-based bimetallic materials is a promising
strategy to enhance the ORR activity.®”’! Due to their abundance and low price as
compared with Pt, transition metals, e.g., Fe, Co, Ni, and V, etc. are commonly
introduced to alloy with Pt. It was seen that the ORR activity could sometimes be
significantly improved by applying Pt-transition metal alloys.”®’> The improved ORR
performance is often achieved by modifying the electronic structure (d-band center) of
Pt by the introduced elements.”®’>7 Stamenkovic et al.”’ reported in their study that
the optimum ORR performance of Pt-based alloys was dominated by the surface
coverage balance of the reactive and blocking species. A “volcano” plot of ORR activity
as a function of the d-band center was thereby created and is displayed in Figure 1.3.

27.74 could be adopted to rationalize the “volcano” plot, i.e., if the

The Sabatier principle
d-band center is close enough to the Fermi level, the overall ORR rate is determined by

the OHags (and specifically adsorbed anions) reduction step. If the d-band center is far



away from the Fermi level, the binding of OHags, which on the other hand is also a
reactive ORR intermediate, is too weak, and thus reduces the ORR activity. Examples

of this effect are Pt3Ti and Pt3V as shown in Figure 1.3.
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Figure 1.3 Relationships between the catalytic properties and electronic structure of PtsM alloys.

Reprinted with permission from ref. 70. Copyright 2007, Nature.

In commercial applications, the stability and activity of an ORR catalyst are equally
crucial. Transition metals are however prone to be dissolved in acidic media, which
results in a poor stability of transition metal-based Pt alloys when tested under acidic
conditions. Even though the price of Au is higher than the ones of transition metals, its

75,76

high acid resistance and the fact that it is a non-critical raw material’”’ make Au a

1-78

unique choice for Pt-Au bimetallic systems. Adzic et al.”® in their pioneering work

reported increased durability of Pt modified by Au, and that the ORR activity could

concurrently be retained. In the following studies, Wei’’ and Kodama et al.*°

adopted
the “edge protection” concept to selectively deposit Au atoms onto low-coordinated Pt
sites. The experimental results demonstrated that both the stability and ORR activity
were enhanced. The Pt-Au bimetallic structures are not limited to alloys, but there are
also other structures reported, e.g., Pt-Au core-shell particles,®'*? Au-framed Pt
particles,”® Pt deposited onto an Au substrate,®’ etc. The engineering of PtAu structures
and the corresponding effect (including strain, ligand, ensemble effects, etc.) leading to
a more efficient ORR are demonstrated in Figure 1.4.3* The ligand and strain effect
normally co-exist in Pt-Au core-shell particles, and the shell thickness determines

which effect is more dominant. In addition, Pt-Au alloys and core-shell structures,

depending on the testing conditions, are dynamically transformed.®* Nevertheless, even
8



if the ORR activity and stability can be improved by introducing Au to Pt systems, the

overall Au usage should be limited to reduce economic concerns.

B 4
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Figure 1.4 Engineering the structure of PtAu electrocatalysts for efficient ORR. Reproduced from ref.
84. Copyright 2020, Royal Society of Chemistry.

Developing non-noble metal catalysts used for ORR study is highly desired since the
overall price of fuel cells could be largely reduced.®® Among different non-noble metal
catalysts, a transition metal atom doped with nitrogen and further distributed onto
carbon (single atom/site catalysts, expressed as M-N-C) is one of the most promising
materials to replace Pt-based catalysts. Fe-N-C is the most widely tested M-N-C
material and indeed demonstrates decent ORR performance as compared to commercial
Pt catalysts.3¢ % Recently, several studies reported that M-N-C type catalysts not only
exhibited satisfactory ORR activity, but their stability was also much improved.’*"!
Therefore, for the commercialization of single-atom catalysts, it is imperative to

achieve large-scale production.

1.2.2 Formic acid oxidation reaction (FAOR)

1.2.2.1 Fundamentals of the FAOR
At the anode of DFAFCs®>% the oxidation of formic acid takes place. The reaction is
described as follows:

HCOOH — CO,+ 2H*+2¢™ (1.9)
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HCOOH is a simpler organic molecule in comparison to CH3;OH, C>,HsOH, etc., and
therefore typically used as a model to investigate the mechanisms and reaction
pathways of the electrooxidation of small organic molecules. Even so, there are
complicated mechanisms and various reaction pathways involving controversial
intermediates, i.e., it is ambiguous to determine if an intermediate is reactive or
poisons/inhibits the overall reaction. The proposed mechanisms and possible pathways
of the FAOR are summarized in Figure 1.5.”> Among various reaction pathways of the
FAOR, the dual pathway, firstly proposed by Parsons et al.**%, has been mostly
accepted by researchers. In this reaction scheme, the direct and indirect electrooxidation

of FA are described by the formulae (1.10) and (1.11) to (1.12), respectively.

Direct FAO pathway:
HCOOH - reactive intermediates » C0,+2H"+2e~ (1.10)
Indirect FAO pathway:
HCOOH - CO44s + H,0 (1.11)
COg4qs + OHyys = COx+ 2H + 2e™ (1.12)
H—0O
\
C=0
HCOOH,, (CE»/G ) r dsorbed HCOO,* H/O\q/o
O—H
H—C/ o H
\\O \SCOOH
) HCOOH,, (O-down) O\C/O
H !
Electrocatalyst surface ﬁ ) . \c—o COIO

Figure 1.5 The proposed mechanisms of HCOOH electro-oxidation (green: first transformation of
HCOOH, red: transformation of inter- mediates, blue: transformation to CO,). Reproduced from ref. 94

with permission from the Royal Society of Chemistry.

It is well-accepted that adsorbed CO (COags) is predominantly a poisoning species for

the FAOR.?>% Therefore, inhibiting or eliminating the indirect FAOR pathway would
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be beneficial for a catalyst. Carboxyl and formate (bridge-bonded, as indicated as
HCOOg" in Figure 1.5) were previously regarded as precursors to form CO.””*° By
comparison, the active intermediates in the FAOR are various, e.g., CHO, COOH,
HCOO, etc. Among these, formate (HCOO) with a variety of binding forms to the
catalyst surface has been intensively discussed in the literature. Vilaplana et al.”
combined computational and experimental studies and proposed that HCOOwm' is a
reactive intermediate for the FAOR, which was consistent with the conclusion obtained
by Zhu et al.!” By contrast, formate with both atomic oxygens bonded to the catalyst
surface (HCOOg"), was assigned as a poisoning species by Chen et al.!?! with the help
of attenuated total reflection-Fourier transform infrared spectroscopy. Wang et al.!??
proposed that HCOOg" serves as a catalytic species in the FAOR, as FA would be easier
oxidized to CO, in the presence of adjacent HCOOg".

1.2.2.2 Techniques used to study the FAOR

As for the ORR, the RDE is the most widely used methodology for fundamental studies
of the electrooxidation of FA. Only very recently, a GDE setup, which was originally
designed to mimic operating conditions of fuel cells and applied for the ORR studies,
was adopted to investigate the FAOR by Zhang et al.'®® The study demonstrated that

the GDE setup is suitable to study the electrooxidation performance of volatile organic

molecules as well. In all reports related to the FAOR, fundamental approaches, e.g.,

104 105 106
)s )

cyclic voltammetry (CV chronoamperometry (CA)'™ and Tafel plots, ™ etc., are
powerful tools to analyze the FAOR. CV provides the basic information of the FAOR
in a fast manner and thus is widely used.!® In Figure 1.6a, the Pt/C model catalyst is
taken as an example to elucidate the FAO process under transient state. As seen from
the anodic scan, a peak shows up at ~0.57 Vrug corresponding to the electrooxidation
of FA to CO; through a direct pathway. The indirect FAO pathway proceeds in parallel
to form intermediates, e.g. CO, etc., and thus a second peak is observed (~0.92 Vrug)
which is ascribed to the electrooxidation of the formed intermediates (CO, etc.). In the
cathodic scan, the FAO proceeds on a “clean” catalyst surface and a much higher

“intrinsic” activity thereby appears.!® It is therefore deduced that the smaller the
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hysteresis of the peak currents from both scans (the anodic scan is linked to the direct
pathway peak current, at ~0.57 Vrug), the lower the degree of poisoning of the catalyst
surface.!”’ In addition, the relative peak intensities (at ~0.57 Vrue and ~0.92 VRuE,
respectively) from the anodic scan indicate which pathway is preferred in the FAOR.
That is, when the peak at higher potentials completely disappears, this indicates that the
FAOR proceeds completely via the direct pathway. However, in a real FA-based fuel
cell, a potentiostatic mode i.e., applying a constant potential, is typically used®' as
depicted in Figure 1.6b.!% Therefore chronoamperometry reflects more realistically the
long-term performance of a FAOR catalyst. An initial high activity can gradually
decrease with time as observed in Figure 1.6b. It is hence insufficient to evaluate the
performance of a catalyst by only with CV. In addition to the methodology, one can
apply different data analyses. In dynamic measurements, Tafel plots (Figure 1.6c) are
typically used to analyze the reaction rate in the electrocatalytic process. A lower Tafel
slope thereby indicates a faster rate of charge transfer.”® Furthermore, methods like CO
stripping can be helpful to analyze the potential causes for an improved FAOR activity.
For example, if the CO oxidation peak of a studied Pt-based catalyst is shifted to more
negative potentials as compared to the one from pure Pt/C, this indicates that any CO
formed during the FOAR is more facile removed on the Pt-based catalyst surface, which

benefits the FAOR performance with respect to the indirect pathway.!?7:1%8
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Figure 1.6 CVs of formic acid oxidation with Pt/C recorded in a RDE setup filled up with 1.0 M HCIO4
+ 0.5 M formic acid. Reproduced from ref. 104 with permission from Elsevier (a), Chronoamperometry
curves of formic acid electrooxidation for the different catalysts at 0.5 V in 0.5 M HCOOH + 0.5 M
H>S0s. Reproduced from ref. 106. Copyright 2020, Wiley (b) and Tafel plots recorded under the quasi
steady-state conditions in 0.5 M H,SO4 + 0.5 M HCOOH electrolyte tested on Au/C, Pt/C, P-1:4, P-1:9,
and AA-1:12 at the scan rate of 1 mV s™!. Reproduced from ref. 107. Copyright 2012, Elsevier (c).
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The potential FAOR intermediates have been displayed in Figure 1.5. Their
unambiguous identification via pure electrochemical methods however is difficult.
Therefore, it is imperative to combine electrochemistry with other techniques for an in
situ identification of the formed intermediates. Examples for successful combinations
are, e.g., in situ attenuated total reflection-Fourier transform infrared spectroscopy
(ATR-FTIR),!°™1% jn situ attenuated total reflection-surface enhanced infrared
absorption spectroscopy (ATR-SEIRAS),'"? in situ electrochemical-Fourier transform

Y2 and in situ differential electrochemical mass

infrared spectroscopy (EC-FTIR
spectrometry (DEMS),!!>!'* which have been proven to be helpful for the in situ
characterization of FAOR intermediates.

1.2.2.3 Electrocatalysts for the FAOR

Monometallic Pt and Pd based catalysts are both model catalysts for the FAOR.”?
However, they each encounter specific challenges, i.e., Pt is prone to be inhibited by
CO intermediates lowering the overall conversion efficiency of the FAOR.”4197 pq
displays higher resistance towards poisoning intermediates, however, its stability, in
particular in acidic media, is limited.”* As the FAOR was studied on Pt-based materials
in this thesis, in the following sections mainly Pt-based electrocatalysts are discussed.
For Pd-based catalysts, the interested reader is referred to ref.”?

Studying single Pt crystals in 0.5 M H2SO4 + 0.005 M HCOOH, Sun et al.'' concluded
that the maximum dehydrogenation current of the FAOR (anodic scan) follows the
trend: Pt (100) < Pt(111) < Pt(110). However, comparing the dehydrogenation current
is not the only metric to evaluate a FAOR catalyst. The overpotential and current
hysteresis of both scans are equally important parameters. The peak position of the
FAOR in the anodic scan follows the order Pt(110) < Pt(111) < Pt(100), while
considering the current hysteresis of both scans (serves as an indicator for the poisoning
resistance of a catalyst), the order Pt(111) < Pt(110) < Pt(100) is observed. Both
obtained trends are extracted from a study of Bagger et al.!'®

As described, the monometallic single crystals are regarded as model systems.

Depositing Pt particles onto carbon supports largely improves the utilization of Pt.!'”-
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19 The carbon black Vulcan XC-72 is one of the most common carbon supports to
immobilize Pt particles. For example, Pt/C catalysts with a Pt loading of 20 % in weight
onto carbon black have been intensively studied as FAOR catalysts by several
researchers.!!”!!8 In addition to carbon black supports, alternative supports such as TiO»
nanotubes etc., have been employed to support metal nanoparticles as well. For example,
Pisarek et al.,'?* prepared Pt/TiO2 and Pd/TiO> with the help of a magnetron sputtering
technique and tested them for the FAOR. The results showed a higher FAO current for
Pd/TiO> (per mg of metal) as compared to the Pt/TiO; and Pd/Vulcan counterparts.

To reduce the platinum usage and to increase the FAO activity simultaneously, Liang et
al.'"?! reported that by depositing a monolayer of Pt or Pd onto a metal substrate (Ir, Au,
Rh, Ru, Pt and Pd), interesting bimetallic catalysts were obtained. Among the various
bimetallic catalysts tested, Pt/Au(111) (a Au(111) substrate decorated with a Pt
monolayer) showed the highest FAO activity. Combined with in situ infrared refection
adsorption spectroscopy and DFT calculations it was shown that the formed CO is
easily oxidized by OH, generated from a facilitated water decomposition step.

A common strategy to enhance the FAO activity of Pt-based catalysts is introducing a
second element to form bimetallic Pt alloys. Examples for Pt-based alloys include
PtAu,'?2712* PtAg 125126 ptPd,12%127 PtBi!?8, and PtRu,'* 13! among which, PtBi and
PtRu probably have been most extensively studied. Both Bi and Ru are reported to
facilitate the removal of CO intermediates due to enhanced adsorption of OH with
respect to Pt.!?13! For instance, Wang et al.'?® reported that PtBi/C alloys displayed
comparable peak current in both scan directions as demonstrated in Figure 1.7a. The
anodic peak current displays a 10-fold enhancement as compared to Pt/C, which was
interpreted as a sign of high resistance towards CO poisoning species. Kormanyos et
al.'” recently studied PtRu alloys for the electrooxidation of multiple liquid fuels
(isopropanol, methanol, ethanol and formic acid). With similar current densities in
anodic and cathodic directions, the electrocatalytic performance of formic acid (Figure
1.7b) was regarded improved as compared to the fuels studied. Despite the optimization

of the FAOR performance by Pt-based bimetallic alloys, it is still challenging to assign
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the performance improvement to a specific effect, i.e., ligand effect, strain effect,
ensemble effect and synergistic effect. Typically, these effects are correlated,” similar

to the performance increase of ORR catalysts discussed in the previous section.
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Figure 1.7 CVs of formic acid oxidation on PtBi/C in 0.1 M HCIO4+0.25 M HCOOH solution.
Reproduced from ref. 129. Copyright 2020, Wiley (a). CVs recorded for PtRu/C in 0.1 M HC1O4 solution
in presence of HCOOH (top), the red curves for the blanks are recorded in 0.1 M HClO4. Reprinted with
permission from ref. 130. Copyright 2020. (b).

Several researchers have investigated Pt-Au systems for the FAOR. In addition to the

conventional Pt-Au structures that exhibit impressive FAO performance,!?? 124132-138

139

recently Xie et al."”” synthesized AuCuPt alloys followed by selectively de-alloying Cu.

In CV tests, the FAO exhibited no CO passivation characteristic, which would be a

groundbreaking improvement for Pt-based FAOR catalysts. Duchesne et al.!*

reported
a facile colloidal approach to prepare a series of different PtxAuy particles, i.e., PtaAuoe,
Pt7Auos, Pti7Augs and Pt;gsAus (Au-Pt/core-shell structure). The experimental results
demonstrated that PtxAuy particles decorated with Pt single atoms at the surface
(PtsaAugs and Pt7Auos) exhibit an extraordinary FAO performance, which was ascribed
to both electronic and ensemble effects to mitigate CO adsorption on the Pt surface.

Despite their promising catalytic activity towards FAO, the low abundance and high
price of Pt and Pd limit potential large-scale commercialization. Therefore, similar to
ORR catalysts, developing Pt- and Pd-free FAOR catalysts is highly desirable.
Alternatively, one can also try to maximize dispersion. Several studies have claimed
that reducing the size of metal particles can lead to extraordinary electrocatalytic
performance.'3”1*! Li's research group recently reported that single-atom catalysts of

Rh and Ir exhibiting impressive FAOR performance.'*>!* Their results showed mass
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activities of Rh-single-atom catalyst improved by 67 and 28 times as compared to the
“state of the art” Pt/C and Pd/C catalysts, respectively. Also, Ir-single-atom catalyst
showed improved FAOR performance, i.e., an improvement of 19 and 16 times,
respectively. Interestingly, nanoparticle-based Ru/C and Ir/C counterparts are almost
inert to the FAOR.'#>!% It is important to point out that there are still only few studies
of single-atom catalysts, leaving space for researchers to explore their catalytic

performance towards the FAOR.

16



2. Experimental methodology

In this chapter, the main experimental methods applied in this thesis are discussed. The
focus is on rather specific methods, while some standard techniques applied in this
thesis are not discussed, because they are typically described in standard textbooks. The
chapter starts with the description of the preparation of metal particles and their
immobilization on support materials. It follows a section about the main physical
characterization techniques of the prepared catalysts. Finally, the electrochemical

characterization techniques are discussed.
2.1 Synthesis of monometallic and nanocomposite catalysts

In this thesis the preparation of Pt and Ir nanoparticles was achieved via a surfactant
free, ethylene glycol (EG) route, which was performed by myself. For the synthesis of
the colloidal Au nanoparticles, organic- and laser-assisted method were applied. These
syntheses were performed by collaboration partners. In the EG route, it is necessary to
flocculate and re-disperse the colloidal nanoparticles to replace the high boiling point

solvent EG with acetone before immobilizing the nanoparticles onto the carbon support.
2.1.1 Synthesis of Pt, Ir nanoparticles by surfactant-free EG approach

The surfactant-free EG approach to produce Pt nanoparticles was firstly reported by
Wang et al.'* In their studies, an oil bath setup was applied to provide the thermal
energy to the reaction system. In this thesis, an optimized approach was used employing
amicrowave reactor which drastically reduces the reaction time.'** Briefly, the solution
of Pt precursor (H2PtCls-6H20 is dissolved in EG) is mixed with NaOH EG solution.
The mixture is contained in a microwave reactor and heated up to 160 °C for 3 minutes
to obtain the Pt particles. The same method was adopted to prepare Ir or Ptilry alloy
nanoparticles. For this, the H2PtCls-6H>O is simply replaced by IrCl3-xH>O to form Ir
nanoparticles or HoPtCls-6H>0 and IrCl;-xH2O are added to the reaction vessel

simultaneously to form PtxIry alloy nanoparticles. The size of the Pt nanoparticles can
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be adjusted by varying the molar ratio between NaOH and H,PtCls-6H20.'*> Herein,
only a fixed molar ratio of 10:1 (OH to Pt) was used leading to Pt nanoparticles of 1.7-
2.0 nm in diameter. For the preparation of the colloidal Ir nanoparticles, the same molar
ratio between NaOH and IrCl3-xH>O precursor was applied leading to Ir nanoparticles
of 1.2-1.5 nm in diameter. Unlike in conventional syntheses using surfactants like PVP,

146147 in the EG mediated synthesis, the oxidation products of EG, e.g., CO and

carboxylic acid, adsorb on the surface of the nanoparticles and stabilize them.!4®!%
These species can be easily removed by electrochemical oxidation,150 leading to the

terminology “surfactant-free”.
2.1.2 Synthesis of colloidal Au nanoparticles

The synthesis of the Au nanoparticles included organic- and laser-assisted methods. As
mentioned, I did not perform the synthesis myself. Instead, I used the as synthesized
Au nanoparticles for further preparation of the Pt-based catalysts. In the organic-
assisted route, oleylamine is used as surfactant to prevent Au nanoparticles (dispersed
in hexane) from aggregation.'*® The detailed synthesis method can be found in the
appended manuscript. The surfactant oleylamine typically inhibits catalytic reactions
and it is therefore necessary to remove it prior to electrochemical applications. In this
thesis a thermal treatment was applied, where the carbon supported Au nanoparticles
were placed in an oven and exposed to 210 °C for 5 hours to remove the oleylamine.
As such procedure undoubtedly renders the overall catalyst preparation more complex
and potentially damages the carbon support in later studies, surfactant-free Au
nanoparticles (dispersed in water) were thereby used. These nanoparticles were
prepared by a laser ablation method. The specific laser-assisted method is described in

refS.151’152

2.1.3 Deposition of metal nanoparticles onto the carbon support

To deposit the colloidal Pt and Ir nanoparticles suspended in EG, they are firstly

flocculated with 1 M HCI and thereafter centrifuged with 5000 rpm to separate the
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supernatant and the flocculate of metal nanoparticles. Then the nanoparticles are re-
dispersed into acetone. In contrast to EG, the nanoparticles slowly agglomerate in
acetone and thus need to be swiftly processed further. For this the carbon support
(Vulcan XC72R, throughout this thesis) is dispersed in acetone and homogenized by a
horn sonicator for 5 minutes. Then the Pt acetone suspension is added to the carbon
acetone suspension under intense sonication. The mixture is sonicated for 10 minutes
and thereafter dried with the help of a rotary evaporator to obtain the supported Pt/C
catalyst.

The procedure was adopted to prepare Pt-Ir/C and Pt-Au/C nanocomposites. When Pt
and Ir nanoparticles serve as building blocks, during the deposition step, Pt and Ir
nanoparticle suspensions (in acetone) were added in defined mass ratio to the carbon
acetone suspension as simultaneously as possible. After vigorous sonication of the
mixture, the rotary evaporation of acetone was applied in the same fashion as for the
monometallic catalysts, leading to Pt-Ir/C nanocomposites with individual
nanoparticles and specific mass ratios. Similarly, Pt-Au/C nanocomposites with various
Au contents (the Pt content was kept constant) were prepared with the surfactant-free
Pt and Au nanoparticles as building blocks. The only difference as compared to the Pt-
I1/C preparation was the dispersion step, where vigorous stirring in a beaker was applied
instead of sonication was applied. Sonication and stirring are equally efficient to form
separate and homogeneous dispersions of metal nanoparticles on the carbon support.
However, the low concentration of the Au nanoparticle suspension made the magnetic
stirring a better option in the dispersion step. The mixture was left in the hood overnight
for solvent removal (the rotary evaporator is less efficient for water removal) to obtain
the Pt-Au/C nanocomposites.

The oleylamine-protected Au nanoparticles that were initially used to prepare Pt-Au/C
nanocomposite required a different procedure. In this preparation, two steps were
employed to support the metal nanoparticles on the carbon. First, the Au nanoparticles
were supported with the same procedure as described above. Then the supported Au/C

was exposed to a thermal treatment at 210 °C for 5 hours to remove the oleylamine on
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the Au surface. Afterwards, the surfactant-free Au/C was dispersed in acetone
(oleylamine-protected Au/C is not dispersible in acetone). To complete the Pt-Au/C
preparation, i.e., to support Pt nanoparticles onto Au/C, the same procedure as
depositing Pt nanoparticles onto a bare carbon support was applied. Separate supporting
steps avoid an oxidation of Pt during the thermal treatment, which might trigger

substantial Pt dissolution under reductive conditions.

2.2 Physical characterization of the catalysts

Prior to their electrochemical characterization, the physical properties of the as prepared
catalysts were determined. For example, the particle size and size distribution were
determined and the compositions of the bimetallic catalysts was measured as these

properties influence the electrochemical behavior of the catalysts.
2.2.1 Determination of the absolute and relative catalyst compositions

Normalized reaction rates are required for a fair evaluation of a catalyst performance in
electrocatalytic reactions. Generally, the normalization is achieved based on the mass
of the active phase (metal nanoparticles) or their electrochemically accessible surface
area. For both normalizations, the mass of the active phase is required and it is therefore
crucial to determine the absolute content of the active phase in a supported catalyst.
2.2.1.1 Inductively coupled plasma-mass spectrometry (ICP-MS)

In this thesis, Pt served as the active phase for the ORR and FAOR studies. For its
determination Pt can be digested in aqua regia (a mixture of HCl and HNO; with a
volume ratio of 3:1) followed by ICP-MS measurements.'**!34 For this, the as-prepared
Pt-based catalyst powder was placed in a known amount in a glass tube, followed by
heating the glass tube with a Bunsen burner to oxidize and thus remove the carbon
support, which could block the cone of the ICP-MS equipment. Afterwards, 5 mL of
aqua regia was added to the glass tube to digest the residues (Pt nanoparticles) under

stirring. This step lasted for 3 hours and was followed by adding milli-Q water into the
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glass tube to dilute the solution to a suitable concentration (20-50 ppb) for the ICP-MS
analysis. The same method is applicable to determine the absolute Au content in the
catalyst. By contrast, it is more difficult to determine the Ir content as metallic Ir once
it is oxidized to Ir oxide will be less likely dissolved in aqua regia.'>> Therefore, the
heating step to remove the carbon support should be avoided for Ir-based catalysts
(metallic Ir will be thermally oxidized). Instead, the colloidal Ir nanoparticles dispersed
in acetone, which were used in the supported step were digested in aqua regia and
further processed in ICP-MS measurements to indirectly determine the Ir content in the
Ir-based supported catalysts. As one might imagine, Ir can be oxidized during these
steps when exposed to air and therefore this method is considered rather an estimation
than an accurate determination of the Ir content in a catalyst. Concerning the
determination of the metal loading (only works for Pt and Au) in the catalyst layers
prepared for the GDE measurements (will be discussed in the following section), the
same method is adopted. That is, a piece of catalyst layer (3 mm in diameter) was
punched from the pre-prepared larger catalyst layer and immersed into aqua regia
overnight. Thereafter, the diluted solution was analyzed with ICP-MS. Note that a
pipette tip (or something similar) should be used to press the catalyst layer into the aqua
regia to avoid the light catalyst layer floating on top of the liquid.

2.2.1.2 Transmission electron microscopy/Scanning electron microscopy-energy
dispersive X-ray spectroscopy (TEM/SEM-EDX)

The relative composition of a bimetallic catalyst is equally important to be determined,
as the content of the introduced second phase plays a crucial role in affecting the
property of the active phase. ICP-MS is undoubtedly a useful tool to determine the
relative composition. Besides that, TEM and SEM equipped with an EDX detector can
also provide such information. TEM-EDX concentrates more on the analysis of the as-
prepared catalysts, since the sample is prepared by dropping the catalyst ink on the
copper grid for TEM imaging. By comparison, SEM-EDX allows to analyze both the
as-prepared and the as-measured samples, as the sample holder is suitable for both

catalyst powder and catalyst layers (for GDE measurements). Therefore, by analyzing
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the relative composition of the bimetallic catalysts via ICP-MS (analysis of the whole
sample), TEM-EDX (electron beam travels through the copper grid and thus the whole
sample is analyzed),'*® and SEM-EDX (electron beams scans the surface and thus the
sample surface is analyzed),'”” one can compare the obtained results from each
individual technique, and concurrently evaluate the feasibility of applying such
technique.

For the determination of the catalyst compositions, I prepared the samples for the ICP-
MS, TEM-EDX and SEM-EDX analyses. The measurements were however carried out

by my colleagues. Standard TEM as well as IL-TEM measurements, I conducted myself.

2.2.2 Characterization of particle sizes and size distributions of the studied

catalysts

2.2.2.1 Transmission electron microscopy (TEM)

One of the conventional methods to determine the particle size of a catalyst is TEM.!*®
For a TEM analysis, a small bit of the as-prepared catalyst powder or the catalyst
scraped from the GDL (after vacuum filtration) was dispersed into ethanol. After a
homogeneous dispersion was observed with the aid of sonication, a drop of the catalyst
dispersion was pipetted onto a copper TEM grid. The TEM imaging can be conducted
after the copper grid was dried in ambient environment. The acquired TEM
micrographs do not only provide the information of the particle size, but also the
number-weighted particle size distribution can be obtained by counting the size of
hundreds of metal nanoparticles and constructing a size histogram. However, subjective
factors can easily be introduced, especially to the analysis of the number-weighted
particle size distribution. The micrographs are a two dimensional display of a three
dimensional object. Particles in close vicinity in the micrographs can be located at
different sides of the carbon particles and thus be mistaken as agglomerates.
Furthermore, particles with a common shape (e.g., spheres) might be more likely to be
counted, etc.

2.2.2.2 Identical location-transmission electron microscopy (IL-TEM)
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As compared to the conventional TEM method, IL-TEM provides the possibility to
detect exactly the same spot of a catalyst before and after an electrochemical treatment.
Therefore, it is a well-known technique used in degradation studies to monitor particle
migration, dissolution and detachment as degradation mechanisms.!>%!? To carry out
IL-TEM, a drop of catalyst ink was deposited onto a gold finder TEM grid, which
served as working electrode in the electrochemical treatment. The electrochemical
treatment can be performed in a GDE setup (which will be discussed in detail in the
following section), as the size of the gold grid exactly fits the working electrode used
for GDE measurements. After the electrochemical treatment, the gold grid was
transferred back to the TEM to track the potential change of the nanoparticles after
exposing them to the electrochemical treatment.

2.2.2.3 Small-angle X-ray scattering (SAXS)

TEM, however, is a local technique, which only displays partial information of the
studied catalyst. By comparison, SAXS possesses the merit to analyze the particle size
distribution in a macroscopic part of the catalyst.!®! By comparing the average particle
size obtained from the TEM and SAXS analysis, it was seen that for populations with
small particle size (below 3 nm), the two techniques led to comparable results. However,
as a tendency the average particle size determined from the SAXS measurements was
a bit larger than the one obtained from a TEM analysis. For particle sizes larger than 3
nm, a larger offset was seen between the two techniques.*>!*® There are three possible
causes leading to the observed deviation: Firstly, subjective factors could be introduced
for the statistical TEM determination of the average particle size, as discussed in the
last section. Secondly, for the TEM analysis, only selected parts of the micrographs can
be analyzed, which are then deemed representative for the whole catalyst. By
comparison, SAXS measurements probe a macroscopic volume fraction of the catalyst.
Additionally, the scattering process is proportional to the sixth power of the particle
radius and thus larger particles provide largely enhanced scattering. Last but not least,
probability densities determined from SAXS are often plotted volume-weighted,

however, the TEM size histogram is number-weighted. Both distributions can be easily
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converted into each other. For example, a volume-weighted distribution from a size
histogram is obtained by calculating the volume of each individual particle assuming a
sphere. The better match in size distribution, especially for populations of large particles
after conversion validates the combination of TEM and SAXS for the analysis of the
particle size distribution. It is recommended whenever possible to use both techniques
to characterize a newly prepared catalyst.

Some factors must be kept in mind for the SAXS fitting, which was done by a
collaborator. A suitable background subtraction is key for a good result. If the
background signal of the carbon is not subtracted, it will undoubtedly contribute to the
size distribution. It is thereby best that the blank sample for the background
determination is exposed to the same treatment as the supported catalyst. In addition,
for the samples with two different elements, the scattering cross section of each element
should be taken into account, which will influence the way the final probability density

is displayed.

2.3 Rotating disk electrode (RDE) methodology

The original idea for RDE measurements is to use a planar disk electrode embedded
into an insulator, which can rotate during the electrochemical measurements.'®> RDE is
popular in ORR studies, as the rotating disk allows to increase and control the rate of
dissolved reactant (e.g., Oz) reaching working electrode surface. RDE thereby
overcomes the limitation of pure reactant diffusion. A constant and controlled mass
transport to the working electrode allows a post-extraction of the pure kinetic reaction
parameters.

The polarization curve obtained from RDE measurement can be separated into three
potential regions: the pure kinetic-controlled potential region, the pure mass transport-
controlled potential region and the mixed-controlled potential region. The current in the

pure mass transport-controlled potential region is defined by the Levich equation:'®?

ig = 0.62nFAD,*Pwl/2y=1/6C,* (2.1)
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where iy is the diffusion-limited current, n is the number of electrons, F is the
faraday constant, A is the geometric area of the working electrode, D, is the diffusion
coefficient of reactant, w is the rotation speed, v is the kinematic viscosity of
electrolyte, and C," is the concentration of reactant in the bulk electrolyte.

The kinetic current can be obtained from Koutecky-Levich equation'®® defined as

following:
z= 7‘1” + i (2.2)

where i is the measured current, iy is the diffusion-limited current, and i, is the
kinetic current. The kinetic current can be determined by correcting the measured
current by the diffusion-limited current, which is determined in the mass transport-
controlled potential region under defined rotating speed. However, the described
method to obtain the kinetic current is only valid in a narrow potential window, i.e., a
potential window in which the diffusion-limited current is less than two times higher
than the measured current. Otherwise, a substantial error can be introduced due to
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unstable convection.!> Re-arranging the Koutecky-Levich equation (2.2) by

replacing iz, with equation (2.1), the kinetic current can alternatively be obtained by

.1 . 1 : . L
plotting Jasa function of 7 A linear correlation of the two factors is discernable,

and the kinetic current can be extrapolated at an infinite rotation speed, i.e., w~/?

approaching 0, and thus % 1s equal to li This method allows to analyze reaction
k

kinetics in a wider potential region, e.g., the analysis of the ORR activity in the oxygen
transport-controlled potential region.'®

The RDE methodology is has been adapted to investigate high surface area catalysts by
Schmidt et al.'®” The measurements are implemented by dropping a specific amount of
catalyst ink onto a glassy carbon (GC) disk, and the dried catalyst thin film on the GC
disk is further used in the electrochemical measurements. The method gained high
popularity for ORR studies and is intensively applied to elucidate fuel cell catalysts in

research laboratories.
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2.3.1 Catalyst thin film fabrication on the GC disk

The quality of the catalyst film fabricated on the GC disk has a crucial impact on the
determined “intrinsic” activity of a catalyst, e.g., the ORR activity. To obtain a
homogeneous catalyst thin film on the GC disk, a finely dispersed and stable catalyst
ink needs to be achieved. In this thesis, all catalyst inks prepared for RDE
measurements followed a recipe developed by former colleagues.'® A mixture of
isopropanol and Milli-Q water with 1:3 in volume ratio served as dispersing agent. After
the catalyst powder was dispersed, 1 M KOH solution (containing 1.6 pL/ml 1 M KOH
solution) was added to improve the dispersion and the stability of the catalyst ink.
Afterwards, the catalyst ink was further sonicated for ~5 minutes, before fabricating the
catalyst thin film on the GC disk. Note that a 1 M KOH solution, instead of Nafion
ionomer was added to form the catalyst ink, to avoid the inhibiting effect of Nafion
ionomer. The sulfonate anion, which partially comprises the Nafion ionomer,
specifically adsorbs on the Pt-based catalyst surface!®!"° thus blocking active sites,
which can lead to an underestimation of the “intrinsic” activity of a catalyst. The
introduced 1 M KOH can adjust the surface charge distributed on the catalyst, and thus
facilitate the formation of a homogeneous catalyst ink.!'6®

If a stationary method, i.e., RDE tips are kept in air, is used for drying the catalyst thin
film (deposited on the GC disk), the drying can lead to the formation of so-called
“coffee rings” at the edge of the GC disk due to capillary forces.!”! In this thesis,
therefore, a stationary method with optimized parameters was used, i.e., the RDE tips
were dried under an Ar stream saturated with isopropanol and Milli-Q water (1:3 in
volume ratio). This method is efficient to obtain homogeneous, “coffee ring”-free

catalyst thin films on the GC disk.
2.3.2 RDE measurements in this thesis

The RDE used in the thesis consisted of a rotating shaft and a RDE tip. The RDE tips
were homemade by embodying an @ 5 mm GC disk into a Teflon cylinder. A gold pin

was used to connect the RDE tip (GC) with the rotating shaft made up of stainless steel
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inside, which is connected to potentiostat to guarantee good electronic conductivity. A
glass cell with two chambers was used in the measurements. During the measurements,
one needs to guarantee that the distance between working electrode and the tip of the
Luggin capillary of the reference electrode is as close as possible to minimize the
solution resistance. In addition, the solution resistance is influenced by the
concentration and the temperature of the supporting electrolyte, i.e., the higher the
temperature and the concentration of the electrolyte, the lower the solution resistance.
The RDE measurements in this thesis were performed with 0.1 M HClO4 at room
temperature to guarantee sufficient ionic conductivity of the electrolyte, and at the same
time avoiding as much as possible the poisoning effects of impurities and anion species
in the electrolyte. The small diameter (@ 5 mm) of the GC disk coated with a small
amount of catalyst which leads to a small absolute currents. This allows us to
compensate the solution resistance online by using an analog positive feedback scheme.
It is however challenging to completely compensate the solution resistance due to the
oscillation generated by the potentiostat and the risk of over-compensation, which can
destroy the studied catalyst immediately. Thus the resistance was not completely
compensated and the remaining uncompensated solution resistance was adjusted in a
“normal” range, i.e., below 3 Q in the RDE measurements of this thesis. If necessary,
this solution resistance can be further corrected after the measurements when applying
a single frequency AC signal during the measurements. However, the potential offset
induced by the small uncompensated solution resistance and the small current in the
measurements, €.g., the diffusion limited current of the ORR is ~-1.2 mA at 1600 rpm,
which is already much larger than the kinetic current, poses negligible effects on the

overall potentials.

2.4 Gas diffusion electrode (GDE) methodology

Benchmarking an ORR catalyst can be easily implemented with a RDE setup. However,

the impressive high ORR activity recorded in RDE measurements typically cannot be
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transferred to real applications, due to the differences between RDE and MEA (used to
constitute a fuel cell) measurements. These differences can be summarized as:
1) Measurement conditions: a potentiodynamic approach is frequently applied for RDE

measurements, '’

in which the ORR can proceed on a catalyst surface with limited
coverage of oxygen-containing species. By comparison, a potentiostatic or a
galvanostatic mode is employed in MEA measurements, i.e., a constant potential or
current is applied.!”® Therefore, the oxygenated species are more readily to reach an
equilibrium state and thus less active sites are accessible for oxygen adsorption or
cleavage on the catalyst surface. ii) Reaction interface: in RDE measurements, the
working electrode coated with the catalyst film is in direct contact with protons and the
dissolved oxygen in the electrolyte. In the MEA measurements, the reaction however
takes place at the boundary of the catalyst surface, the polymer membrane, and oxygen
diffusing from the gas diffusion layer (GDL)).!” iii) Catalyst loading: 10 pug cm™
(based on the geometric area of the working electrode) loaded on the working electrode
is a standard catalyst loading for RDE measurements. Increasing the catalyst loading
reduces the utilization of the catalyst, in particular once a 3D structure of the catalyst
layer is formed. However, the catalyst loading in MEA measurements ranges from ~0.1
mg cm™ to ~0.5 mg cm? (standard loadings for Pt-based catalysts).!” In addition, the
ORR current reaches the diffusion limited plateau at ~0.85 VruE in a RDE measurement,
due to the intrinsic limitation caused by the solubility and diffusion of oxygen in the
electrolyte, therefore, it is challenging to predict the ORR performance of a catalyst in
the potential region of 0.6-0.8 VrHE, the potential window relevant for the operation of
a fuel cell.!”

To bridge the gap between RDE and MEA tests, an alternative testing platform
combining the merits of both setups i.e., the simplicity of RDE and the applicability
(e.g., increased mass transport) of MEA, is desirable. Since Zatilis et al.*® proposed the
concept of floating electrode by using gas diffusion at an interface to improve oxygen
transport, and thus obtain oxygen reduction currents with no mass transport limitation,

GDE testing platforms with different configurations have been developed.>¢33404! The
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existing GDE setups (for ORR studies) can be separated into setups using a polymer
membrane and the ones without polymer membrane. Setups without a membrane are
known for their simplicity. Meanwhile, the proton transport can be sustained by the
liquid electrolyte. Setups with a membrane can be assembled by pressing (or hot
pressing) the polymer membrane on top of the catalyst layer to facilitate the proton
transport, in particular in the high current region, and thus the membrane-GDE mimics
closer to the real condition of PEMFCs. In addition, the introduced polymer membrane
can to a great extent minimize the dissolved oxygen (in the electrolyte) to diffuse to
catalyst layer, to guarantee that the oxygen is provided via diffusion through the gas
diffusion layer. All the different GDE setups can meet the need of improving mass
transport. However, only the setup used in this thesis can be applied at elevated
temperatures. The GDE setup was first introduced by Wiberg et al.,!”® and was stepwise

7

further adapted to investigate different reactions, i.e., the CO, reduction reaction!”” and

the oxygen evolution reaction.!”
2.4.1 Catalyst film fabrication on the GDL

The recipe to prepare catalyst ink was reported previously.'®! Briefly, the catalyst
powder was dispersed in a mixture of isopropanol and Milli-Q water with 1:3 in volume
ratio, resulting in a concentration of 0.5 gp¢ L' for Pt-based catalysts. Nafion ionomer
(D1021, 10 wt. %, Fuel Cell Store) was added to the catalyst ink with the same mass as
the carbon support. The mixture was sonicated for ~5 minutes in a sonication bath to
obtain a catalyst ink displaying high dispersion.

The composition of the catalyst ink has a crucial effect on the “intrinsic” activity of a
catalyst in RDE measurements. The same conclusion was recently reported for GDE

t,'” i.e., a standardized carbon to Nafion mass ratio for the compositing

measuremen
catalyst ink might not be optimal for each individual catalyst. A specific ink recipe, e.g.,
Nafion to support (carbon) mass ratio, for an individual catalyst is essential to obtain
the maximum reachable power density for this catalyst. In this thesis, however, the

nominal content of Pt and carbon were the same for each studied Pt-based catalyst.
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Therefore, the mass ratio of carbon and Nafion was kept at 1 when preparing catalyst
ink.

Using vacuum filtration to deposit catalyst ink onto GDL was firstly reported by
Yarlagadda et al.,'®" and further adapted in the studies of this thesis. In brief, a GDL
(H23C8, Fuel Cell Store) was placed in between a sand core filter and a glass funnel in
a vacuum filtration setup. A catalyst ink as described above was diluted to 0.05 gp L™!
by adding isopropanol and Milli-Q water, to finally lead to a volume ratio of 3:1
(isopropanol: Milli-Q water). The ink was further sonicated for ~5 minutes and poured
in the funnel. A vacuum pump was applied to force the catalyst ink through the GDL.
In this process the catalyst was deposited onto the GDL, thus forming a GDE, which
was then placed in the fume hood for at least 2 hours. The Nafion membrane was
pressed on top of GDE (2 tons and lasting for 10 minutes) before the electrochemical
measurements. Note: the actual catalyst loading on the GDE might deviate from the
nominal value due to nanoparticles detaching from the support (unsupported metal
nanoparticles), which can easily pass through the GDL and thus reduce the metal
loading on the GDE. It is therefore crucial to determine the catalyst loading on the GDE,
e.g. via ICP-MS, especially when the mass of the active phase is used to normalize the
measured reaction current. Additionally, acetone can be added to prepare the catalyst
ink, e.g., the volume ratio of acetone, isopropanol and Milli-Q water is 1:2:1, to

suppress particle loss during vacuum filtration.
2.4.2 GDE measurements in this thesis

The GDE setup used in the thesis consists of two components, i.e., the upper cell body
made of polyetheretherketone (PEEK) or polytetraflfluoroethylene (PTFE) and the
lower cell body, which is made of stainless steel (used to study the ORR in this thesis)
or PTFE (used to study the FAOR in this thesis). The upper cell body contains aqueous
electrolyte, in which the counter electrode (Pt mesh) and reference electrode (reversible
hydrogen electrode, RHE) are placed. The GDE with the pressed Nafion membrane is

placed in between the two cell bodies and serves as working electrode. A schematic
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illustration of the GDE setup is available in our previous publications.!”3!8!

In the GDE measurements, the reactant gas (e.g., O2) is firstly humidified by
introducing it to a bubbler filled with Milli-Q water. The humidified reactant gas is then
streamed through the lower cell body reaching the catalyst layer by passing through the
flow field on top of the lower cell body. The Milli-Q water in the bubbler can be
replaced by the volatile liquid, e.g., formic acid, and the evaporated liquid is carried by
the inert gas, e.g., Ar stream, to the catalyst layer allowing the study of the specific
electrocatalytic reaction, e.g., FAOR.
Furthermore, the used GDE setup is small and thus allows to evaluate the performance
of a catalyst at elevated temperatures. This can be easily implemented by placing the
complete GDE setup (including the bubbler) in a metal box that sits on a heating plate.
A temperature sensor connected to the lower metal cell body is used to monitor the
temperature of the cell body in situ via the potentiostat. Note that using the cell body
made of metal is critical to guarantee that the provided heat is homogeneously
transferred to the catalyst layer.
The online compensation of solution resistance via the potentiostat is well-established
in RDE measurements. However, the online compensation is not sufficient for the ORR
measurements carried out with a GDE setup. The remaining uncompensated solution
resistance leads to an offset of the measured potential, in particular for the high current
region.’%37 Therefore, a potentiostatic or galvanostatic steady-state protocol is applied
for ORR measurements performed in the GDE setup. This allows a post-correction of
the potentials caused by the remaining uncompensated solution resistance. The post
correction can be done in the analysis program of “EC4 View” using the equation:
Ereat = Emeasurea — IRy (2.3)
Where R,, is uncompensated solution resistance determined by a single frequency AC
signal during the measurements, see above. Therefore, when applying a galvanostatic
measurement protocol for the ORR, the real potentials are shifted to larger values when

correcting for the uncompensated solution resistance.
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3. Discussion of the appended manuscripts

The following chapter offers an overview the work that I accomplished in my thesis
and which is published in peer-reviewed journals and where I am first author. These are
in total three published/accepted manuscripts, one manuscript that is under revision,
and two manuscripts that are in preparation where all measurements have been finished.
For each manuscript a short background information is provided and the most important
findings are highlighted. Also my role in obtaining the results is specified. Section 3.1
discusses the developed nanocomposite concept versus a conventional alloy concept.
BifunctionalPt-Ir/C catalysts were prepared and compared in ORR and OER studies.
Section 3.2 presents work investigating commercial Pt/C catalysts for the ORR in a
RDE as well as a GDE setup. It is evaluated to which extent the intrinsic activity of a
catalyst obtained in RDE measurements can be translated to a more applied
environment by using a GDE setup. In section 3.3, the nanocomposite concept is
extended to a Pt-Au/C system in a comparative study testing the ORR performance in
a RDE and a GDE setup. In section 3.4, Pt-Au/C nanocomposites with different Au
contents are further studied for the FAOR. The results demonstrate that the
nanocomposites alloy if repetitive potential/current cycles are applied. It is shown that
the continuous alloy formation of Pt and Au is induced by and benefits the FAOR.
Section 3.5 focuses on the dissolution of Ir during electrochemical treatment and
outlines a possible electrochemical recycling scheme. The project was motivated by the
severe dissolution of Ir observed in the study presented in section 3.1 and the stability
issue of Pt-Ir bifunctional catalysts in practical applications. In the last section 3.6, a
non-noble Fe-NC catalyst is tested for the ORR in a RDE setup as well as a GDE in
acidic and alkaline conditions and the electrocatalytic performance is compared with

that from a Pt/C benchmark catalyst.
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3.1 Manuscript I: Bifunctional Pt-IrO: catalysts for the oxygen evolution and

oxygen reduction reactions: alloy nanoparticles vs. nanocomposite catalysts

Description

Iridium (Ir), one of the platinum group metals (PGMs), is considered highly resistant to

corrosion even in the aqua regia. Activated Ir (IrO2) is used in proton exchange

membrane water electrolyzers (PEMWESs) as anode catalyst combining high activity

and stability for the oxygen evolution reaction (OER).'®? By comparison ruthenium (Ru)
in its activated form (RuO) displays outstanding catalytic performance in acidic media,

which is however at the cost of its stability due to the formation of easily dissolvable

species of RuO4.!%

Connecting PEMWEs with an external energy source (such as solar energy) can
establish a complete system for hydrogen production and re-employment for electricity
generation, i.e., the unitized regenerative fuel cell (URFC).!® In an URFC, Ir (IrO>) is
typically combined with a Pt-based catalyst to form a bifunctional catalyst, to catalyze
OER and ORR, respectively. In addition, Ir (IrO>) is proposed to “protect” Pt-based
catalysts from degradation, in particular under OER operating conditions and/or
repetitious start up and shut down conditions.'®> Water is oxidized to oxygen by Ir (IrO2)
and thus decreasing the amount of reactant (water) for carbon (serves as a support for
the catalyst) oxidation (carbon is difficult to be oxidized in a dry environment). Carbon
oxidation leads to the detachment of Pt-based metal nanoparticles from the carbon
support forming aggregates. Furthermore, the carbon surface becomes less accessible.

In spite of the high resistance of Ir-based materials under stationary conditions, Ir and
IrO; suffer from dissolution when switching between oxidating and reducing conditions.
When metallic Ir is oxidized and Ir oxide is reduced, repetitively, the oxidation state of
Ir is changed between 3+ and 4+ at ~0.9 Vrug,'*® and between 5+ and 6+ at ~1.5 Vrug'®’
which triggers dissolution.

In the presented work of this section, Pt/C with different weight percent, Pt + xIr/C

nanocomposites, and Ptlry/C alloys were prepared. The nanocomposite was developed
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as a concept consisting of separately preparing monometallic nanoparticles (herein, Pt
and Ir nanoparticles) and co-supporting them onto a support (here carbon). Therefore,
the properties of the individual nanoparticles (e.g., the type of particles, the loading of
the particles, etc.) can be adjusted without influencing the adjacent co-immobilized
metal nanoparticles. The nanocomposite differentiates itself from conventional alloys,
where various elements are incorporated into a single metal nanoparticle. Since Pt-Ir
catalysts serve as bifunctional catalysts, we compared Pt + xIr/C nanocomposites with
Ptlryx/C alloys with respect to their stability in accelerated degradation tests, their ORR

performance, and their OER performance.

Contribution to the work

My contribution to this work was as follows: I prepared the different catalysts,
performed all electrochemical measurements and processed and analyzed the data. In
addition, I prepared the first draft of this paper. The TEM characterization and ICP-MS

measurements were conducted by the co-authors.

Most important findings
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Figure 3.1 Summary of ECSA loss as a function of different investigated catalysts during degradation
test (a), ORR activity (b) and OER activity (c) of the studied bifunctional Pt-Ir catalysts (nanocomposites
and alloys) after degradation test. EOT: end of test.

The most important findings of this work are summarized in Figure 3.1 and Table 3.1.
Figure 3.1 displays the electrochemical performance including stability, ORR activity,
and OER activity of the investigated catalysts. Table 3.1 provides an overview of the
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relative ratio change in weight composition of the bifunctional Pt-Ir catalysts after being
exposed to accelerated degradation tests. The results demonstrate that severe Ir
dissolution occurs when exposing the catalysts to alternative oxidative/reductive
conditions. In the following, I summarize the key results:

e A clear stability trend is observed as displayed in Figure 3.1a. That is, the
catalyst stability improves with introduction of Ir to the Pt catalyst. Less Pt
surface area is lost for the bifunctional catalysts in comparison to the
monometallic Pt reference. The degree of the durability improvement is not
specific to the configuration (nanocomposite vs. alloy) and the loading/
composition (one time vs. two times higher Ir mass than Pt mass) of the
bifunctional catalysts. The findings are consistent with the previous reports,'®’
i.e., Ir can mitigate the degradation of Pt in bifunctional catalysts.

e Based on the similar loss in ECSA for the bifunctional catalysts, a similar
change in the ORR and OER performance (comparing the electrocatalytic
activity before and after the degradation test) would be expected. However,
Figure 3.1b and Figure 3.1c display a different picture, i.e., Pt + xIr/C
nanocomposites display a comparable ORR activity and higher OER activity
after the degradation test, as compared to the lower ORR activity and
comparable OER activity before the degradation test. Both characteristics (ORR
and OER activity) are compared to the ones of the Ptlry/C alloy counterparts.

The improvement in activity (ORR and OER, after degradation) of Pt + xIr/C
nanocomposites highlights the advantage of a catalyst configurated with separately
supported metal nanoparticles over the conventional bi- and/or tri-metallic structures,
i.e., alloys. The degradation of the active nanoparticles impacts less of the adjacent
heterogenic nanoparticles if the two components are separately distributed. By
comparison in alloys, the different elements are incorporated into the same entity

leading to an entangled degradation.

Table 3.1 Summary of relative compositions in weight of Pt and Ir and the change of relative

compositions over the degradation test. The relative compositions are determined with TEM-EDX
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measurements. BOT: before test. EOT: end of test.

Ir wt. % Pt wt. % wt. [r/Pt wt. Ir/Pt change %

Ptlr/C BOT 45+4.8 55+4.8 0.82 73
EOT 182423 | 81.8+23 0.22

Ptlr,/C BOT 548+6.7 | 452+6.7 1.21 82
EOT 182+15 81.8+ 15 0.22

Pt+Ir/C BOT 46.2+2 53.8+2 0.86 65
EOT 23+£54 77+54 0.3

Pt + 2Ir/C BOT 66.8+0.7 | 33.2+0.7 2.01 77
EOT 31.6£17 68.4+17 0.46

e Analyzing the relative weight ratio (It/Pt) of the bifunctional catalysts after the
degradation tests, one can clearly observe a substantial decline in Ir weight in
all the studied bifunctional Pt-Ir catalysts. This indicates that the Pt “protection”

is at the expense of Ir dissolution, and thus poses an issue that needs to be

addressed for real fuel cell/electrolyzer applications.

Comparing and evaluating the electrocatalytic performance of the studied catalysts, we
are able to state that the bifunctional catalysts possess a higher resistance to degradation
treatments with respect to the pure Pt/C references. In view of the configuration of the
bifunctional catalysts, the nanocomposites display advantages over the alloys, reflected
in the higher retainment in performance (ORR and OER) after the degradation tests.
However, drawback is also obvious; not only for the nanocomposites, but for all Pt-Ir
bifunctional catalysts. Substantial Ir dissolution occurs under harsh electrochemical
conditions. It is therefore of high importance to mitigate Ir dissolution and/or recycle

the dissolved Ir.
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3.2 Manuscript II: The gas diffusion electrode setup as a testing platform for

evaluating fuel cell catalysts: a comparative RDE-GDE study

Description

In manuscript I, the presented electrochemical measurements results were obtained
with the “state of the art” method, i.e., RDE measurements. The RDE technique is
known for its simplicity and is available in most laboratories. The ORR normally occurs
on the cathodic side of PEMFCs.>* Using the RDE methodology, one can study the
intrinsic ORR activity (upper limit in ORR activity) of a catalyst. However, it is
challenging to directly translate the obtained ORR activity to tests in membrane
electrode assemblies (MEAs), which constitute a fuel cell. The discrepancy in ORR
performances obtained from RDE and MEA measurements can be attributed to several
parameters and was already detailed in the last chapter. In the presented work, I
compare the performance of industrial catalysts in RDE measurements with those in
GDE measurements, which should serve as an intermediate step towards the application

of MEAs.

Contribution to the work

I conducted all electrochemical RDE measurements and analyzed the data. Sven
Nosberger conducted the electrochemical GDE measurements. Jonathan Quinson, from
the University of Copenhagen, did the physical characterization of the commercial Pt/C
catalysts, i.e., the TEM imaging and statistical Pt particle evaluation to obtain the

number weighted particle size distribution, and the SAXS analysis.
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Most important findings
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Figure 3.2 Comparison of ORR performance in RDE (black line) and GDE (red line). 46 wt.% TKK Pt/C

serves as a represent for comparison.

In the current study, six different commercially available fuel cell Pt/C catalysts were
investigated in both RDE and GDE setups. The thorough comparative results can be
obtained in the attached manuscript. In the section discussed here, I select one catalyst
(46 wt.% TKK Pt/C) as an example, to discuss the different ORR behaviors in different
potential windows, obtained from RDE and GDE measurements, respectively. The most
important findings of the work are summarized in the following:

e The upper part in Figure 3.2 displays that the obtainable geometric currents in
RDE and GDE measurements are substantially different. In RDE, the diffusion
limited current is ~-6 mA cm™, at a rotation speed of 1600 rpm, a typical value
in ORR studies. By comparison, a current of ~-1500 mA cm™ is obtained in the
GDE measurements. Two factors, i.e., the catalyst loading on the working
electrode and the oxygen transport in the system, lead to the observed
difference in ORR currents. A mass transport (MT) free diffusion current can be
extrapolated in RDE measurement under the assumption of an infinite rotation
speed. However, even with infinite rotation the maximum diffusion current
under MT-free conditions is only ~-600 mA cm,'%® due to the limited oxygen
solubility in the electrolyte and the much lower catalyst loading (~20 times less)
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in comparison to the one used in GDE measurements. This demonstrates the
importance to use a GDE setup in catalysts evaluation. In GDE measurements
the oxygen solubility issue is eliminated and a much higher catalyst loading can
be used.

Neither the data from RDE nor GDE measurements were mass transport
corrected (the lower part in Figure 3.2). The potential region with linear Tafel
slope goes down in the GDE measurements to ~0.75 Vrue. In contrast, the
potential region with linear Tafel slope is narrowed in the potential range of 0.9-
1.0 VruEe in the RDE measurements.

Ideal data obtained in GDE measurements should exhibit a linear Tafel slope
throughout the whole potential window. This is however obviously not the case
in the current GDE study. A current plateau as observed in the RDE
measurement, can also be seen in the GDE measurements in the potential region
where the current reaches ~-1000 mA c¢cm™. This demonstrates that a limiting
factor also exists in this measurement system. Oxygen transport through the
GDL should not be an issue, as long as a high gas flow rate can be guaranteed.
Therefore, the proton concentration on the catalyst surface, as well as the
management of the product (water) might become limiting factors.
Consequently, the Nafion content, the humidification of the Nafion and the
thickness of the membrane, etc., potentially influence the proton transport.
Furthermore, the type of the substrate, the graphitization degree and the porosity
of the carbon support pose an impact on the water management. It is thereby
extrapolated that by adjusting the mentioned parameters further, an optimization

to the present GDE setup can possibly be achieved.

In conclusion, the GDE setup with similar operating conditions as in MEA tests

provides an opportunity to evaluate catalysts under more relevant conditions. We

therefore can envisage “a scheme” for the design and the application of a newly

developed catalyst: catalyst synthesis, RDE measurements to confirm the synthesis
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concept, GDE measurements to validate the feasibility of the application of the catalyst,
MEA measurements to validate the feasibility of an industrial application. Finally, the

large-scale production of the catalyst.

40



3.3 Manuscript III: Elucidating Pt-based nanocomposite catalysts for the oxygen
reduction reaction in rotating disk electrode and gas diffusion electrode

measurements

Description

It is well-accepted that among the various materials for the ORR, Pt-based materials
exhibit the highest intrinsic ORR activity and thus are utilized at the cathode of
PEMFCs.>* Recently, the catalytic performance in the high current region (low
potential region) and the stability of the catalysts attract increasing attention in research,
as these metrics are important for practical applications.

The catalyst dispersion plays a critical role for the ORR performance in the high current
region, i.e., a high dispersion facilitates sufficient oxygen transport to the active sites
that is particularly crucial in the high current region. However, to achieve high
dispersion, smaller nanoparticles are imperative. This on the other hand accelerates the
degradation of the catalyst (lower stability of small nanoparticles).!®""!8% Using
interparticle effects allows to optimize the particle density on the support (catalyst
dispersion) and further exert impact on the Pt stability and ORR rate.

The nanocomposite concept, firstly introduced in manuscript I, allows to investigate the
interparticle effect beyond monometallic nanoparticles. Therefore, it is of interest to
apply the nanocomposite concept to the Pt-Au system, which is a “hot topic” in ORR
studies in the literature.”®* With the help of Pt-Au nanocomposites one can elucidate
how the interaction between Pt and Au nanoparticles affects the ORR activity and the

stability of the catalyst, both properties that are associated with the oxophilicity of Pt.

Contribution to the work

My contribution to this work includes the catalysts preparation, all electrochemical
measurements and the data analysis. I also prepared the first draft of the paper. Jonathan
Quinson, from the University of Copenhagen, did the physical characterization of the

catalysts, i.e., TEM imaging and analysis of the catalyst composition with TEM-EDX,
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and the SAXS analysis to evaluate the particle size distributions. The Ex situ X-ray
absorption spectroscopy (XAS) data was measured and processed by Adam Clark from

the SuperXAS beamline at PSI.

Most important findings
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Figure 3.3 Summary of stability comparison (a), ORR activity comparison (b), and ORR activity
obtained in a GDE setup (c) of the investigated catalysts. The degradation protocol for GDE measurement
incorporating the potential stepping between 0.6 and 1.0 Vrue and the potential cycling between 1.0 and
1.5 Vrue. The ORR mass activity from Pt-Au/C is regarded as a standard to calculate the relative mass

activity of the studied catalysts, from RDE and GDE measurements, respectively.

The most important findings of this work are summarized in Figure 3.3. The Figure
includes a comparison of the stability and ORR activity of the investigated
monometallic Pt/C catalyst, nanocomposites incorporating Pt and Ir (IrO, after
electrochemical activation) nanoparticles as well as Pt and Au nanoparticles. The
performance comparison was first studied in a RDE setup, then the measurements were
further carried out in a GDE setup to investigate how much of the obtained performance
in the RDE measurements can be transferred to the more realistic situation in the GDE
setup. The obtained results are as follows:

e Figure 3.3a depicts that the stability of Pt can be improved by adding Ir (IrO>)
nanoparticles, which is consistent with the study presented in the manuscript I,
or by adding Au nanoparticles. This conclusion is confirmed independent of the
applied degradation protocol and the applied testing platform. As also presented
in the Manuscript I, the stability improvement of Pt is at the cost of Ir dissolution
in the Pt-IrO,/C catalyst. By comparison, in the case of the Pt-Au/C
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nanocomposite, Au nanoparticles suffer much less from dissolution. Therefore,
Au nanoparticles can be considered more appropriate in terms of improving the
durability of Pt nanoparticles. However, it should be noted that the particle size
difference between Ir (less than 2 nm) and Au (more than 5 nm) might be a
contributing factor in the different dissolution profiles of Ir and Au.

e The interaction of Pt and Au nanoparticles allows to modify the electronic
structure of Pt leading to a less oxophilic property of Pt nanoparticles as shown
in the XAS measurements (in the appended manuscript) and reflected in the
improved stability (Figure 3.3a) as well as improved ORR activity (Figure 3.3b).
The ORR activity of Pt-IrO»/C is however reduced in comparison to the Pt/C
reference, despite the observed improvement in stability. OH", an intermediate
in the ORR, can on the one hand facilitate the ORR, on the other hand it can
also act as a poisoning species blocking the active sites required by the ORR.
Therefore, the ORR rate is limited by the OH" formation if the OH" binding
energy on the Pt surface is too weak, and conversely, the ORR rate is limited by
the OH™ (OOH") reduction if the binding energy is too large. It is reported that
the ORR rate on the Pt/Au(111) is determined by the OH" removal step, while
on Pt/Ir(111), it is determined by the OOH" formation step.®* An analogous
assumption can be made for the current study, i.e., less Pt oxide is formed in the
Pt-1rO,/C system, and thus an improved stability and a lower ORR activity are
observed.

e The improved ORR rate for the Pt-Au/C nanocomposite can however not be
retained at high current densities as demonstrated in Figure 3.3c. This might be
an intrinsic limitation of the studied catalyst, or a limitation of protons and/or

water management in the high current region, as discussed in manuscript I1.

By carrying out a comparative study in RDE and GDE setups, we could evaluate the
performance of the catalysts for both fundamental and applied perspectives. The ORR

activity trend of the studied catalysts can be transferred to the more realistic operating
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conditions, which proves the feasibility of using GDE setups to evaluate a series of
catalysts in basic research. The nanocomposite concept enables us to adjust the
individual parameters of the introduced metal nanoparticles and balance the stability
and the activity of the catalyst. However, further work is essential to unfold the

promises of nanocomposite catalysts in more applied research.
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3.4 Manuscript I'V: Nanocomposite concept for electrochemical in situ preparation

of Pt-Au alloy nanoparticles for formic acid oxidation

Description

Hydrogen is one of the most widely used fuels to power PEMFCs for electricity
generation.!! It can alternatively be replaced by liquid fuels, e.g., formic acid, methanol,
and ethanol, etc., for the sake of safety and utilize the abundance of liquid fuels. Thus
DFAFCs and DMFCs, etc., have been developed.'®!”

Catalysts may display satisfactory initial performance, the performance however may
decrease in longer-term measurements. This can partially be associated with structural
changes of the catalyst (irreversible degradation) but also with the formation of
poisonous species (reversible degradation). It is therefore crucial to track the dynamic
structure of the catalyst during electrochemical tests. For example, with the help of in
situ transmission electron microscopy, a recent study reported a dynamic conversion of
cubic copper nanoparticles taking place under CO; electroreduction conditions. The
altered morphology of the cubic copper facilitated the generation of Ca+ products.'®
The finding exemplifies the importance of in sifu determination of the structure
(dynamic structure) of a catalyst.

The nanocomposite concept was first developed and used for the study of bifunctional
catalysts, as presented in manuscript I. This concept is further extended to the Pt-Au/C
system showing improved ORR performance as presented in manuscript III. The
feasibility of performing formic acid oxidation reaction (FAOR) tests and the lack of
studies on Pt-Au/C nanocomposites for the FAOR in the literature, motivated us to
adopt the Pt-Au nanocomposites for the FAOR. As the nanocomposites exhibited time
dependent electrochemical responses, in situ small-angle X-ray scattering (in situ
SAXS) was employed to track the dynamic size distribution of the Pt-Au/C
nanocomposites in potentiodynamic tests and to correlate them to the observed catalytic

performance.
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Contribution to the work

My contribution to this work was as follows: the preparation of the various Pt + xAu/C
nanocomposites and catalyst layers for the GDE measurements, the complete
electrochemical measurements and the data analysis, the physical characterization of
the investigated catalysts (TEM, IL-TEM), the in situ SAXS measurements.
Furthermore, I prepared the first draft of the paper. The remaining characterizations

mentioned in the paper were conducted by the co-authors.

Most important findings
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Figure 3.4a FAOR performance comparison of the investigated catalysts. The currents at 0.3 Vrue and

peak positions are from the forward scanning. The current hysteresis is calculated from the peak positions
in both scanning directions. A detailed specification for the obtained measurement results is available in

the appended manuscripts.

Figure 3.4a summarizes the different FAOR characteristics of the studied catalysts.
Figure 3.4b displays the dynamic transformation of the particle size distributions during
FAOR potentiodynamic tests. Correlating the FAOR performance to the physical
property of the catalysts, the following conclusions can be reached:

e [t is clearly seen in Figure 3.4a, that the current in the positive-going scan is
enhanced with larger Au compositions; both in the peak current and the current
at 0.3 Vrue. The highest current is attained when the mass ratio of Pt:Au reaches
1:5. Further increasing the Au composition, however, leads to a reduction in FA
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oxidation current. The peak current undoubtedly reflects the FAO rate of a
catalyst, however, the current at 0.3 VruE is an equally crucial parameter for an
application, as the working potential of a DFAFE is around 0.3 Vrue.2! In
addition, the current hysteresis is compared, which reflects the tolerance of a
catalyst for poisoning. As seen, the Pt + SAu/C nanocomposite displays the
lowest current hysteresis, which indicates that the oxidation current from the
forward scan is less passivated and is therefore more similar to the one in
backward scan. Thus the catalyst possesses a high poisoning tolerance. In

summary, Pt + 5SAu/C exhibits the most balanced characteristics for the FAOR.
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Figure 3.4b Size distributions of Pt + SAu/C from in situ SAXS analysis. The displayed size distribution

functions are selected after a certain step of FAOR potentiodynamic test and in an order from the first

column to the third column, each column following the top to the bottom sequence.

Pt + 5Au/C was further investigated using in situ SAXS analysis. As seen in
Figure 3.4b, with increasing duration of the FAOR potentiodynamic tests the
bimodal size distribution of Pt + SAu/C gradually evolves into a mono-modal
distribution. It can be speculated that a transformation into an alloy structure
occurs with continuous potential cycling. That is, in situ alloy formation occurs
that is most likely associated with Pt nanoparticles migrating and coalescing
with Au nanoparticles, or/and Pt dissolution and re-deposition onto the Au

nanoparticles. The hypothesis is probed by wide-angle X-ray scattering
47



(WAXS), in which a small shift in the Bragg peaks (Au reflections) is observed
after the potentiodynamic test. This allows to distinguish alloy formation from
“a simple” Pt re-deposition onto Au islands, as indicated in the STEM-EDX
mapping. We therefore can state that by comparing with the study of Guay et
al.,'3® in situ alloying of Pt and Au occurs during the FAOR potentiodynamic
tests leading to the observed improved performance. However, due to the
similarities of Pt and Au it is challenging to calculate the lattice constants to

quantify the formed alloy.

Pt-Au/C nanocomposites with various Au contents were prepared and tested for the
FAOR. It is shown that a five times higher Au mass than Pt mass is the optimal
composition for a balanced FAO performance. The improved performance is ascribed
to the dynamic change in structure, i.e., the particle size distribution from the initially
separate state of Pt and Au gradually evolves to form a Pt-Au surface alloy. In situ
SAXS study demonstrates that the surface alloy formation is a continuous process. It is
therefore suggested for a future study, to combine in situ SAXS and WAXS to better

quantify the formed alloy as a function of the potential cycling.
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3.5 Manuscript V: Iridium recycling achieved by the selectively efficient

dissolution in the Pt + xIr/C nanocomposites

Description

As documented, Ir demand is a potential bottleneck in the large-scale
commercialization of PEMWEs. 8219 Therefore, in addition to the reduction of Ir usage
in PEMWEs, the recycling of Ir from used electrodes is of paramount importance.

The “state of the art” technologies to extract Ir from its oxide and/or end-of-life
materials use boiling concentrated acids.!”"!%° The feasibility of Ir dissolution thereby
usually comes at the expense of complexity of the treatments and potential hazards for
the environment. Despite such harsh treatments, in terms of electrochemical processes
the Ir recycling rate from the end-of-life materials is currently only 40-50%, in
comparison to ~90% recycling rate of Pt- and Pd-based materials.'”® The sluggish
recycling rate of Ir is at least partially associated with the challenge of dissolving Ir
oxide via chemical methods. Therefore, there is a high demand for the development of
alternative strategies for Ir recycling.

In the presented work, Pt + xIr/C nanocomposites with various compositions were
prepared. By alternatively switching the applied oxidative and reductive
potentials/currents, the transient dissolution of Pt and Ir was detected. Furthermore, by
adjusting the applied electrochemical measurement protocols, a maximum selectivity

in Ir dissolution was achieved, suggesting a potential pathway for efficient Ir recycling.

Contribution to the work

My contribution to this work includes the preparation of the Pt + xIr/C nanocomposites,
all electrochemical measurements in the half-cell setup and the data analysis. Matej
Zlatar, from the Helmholtz Institute Erlangen-Niirnberg for Renewable Energy (IEK-
11), carried out all measurements by the scanning flow cell coupled to inductively

coupled plasma-mass spectrometry (SFC-ICP-MS) and analyzed these data.
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Figure 3.5 Summary of the total metal dissolution rates during SFC-ICP-MS measurements as a function
of various samples and treatment protocols. Pot.: potentiostatic holds, Gal.: galvanostatic holds. Pot. 0.8-
1.1 V: stepping potential between 0.8 and 1.1 V, each step lasts for 60 s and 7 repeats in total, Pot. 0.8-
0.9 V: stepping potential between 0.8 and 0.9 V, each step lasts for 60 s and 7 repeats in total, Pot. 0.05-
0.9 V: stepping potential between 0.05 and 0.9 V, each step lasts for 300 s and 3 repeats in total, Gal. -1-
1 mA cm™: stepping current between -1 and 1 mA cm?, each step lasts for 60 s and 7 repeats in total.

The potentials are referred to the reversible hydrogen electrode (RHE) in the measurements.

The most important findings in the presented work of this section are summarized in
Figure 3.5. To explain the results, one needs to note that the nanocomposites subjected
to the potentiostatic tests consisted of monometallic Pt and Ir nanoparticles, while the
nanocomposites subjected to the galvanostatic tests consisted of metallic Pt
nanoparticles and activated Ir (IrO;) nanoparticles. As can be clearly seen, the
respective Pt and Ir dissolution rates are to a great extent affected by the applied
protocols and the composition/activation of the nanocomposites. In summary the
following observations and conclusions were made:

e The pure 20% Pt/C catalyst, which serves as a reference exhibits the highest
dissolution rate as compared to the nanocomposites, both under potentiostatic
and galvanostatic testing protocols. This indicates that both metallic Ir
nanoparticles and IrO; nanoparticles can alleviate Pt dissolution. This led to the

question if a condition can be found where Ir is selectively dissolved.
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e Focusing on 20% Pt + 20% Ir/C in the potentiostatic treatments, it is seen that
by lowering the upper potential from 1.1 Vt0 0.9 V (0.8 V as the lower potential
is kept unchanged) in the measurement protocol, Pt dissolution is reduced by
half while a similar Ir dissolution is detected. When the lower potential limit is
reduced to 0.05 V (keeping the upper limit at 0.9 V), Pt dissolution is minimized
while maximum Ir dissolution is reached. It is therefore concluded that by
carefully selecting the lower and the upper potential limit (should be below the
thermodynamic potential of Pt dissolution!®), high selectively in Ir dissolution
can be achieved.

e Ir dissolution from Ir oxide (IrO2) was tested as well as it is more relevant for
PEMWE recycling schemes. In addition, a current control protocol
(galvanostatic protocol) was applied as this is easier to realize in industry. It is
seen that conditions can be found where almost all Ir (96 %) can be selectively
dissolved while keeping Pt dissolution at a minimum. Comparing the 20% Pt +
40% Ir/C sample to that of 20% Pt + 20% I1/C, it is shown that Pt dissolution is

reduced, however Ir dissolution is less selective.

In conclusion, by adjusting the applied testing protocols, the selective and efficient Ir
dissolution can be achieved independent of metallic Ir or activated Ir (IrO)
nanoparticles are investigated. Current control protocols that alternatively switch
between reductive and oxidative currents might be most suitable protocol for

applications as no potentiostat is required.
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3.6 Manuscript VI: Elucidating Fe-NC catalyst for the oxygen reduction reaction
in GDE setup

Description

Even though Pt-based catalysts are the most efficient materials for fuel cells, there is a
need for research on alternative materials. The price and the abundance of Pt impede
the mass commercialization of fuel cells. Non-noble metal materials with satisfying
electrocatalytic performance can potentially replace Pt-based catalysts. Single site
catalysts thereby gained interest in the last few years. The most known catalyst of this
type for the ORR is Fe-NC, which displays decent ORR performance. The maximum
utilization of the metal atoms (active sites), however, comes with the challenge of poor
stability in long-term usage, as the atomically dispersed element can easily aggregate
due to its high surface energy.® Studies to test single site catalysts for a specific reaction
are often carried out in a RDE setup. The above mentioned gap between fundamental
and applied research is perhaps even larger for this type of catalyst than for Pt/C.
Therefore, it is of high interest to compare the evaluation of single site catalysts in RDE
configuration to the more realistic environment of a GDE setup. The merits of GDE
setup were detailed in the previous sections and are not repeated here.

In the presented work of this section, the single site catalyst Fe-NC is tested for the

ORR. The measurements were performed in a RDE as well as in a GDE setup.

Contribution to the work
My contribution to this work includes all electrochemical measurements performed in
the GDE setup and the respective data analysis. Vladislav Gridin, from TU Darmstadt,

prepared the Fe-NC catalyst and performed the RDE measurements.
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Figure 3.6 Summary of ORR activity comparison between Fe-NC and Pt/C at room temperature (a),
ORR Tafel plots (b) and the corresponding power density curves (c) of Fe-NC at different temperatures.

The nominal catalyst loadings of Fe-NC and Pt/C (10 wt.%) on the working electrode are 2 mgge.nc cm’

2 and 0.2 mgp: cm?, respectively. 4 M HCIO4 and 1 M KOH are used as electrolyte to provide acidia and

alkaline media, respectively. All measurements are performed in GDE setup.

The manuscript of this work is at an early stage. Therefore, here only the GDE

measurements are discussed. The most important findings are summarized in Figure

3.6. The Figure shows a comparison of the ORR activity between the single site Fe-NC

catalyst and a standard ORR Pt/C catalyst with low metal loading (10 wt. %). It is

demonstrated how the temperature affects the ORR of Fe-NC in the kinetic (low current)

and mass transport influenced (high current) potential region. The following statements

can be made:

In comparison with Pt/C, Fe-NC displays a substantially more pronounced
improvement in ORR activity when going from acidic to alkaline media, both
in the low and high current region (Figure 3.6a). As reported, peroxide is a
predominant ORR product for single site catalysts'®” (this is not the case for
Pt/C). However, in alkaline media the produced HO>™ can be stabilized on the
catalyst surface and enabling a complete 4e” transfer to produce water. By
comparison, H>O is easily decomposed to water and oxygen in acidic media.'”’
Therefore, Fe-NC displays a substantially higher ORR activity in alkaline media,
when compared with Pt/C.

In the potential window of fuel cell operation (0.6-0.8 Vrug),!”> Pt/C displays a
higher ORR activity than Fe-NC in acidic media and comparable performance
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in alkaline environment. However, it is necessary to point out that the used 10
wt.% Pt/C catalyst is not a “good” catalyst for the ORR, standard 20 wt.% Pt/C
and 30 wt.% Pt/C exhibit higher ORR activity.

e Proton conducting membranes such as Nafion are more mature for applications
at elevated temperature (above room temperature) as compared to hydroxide
conducting membranes. Therefore, the ORR measurements at different
temperatures were easier to be carried out in acidic media and the results are
presented in Figure 3.6b. As seen, the overall ORR activity of Fe-NC is
improved with temperature, and the improvement is more pronounced in the
high current region (above 500 mA cm™) as compared to the activity recorded
below 100 mA cm™. This result suggests an improvement in reactant/product
transport with temperature. The corresponding power density is improved as

well, from ~300 mW cm™ at room temperature, to ~450 mW cm above 40°C.

In conclusion, using the GDE setup to elucidate a Fe-NC catalyst for the ORR, the
benefits and the limitations of Fe-NC are demonstrated. Especially in acidic media, the
ORR performance still needs improvement to challenge Pt/C as standard catalyst.
However, in alkaline media, Fe-NC demonstrates ample performance and the
introduction of hydroxide conducting membranes provides a suitable alternative to

standard PEMFCs using Pt at the cathode.
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4. Conclusions and perspectives

In this charpter, the overall results of the thesis are discussed and a perspectives for

future studies is given.

4.1 Conclusions

In this thesis, the nanocomposite catalyst concept is developed and used to prepare Pt-
based catalysts. The nanocomposite catalysts are systematacially tested for the fuel cell
reactions, i.e., the ORR and the FAOR. Several achievements in ORR performance are
made by introducing “foreign” metallic nanoparticle to the Pt/C, both under
fundamental (RDE) and more realistic (GDE) conditions. The demonstrated differences
of Au and Ir nanoparticles in affecting the Pt stability inspired to also investigate
potential electrochemical Ir recycling schemes by means of efficient and selective Ir
dissolution. In addition to the ORR, also the FAOR was studied. Last but not least, also
non-noble metal catalysts were studied in a GDE setup and the results were compared
to measurements performed with RDE.

First, different Pt-Ir/C bifunctional nanocomposites with various Ir contents were
prepared and evaluated for the ORR, OER and their stability performance with the aid
of the “state of the art” RDE measurement method (Manuscript I). The obtained
performance was compared with the one from Ptlry/C alloys with identical
compositions as the nanocomposites. It is found that the ORR rate is negatively affected
(as compared to the Pt/C benchmark) by introducing Ir to the Pt, both in the
nanocomposites and the alloys. On the other hand, in all samples containing Ir, the OER
activity improves, which somehow compensates the undesired ORR inhibition. The
stability of Pt is improved as well, however, at the expense of Ir dissolution.
Nevertheless, Pt-Ir/C nanocomposites more effectively prevent the ORR and OER
performance from deteriorating in degradation tests than the alloy counterparts.

Ir instability is a typical challenge for Pt-Ir bifunctional catalysts. In this thesis work,
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this issue is not solved, however, the results inspired us to investigate possible
electrochemical Ir recycling schemes, which goes beyond investigating mitigation
strategies for Ir degradation. By adjusting the applied measurement protocols, a
selective Ir dissolution of 96% could be achieved. Furthermore, the concept is
demonstrated for realistic catalyst films on a GDL (Manuscript V). The results therefore
indicate that electrochemical Ir recycling could be more efficient and facile as compared
to the standard methods using concentrated acid where a separation of Ir and other
metals (Pt) is required.

Second, ORR studies were implemented in a GDE setup which is designed to mimic
the operating conditions in a fuel cell more realistically. By testing and comparing the
ORR performance of commercial Pt/C catalysts in both fundamental (in the RDE setup)
and applied (in the GDE setup) situations (Manuscript II), the limits as well as the
potentials of GDE measurement method could be elaborated. Furthermore, the concept
of comparative ORR studies using RDE and GDE setups is used to investigate home-
made catalysts, i.e., Pt-Ir/C and Pt-Au/C nanocomposites (Manuscript III). The results
exhibit the same observations as demonstrated with the commercial Pt/C catalysts. That
is, the determined intrinsic ORR activity (kinetically controlled region) is higher in
RDE measurements than that in GDE measurements. This result is consistent with
comparative RDE and MEA studies, i.e., it is challenging to transfer the impressive
intrinsic ORR performance of a studied catalyst to a practical device (MEA). By further
extending the potential region to high currents, it is found that the improved ORR rate
of Pt-Au/C nanocomposites (in the kinetically controlled region) gradually becomes
more comparable to the one of the Pt/C reference. After subjecting the catalysts to
degradation treatments, however, the ORR performance is higher than Pt/C. Therefore,
it is concluded that introducing Au mainly improves the stability of Pt. Unlike in Pt-
Ir/C nanocomposites, the Au content is basically unchanged throughout the degradation
measurements.

In the following study, Pt-Au/C nanocomposites were used to study a standard anode

reaction, i.e., the FAOR. By combining electrochemical characterization with pair

58



distribution function (PDF), STEM-EDX, WAXS and in situ SAXS, it was
demonstrated that during reaction conditions, the initially separate monometallic
nanoparticles gradually formed (surface) alloy nanoparticles. Concomitantly with the
alloy formation, the FAO characteristics improved. The nanocomposite concept allows
a simple balancing of the Au to Pt mass ratio. The best performance was reached with
five times more Au than Pt. By comparison, the nanocomposite with less Au
nanoparticles (two times higher Au mass than Pt) shows less alloying and thus the
characteristics of the FAO are improved in an unbalanced manner. In comparison with
the conventional approach for alloy preparation, applying the nanocomposite concept
for in situ surface alloy formation is facile and straightforward, and requires only the
preparation of two kinds of nanoparticles. Apart from that, Pt-Au nanocomposites are
suitable for several fuel cell reaction studies and thus are of interest for a broader
audience.

Last but not least, the non-noble metal catalyst Fe-NC was elucidated for the ORR in
the GDE setup. The studies once more demonstrated the suitability of using GDE for
the study of catalyst materials. The measurement results demonstrate a comparable
ORR performance for Fe-NC as compared to a Pt/C standard only in alkaline media.
By comparison, in acidic media, the ORR performance of the Fe-NC catalyst is inferior
to the Pt/C standard, which stresses the room for improvement for single site catalysts

for PEMFC applications.

4.2 Perspectives

The concept of nanocomposite catalyst is used throughout the thesis. One of the
discussions in section 3.1 focusses on the stability of bifunctional Pt-Ir/C
nanocomposites during electrochemical measurements. It is concluded that the
improvement of Pt stability is at the cost of Ir dissolution. The stability and the size of
metal nanoparticles are closely correlated with each other, i.e., the smaller the particle

size, the less stable the metal nanoparticles. It might therefore be interesting to use
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larger Ir nanoparticles as starting blocks to prepare Pt-Ir/C nanocomposites to alleviate
Ir dissolution and protect Pt from degradation. This raises the question/challenge how
to modify the EG approach to prepare “surfactant-free” Ir nanoparticles of different
sizes. The approach used for Pt, i.e., regulating the molar ratio of metal precursor and
OH concentration did not work to adjust the size of Ir nanoparticles. A size control of
“surfactant-free” Ir nanoparticles could be an interesting topic for future investigations.
The “size effect” of metal nanoparticles poses an impact on the catalytic activity as well.
For example, larger Pt nanoparticles display higher surface normalized ORR activity
than the smaller ones. It would be interesting for future studies investigating Pt-Au/C
nanocomposites for the ORR to enlarge the size of the Pt nanoparticles from ~1.8 nm
(in this thesis) to ~ 5 nm. Such variation can be easily obtained by reducing the molar
ratio of OH to Pt precursor, as already reported previously.

The investigation of the Pt-Au/C nanocomposites for the FAOR highlights that alloy
formation of Pt and Au plays a significant role for the FAO performance. If, as assumed,
surface alloy formation takes place, the usage of Pt would be maximized. In the studies,
the size of the Au nanoparticles was roughly five times higher than the size of the Pt
nanoparticles. It would be interesting to study the FAOR with nanocomposites
consisting of small Au nanoparticles and large Pt nanoparticles to probe if the same
performance in FAO is reached. If the structure of the Pt-Au surface alloy on the large
Au nanoparticles influences the FAO behavior, using small Au nanoparticles would not
show the desired effect. Such measurements could strengthen the hypothesis of a
reduction in critical raw material by alloying Pt onto the Au surface. Furthermore, the
study of FAOR was carried out in a GDE setup in which the FA was in the form of
vapor. However, liquid FA serves as fuel in a DFAFC device. It would be therefore of
interest to introduce liquid FA into the GDE setup for FAOR studies. Doing so, the
hydrophobic GDL needs to be pre-treated to be more hydrophilic. This can be achieved
for example by immersing the GDL into HNO3 to dope the carbon surface with
functional groups (OH- or/and O-).

In addition, the as-developed nanocomposite concept could be extended to other
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elements, e.g., Ru. The mono-alcohol approach to prepare ‘“surfactant-free” Ru
nanoparticles is well-established and could be adopted to prepare Ru-based
nanocomposites. The polymer membrane used in the GDE alleviates Ru dissolution in
the acidic media. Therefore, by applying the GDE setup to investigate Ru-based
nanocomposites for the OER in acidic media, it might be possible to achieve improved

activity and stability, simultaneously.
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ABSTRACT: In the present study, different concepts for the development of /‘/_\
bifunctional oxygen reduction reaction/oxygen evolution reaction (ORR/ Activity and

OER) electrocatalysts are explored and compared. Bifunctional ORR/OER J'_J Q y Q
catalysts are often suggested to improve the stability during startup and 2 Qb—HL/ 2
shutdown of fuel cells. Furthermore, they have been proposed for the so-

called unitized regenerative fuel cells (URFCs) that would allow a closed loop
system to use and produce hydrogen on demand. We compare the
electrocatalytic performance of conventional Ptlr, alloy nanoparticles
(NPs) with Pt—IrO, NP composites (nanocomposites), both immobilized
onto a commercial carbon support. The Pt—IrO, nanocomposites thereby consist of a mixture of Pt NPs and IrO, NPs. By probing
the electrocatalytic performance before and after exposing the electrocatalysts to accelerated degradation tests (ADTs), it is shown
that the Pt—IrO, nanocomposite concept offers advantages but also some disadvantages over the conventional alloy concept. In
particular, it is shown that while the nanocomposites are initially less active for the ORR because of an interparticle effect, their
performance is less affected by the ADTs. However, all the tested catalysts experience a decline of the Ir/Pt ratio upon ADT
treatment, highlighting the limiting value of Ir as an OER catalyst for startup—shutdown protection in fuel cells as well as the
challenging stability requirements for URFCs.

.
®=|rNP @=PtNP @ = Pt,Ir, alloy NP

KEYWORDS: bimetallic electrocatalysts, nanocomposite electrocatalysts, alloy nanoparticles, accelerated degradation test,
startup—shutdown degradation, fuel cells, unitized regenerative fuel cells

B INTRODUCTION Ptlr.”” Ir is equally scarce and recently has become even more
expensive than Pt.”’ The motivation behind developing Ptlr
catalysts is not necessarily the optimization of the binding
energy of reaction intermediates but rather the fact that Ir-

Electrochemical energy conversion is one of the main
applications of electrocatalysis.' > The most studied tech-
nologies and reactions are the electrochemical water splitting

to produce hydrogen as an energy carrier as well as the oxide isziuzl5 active catalyst for the oxygen evolution reaction
reconversion of such “green hydrogen” (provided the (OER).”™"™ Bifunctional ORR/OER electrocatalysts are
electricity is based on renewable sources such as wind or suggested to improve the stability of PEMFC cathode catalysts
solar power) in fuel cells to deliver electricity on demand.””’ because under high potential excursions reached during startup
In addition, a number of new reactions such as electrochemical and shutdown, the OER competes with and thus mitigates the
carbon dioxide reduction®’ or the production of valuable oxidation of the carbon support to carbon dioxide, the latter
chemicals'”"" recently received increasing attention. While the being extremely detrimental to the catalyst stability.
main application of fuel cells is often seen in the mobile Furthermore, bifunctional ORR/OER electrocatalysts are
automotive sector'* with a recent focus shift to larger trucks,* suggested for the so-called unitized regenerative fuel cells
there is also great potential for applications such as power (URFCs). URFCs are a concept for a closed loop system that

backup,14 residential areas,"” or range extenders for batteries.’

In proton exchange membrane fuel cells (PEMFCs), most
conversion losses arise at the cathode where the oxygen
reduction reaction (ORR) takes place.'” The electrocatalyst of
choice for the cathode currently consists of bimetallic Pt
nanoparticles (NPs), mainly PtCo, immobilized onto a carbon
support.'®"” The alloying optimizes the adsorption strength of
the ORR reaction intermediates (0,4, OH,4, and OOH,;) on
Pt and thus the ORR rate.””*' However, also other Pt-based
bimetallic electrocatalysts are investigated for PEMFCs like

can use hydrogen fuel to produce electricity as well as
regenerate the hydrogen fuel when connected to an external
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26-28 .
energy source. URFCs allow for two operation modes: a

charge (electrolyzer) mode, and a discharge (fuel cell) mode.
To sustain both operation modes, bifunctional catalysts are
required. A distinction, however, can be made between two
concepts, the constant-gas (CG) and the constant-electrode
(CE) conﬁguration.28 In the CG configuration, the URFC
consists of an oxygen electrode to sustain the ORR and OER
and a hydrogen electrode for hydrogen oxidation and
hydrogen evolution reactions (HOR/HER). By comparison,
in the CE configuration, the two electrodes are a HOR/OER
and an ORR/HER electrode. The advantages of the classical
CG configuration are that H, and O, mixing is avoided and
fast switching between the two modes is possible.”® In the CG
configuration using proton conducting membranes, most
approaches for URFCs use bifunctional catalysts composed
of Pt and IrO,. Thereby, different types have been investigated
ranging from simple mixtures of Pt and IrO,” to Pt,Ir,
alloys,”® Pt NPs deposited onto IrO, black,>" nickel—
platinum/cobalt—iridium two-dimensional (2D) nanoframes,*”
or IrO, deposited onto Pt black.” More recently, composite
materials have also been discussed.”* One of the main
challenges in employing URFCs is the stability requirements”>
of the catalyst at these harsh conditions changing from
oxidative to reductive conditions.

In the present study, we use our previously introduced
toolbox approach®*™* to compare different concepts for
bifunctional ORR/OER electrocatalysts. Pt,Ir, alloy NPs as
well as composites consisting of separated Pt and IrO, NPs
(Pt—IrO, nanocomposites) are investigated, both systems in
the immobilized form using a commercial carbon support.
Carbon supported monometallic Pt NPs serve as a reference
system. The electrocatalysts are probed for their electro-
catalytic performance for ORR and OER. Furthermore,
accelerated degradation tests (ADTs) are performed, exposing
the electrocatalysts repeatedly to a series of reductive and
oxidative currents. The influence of these ADT treatments is
examined with respect to the type of catalysts (alloys vs
nanocomposites), electrochemically active Pt surface area
(ECSA) loss, as well as ORR and OER activity. In addition,
the influence of ADT treatments on the catalyst composition is

probed.

B EXPERIMENTAL SECTION

Chemicals and Gases. The following chemicals were used
for catalyst synthesis and characterization: ethylene glycol (EG,
99.8%, Sigma-Aldrich), sodium hydroxide (NaOH, 98.9%,
Fisher Chemical), hexa-chloroplatinic(IV) acid hexahydrate
(H,PtCl¢-6H,0, 99.9%, Alfa Aesar), iridium(III) chloride
(IrClyxH,O, Sigma-Aldrich, >99.8%), 30% hydrochloric acid
(HCI, Suprapur, Merck), 65% nitric acid (HNO,, Suprapur,
Merck), and acetone (99.5 + %, Alfa Aesar). Commercial
carbon black (Vulcan XC72R) was employed as a carbon
support in catalyst synthesis. Ultrapure water (resistivity>18.2
MQ-cm, total organic carbon <5 ppb) from a Milli-Q system
(Millipore) was used for acid/base dilutions, catalyst ink
formulation, and electrochemical cell cleaning. Isopropanol
(99.7 + %, Alfa Aesar), 70% perchloric acid (HCIO,, Suprapur,
Merck), potassium hydroxide hydrate (KOH-H,O, Suprapur,
Merck) were used for the catalyst ink formulation and
electrolyte preparation. The following gases from Air Liquide
were used for electrochemical measurements: Ar (99.999%),
0, (99.999%), and CO (99.97%).

821

Synthesis of Supported Monometallic Pt NPs, Pt,r,
Alloy NPs, and Pt—IrO, Nanocomposites. Bifunctional
electrocatalysts were synthesized via the toolbox method that
we previously reported.’*™*” The synthesis approach consists
of two main steps: First NPs were prepared assisted by a
microwave reactor via an alkaline EG route, and then in the
second step, the NPs were immobilized onto a carbon support.

The colloidal Pt or Ir NP synthesis in alkaline EG was
conducted by mixing S mL of NaOH EG solution (0.4 M)
with § mL of H,PtCly-6H,0 or IrCl;xH,0 EG solution (0.04
M) in a microwave reaction vessel and heating the mixture to
160 °C for 3 min in the microwave reactor to obtain colloidal
Pt or Ir NPs in EG with a concentration of 3.9 gp, L™" and 3.85
gr L7, respectively. PtIr, alloy NPs were synthesized
according to a previously reported method.”” For PtIr alloy
NPs, 2.5 mL of H,PtCl,:6H,0 EG solution (0.04 M) and 2.54
mL of IrCl;xH,0 EG solution (0.04 M) were mixed with 5.04
mL of NaOH EG solution (0.4 M), and the mixture was
heated to 160 °C for 3 min in a microwave reactor to obtain
alloyed colloidal PtIr NPs in EG with a concentration of 1.936
gpe L' and 1.936 g, L™". For the preparation of Ptlr, alloy
NPs, the synthesis procedure was similar but with different Pt
and Ir precursor contents, that is, 1.5 mL of H,PtCl,-6H,0 EG
solution (0.04 M) and 3.05 mL of IrCl;xH,0 EG solution
(0.04 M) were mixed with 4.55 mL of NaOH EG solution (0.4
M), followed by heating the mixture to 160 °C for 3 min in the
microwave reactor to obtain colloidal Ptlr, alloy NPs in EG
with a concentration of 1.288 gp, L™ and 2.576 g, L™". All
colloidal NP suspensions looked dark brown after synthesis.

In order to immobilize the NPs on carbon, 1 M HCI was
added to the colloidal NP suspension (Vyc: Vyps = 3: 1),
inducing particle flocculation. The mixture was thereafter
centrifuged at 5000 rpm for 10 min once, the supernatant was
discarded, and the floc was re-dispersed in acetone to obtain
NP acetone solution with the same concentration as before
flocculation in EG. To immobilize the monometallic Pt NPs,
5.5 mg of carbon (Vulcan XC72R) was dispersed in 10 mL of
acetone, the carbon suspension was sonicated with a horn
sonicator (QSONICA sonicator, 500 W, S0 kHz, with
alternation of 1 s sonication and 1 s resting) until it showed
stable dispersion (~3 min), then Pt NP acetone solution of
352 or 940 pL was added and further sonicated for 10 min
(during which the vial was immersed in ice water to avoid
overheating of the dispersion), and finally, the acetone was
evaporated from the mixture with the help of a rotary
evaporator (room temperature, 200 mbar) until the catalyst
was completely dried and the respective 20 wt % Pt/C or 40 wt
% Pt/C was obtained. The same procedure was employed to
obtain immobilized Pt,Ir, alloy NPs. In brief, the same amount
(5.5 mg) of carbon was dispersed in 10 mL of acetone; after
sonication, the PtIr alloy NPs dispersed in 710 uL of acetone
or the Ptlr, alloy NPs dispersed in 1068 uL of acetone were
added and further sonicated for 10 min, and the solvent
evaporated in a rotary evaporator, and the PtIr alloy/C or Ptlr,
alloy/C catalysts were obtained. Concerning the supported
Pt—IrO, nanocomposites, Pt NP acetone solution and Ir NP
acetone solution were added to the sonicated carbon acetone
suspension (5.5 mg in 10 mL acetone) one by one: first, 352
UL of Pt NP acetone solution and then 357 or 714 uL of Ir NP
acetone solution. The mixture was further sonicated and the
solvent evaporated, and nanocomposites with Pt to Ir NP
ratios of 1: 1 and 1: 2 based on metal weight were obtained. Pt
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weight loading on the carbon support thereby is fixed to 20 wt
%.

Transmission Electron Microscopy and Energy-Dis-
persive X-ray Spectroscopy. For the transmission electron
microscopy (TEM) analysis, a Jeol 2100 transmission electron
microscope operated at 200 kV equipped with an energy-
dispersive X-ray spectroscopy (EDX) detector was used. The
samples were prepared by dropping the catalyst dispersion
diluted in ethanol on carbon-coated copper TEM grids
(Quantifoil). For TEM after electrochemical treatments, the
samples were collected from the rotating disk electrode (RDE)
for preparation of TEM grids. Images were recorded at
different magnifications (at least x300 000, x400 000, and x500
000) in at least three randomly selected areas. The
composition of the samples was evaluated by measuring the
relative ratio of Pt and Ir in at least three and typically five
different randomly selected areas.

Inductively Coupled Plasma Mass Spectrometry. The
Pt loadin§ in the Pt/C catalysts was determined via an indirect
Pt proof.”" The actual content of Pt and Ir in the bifunctional
catalysts was evaluated by inductively coupled plasma mass
spectrometry (ICP-MS, NexION 2000 ICP-MS). The Ir
loading in the bifunctional catalyst was indirectly evaluated
by measuring the Ir content lost during the immobilization
procedure. That is the amount of Ir NPs remaining in the
supernatant after flocculation by HCl, and the Ir NPs
remaining in the re-dispersing solvent acetone were
determined by ICP-MS after dissolution in aqua regia (volume
ratio of HCl: HNO; = 3: 1). The volume was adjusted to 20
mL with milli-Q water. ICP-MS was carried out using a
cyclonic spray chamber and a PFA nebulizer. The radio-
frequency power for the plasma was held at 1300 W with a gas
flow of 15 L min~".

Electrochemical Measurements. All electrochemical
measurements were performed using a computer-controlled
potentiostat (ECi 200, Nordic Electrochemistry) and a glass
cell equipped with three electrodes. A 5 mm mirror-polished
glassy carbon (GC) disk embedded in a Teflon tip
[homogeneous thin films of Pt-based catalysts on GC were
prepared by pipetting different amounts of each catalyst ink on
GC to lead the same loading of Pt (10 yg cm™2) and drying in
air] was used as the working electrode and a platinum wire as
the counter electrode. All potentials were measured with
respect to a reversible hydrogen electrode (RHE). The
electrolyte was 0.1 M HCIO, prepared by diluting 70%
HCIO, with milli-Q water. The effective solution resistance
was compensated to below 3 € via an analogue positive
teedback scheme. Prior to all electrochemical measurements
and ADTs, the electrolyte was de-aerated by purging with Ar.
The supported monometallic Pt NPs were cleaned by potential
cycling between 0.05 and 1.20 Vyyg at a scan rate of 500 mV
s™! until stable cyclic voltammograms (CVs) could be
observed. The supported Pt,Ir, alloy NPs and Pt—IrO,
nanocomposites were cleaned by potential cycling between
0.10 and 0.30 Vg at a scan rate of 100 mV s~ for 20 cycles
(in order not to oxidize Ir to obtain the exact value of the
ECSA originating from Pt as well as Ir; once Ir is oxidized, the
CO stripping method for the Ir ECSA determination does not
work, as Ir oxide does not adsorb CO).*

After cleaning, for each bimetallic catalyst layer, the
following automized measurement procedure was applied
using a macroscript of the potentiostat software: CO stripping,
Ir activation, CO stripping, ORR activity determination, OER
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activity determination, ADT treatment, ORR activity determi-
nation, OER activity determination, and CO stripping. The
activities are determined with respect to the metal mass (mass
activity) as well as with respect to the electrochemically active
surface area (specific activity).

Ir activation was performed by holding the potential at 1.60
Viue for 8 min, followed by cycling the electrode potential
between 0.05 and 1.20 Vg for around 100 cycles to clean the
catalyst surface until a stable CV with the typical features of Pt
was obtained.

The ECSA was determined via the oxidation charge in CO
monolayer stripping experiments.”” Two different ECSAs were
determined, the ECSA of the pristine catalyst in the reduced
state and the ECSA after Ir activation. In the reduced state, Ir
as well as Pt adsorb CO and the charge from the CO
monolayer stripping relates to the total (Ir + Pt) ECSA,
whereas after activation, the oxidized Ir NPs do not adsorb CO
and only the Pt ECSA is determined, as demonstrated in
previous studies showing that after electrochemical activation,
the Ir NPs cannot be easily reduced again;** even after holding
at low potentials in hydrogen atmosphere for 30 min, only
around 10% of the initial Ir surface area was determined in CO
stripping. To determine the total ECSA, the electrode was held
at 0.15 Vpyg in a CO-saturated electrolyte for 2 min.
Thereafter, the electrolyte was saturated with Ar to replace
the excess CO in the electrolyte. The adsorbed CO monolayer
was oxidized to CO, by scanning the potential from 0.1S to
1.10 and 1.40 Vyyy, respectively, for Pt/C and the different
bifunctional Ptlr catalysts. The scan rate was 50 mV s™". After
activating the different bifunctional Ptlr catalysts, a second CO
stripping curve was recorded in the same manner, however at a
reduced potential window between 0.15 and 1.10 Vyyg. To
calculate the Pt ECSA, a reference monolayer oxidation charge
value of 396 uC cmp, > was used** and for Ir, 358 uC cm;, >
was used.*” The Ir surface area was estimated by subtracting
the Pt surface area from the total surface area, leading to
nominal Ir surface areas up to 225 m* g;,~" for all the different
Ptlr catalysts, which even slightly exceed the ECSA of Ir NPs
deposited onto a planar support.” The thus-determined
nominal Ir surface area might be slightly overestimated
because of currents related to irreversible (hydro) oxide
formation on Ir.*® 225 m? g,~! corresponds to an average
particle size about 1.2 nm, which is in agreement with the
particle size determined in small-angle X-ray scattering but
slightly lower than the average size determined by TEM."” In
addition, this estimation disregards the shielding of parts of the
particle surface due to the particle support interface. The likely
overestimation of the Ir surface area leads to an under-
estimation of the specific OER activity but does not influence
any of the conclusions made. Representative CO stripping
curves for a pristine and activated Pt—IrO, nanocomposite are
presented in Figure S1. It can be clearly seen that the area
under the CO stripping curve is significantly higher in the
pristine nanocomposite catalyst (Pt plus Ir surface area) as
compared to after activation (Pt surface area).

In order to determine the ORR activity, measurements were
conducted in an O,-saturated electrolyte at a scan rate of 50
mV s7' and a rotation speed of 1600 rpm.** The polarization
curves were corrected by background subtraction (CVs
recorded in an Ar-saturated electrolyte at the identical scan
rate). The specific activity was analyzed and compared at 0.90
Vyue from positive going scan direction on a polarization curve
normalized by the Pt area. The mass activity was analyzed and
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compared at 0.90 Vg normalized by Pt content and total
metal content, respectively.

In order to determine the OER activity, the potential was
scanned between 1.00 and 1.70 Vyyp at a scan rate of 10 mV
s~ and a rotation speed of 1600 rpm. The OER specific
activity was analyzed based on the current at 1.50 Vyyg during
the positive going scan direction normalized by the total
surface area, while for the mass activity, the current at 1.50
Vrue was normalized by Pt content (Pt/C catalysts), Ir
content, and total metal content (PtIr bimetallic catalysts).

ADT Protocol. The stability of the catalysts was scrutinized
employing ADT's with a current control protocol. The protocol
was developed based on the simulation of load cycling and was
mainly designed to probe startup—shutdown conditions in fuel
cells, for which bifunctional ORR/OER catalysts have been
suggested. A similar degradation protocol for this purpose was
employed in a previous work of Dahn and co-workers.”” The
degradation test was conducted in the O,-saturated HCIO,
electrolyte maintaining a rotation of 1600 rpm. The current
was stepped between 0 and —5 mA cmgeo_z, which is roughly
the diffusion-limited current used during ORR in a RDE
measurement at 1600 rpm, with a rest time of 1 s. This
procedure was repeated for 5 times followed by a current step
to 1 mA cmgeo_2 for 1 s. The abovementioned procedure was
regarded as a basic unit, and this unit was repeated for 300
times, as schematized in Figure 1. The ECSA, ORR activity,
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Figure 1. Scheme of the ADT protocol applying steps between
different current densities. All measurements were performed in
oxygen-saturated 0.1 M HCIO, solution at room temperature
applying a rotation rate of 1600 rpm.

and OER activity were recorded before and after applying the
ADT. ADTs solely focusing on URFC application usually
employ an equal number of excursions to oxidizing and
reducing conditions.

B RESULTS AND DISCUSSION

As outlined in the introduction, the aim of this study is to
utilize our colloidal toolbox approach®*™*’ to compare the
performance and stability of two different concepts for
bifunctional ORR/OER catalysts, that is, Pt,lr, alloy NPs
and nanocomposites composed of a mixture of monometallic
Pt and Ir NPs. The catalysts were investigated after supporting
them on commercial high surface area carbon support (Vulcan
XC72R). For both approaches, two nominal weight
compositions were prepared, that is, Pt: Ir = 1: 1 and Pt: Ir
= 1: 2 (due to the very similar molecular weights of Pt and Ir,
ie, 195.084 u and 192.217 u; in the following, we do not
explicitly distinguish between weight and atomic ratios). For
each bifunctional catalyst, the Pt loading on the carbon support
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was kept at 20 wt %. This resulted in nanocomposites with 20
wt % Pt and 20 wt % Ir NPs and 20 wt % Pt and 40 wt % Ir
NPs on carbon as well as Pt,Ir, alloy NPs that follow the same
composition and metal weight as the nanocomposites.
Monometallic Pt NPs with 20 and 40 wt % loading served
as the benchmark. In the following, the catalysts are
denominated as 20% Pt/C, 40% Pt/C, Pt + Ir/C, Pt + 2 Ir/
C, PtIr/C, and Ptlr,/C.

We start the discussion with the physical characterization of
the as-prepared catalysts. In Figure 2, representative TEM

a)20%pPt/c 1 F e) Ptir/C

b) 40 % Pt/C

Figure 2. TEM micrographs of the as-prepared catalyst samples. (a,b)
Supported monometallic Pt NPs with 20 and 40 wt % loading,
respectively. (c,d) Supported Pt—Ir nanocomposites with 20—20 wt %
and 20—40 wt % loading, respectively. (e,f) Supported Ptlr alloy and
Ptlr, alloy NPs with the same metal loading as the nanocomposites.

micrographs of each catalyst are presented. It can be seen that
the NPs are round in shape and well dispersed on the carbon
support. The size (diameter) of the individual Pt, Ir, and Pt,Ir,
NPs is in the range of 1—3 nm. For the monometallic and
nanocomposite catalysts, an increase in total metal loading
from 20 to 40 wt % (Pt/C, Figure 2a, b) and from 40 to 60 wt
% (Pt + Ir/C and Pt + 2 Ir/C, Figure 2c, d) leads to a slight
increase in NP agglomeration. The fact that the Pt ECSA
determined by CO stripping of the individual catalysts deviates
less than 10% from each other (see Table S2) confirms that the
agglomeration is not significant. EDX analysis of the
nanocomposite catalysts further indicates that nominal (Pt:
Ir of 1: 1 and 1: 2, respectively) and obtained compositions
(Pt: Ir of 1.08: 0.92 and 1.00: 2.00, respectively) are in good
agreement; see Table S4. The results therefore demonstrate
the true nature of the nanocomposites with a mix of individual
Pt and Ir NPs immobilized on the carbon support. By contrast,
in the case of the Pt,Ir, alloy NPs, only the PtIr alloy (1: 1 ratio
at 40 wt % total metal loading) contains the targeted metal
ratio; see EDX analysis in Table S4. An increase to a nominal
Pt: Ir ratio of 1: 2 (associated with an increase in total metal
loading on the support to 60 wt %; Ptlr,/C sample) leads to a
deviation of the established composition from the nominal
one: a Pt: Ir composition of 0.90: 1.10 is determined by EDX
significantly deviating from the targeted 1: 2 ratio. The large
deviation from the nominal composition indicates that the
mixing of Pt and Ir during the particle formation is insufficient.
In addition, the formation of some agglomerated NPs on the
carbon support can be seen in the TEM micrograph shown in
Figure 2. However, the Pt ECSA is not largely affected by these
agglomerates (see Table S2), while the overall metal area
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Figure 3. Comparison of the electrochemical activity of supported monometallic Pt NPs, Pt,Ir, alloy NPs, and Pt—IrO, nanocomposites before the
ADT. (a) ORR performance and (b) OER performance. The ORR activity is determined with a scan rate of S0 mV s™' and 1600 rpm applying a
potential range of 0.05—1.10 Vyyyg, while the OER activity is determined with a scan rate of 10 mV s~ and 1600 rpm applying a potential range of
1.00—1.70 Viye. Concerning the OER performance of the Pt/C catalysts, the mass activity normalized to the total metal content equals the mass
activity normalized to the Pt content. All measurements are performed at room temperature. As error, the standard deviation from three

measurements on different catalyst films is given.

before the formation of the Ir-oxide phase is lower on the
Ptlr,/C than on the Pt + 2Ir/C catalyst (the ratio between Pt
and Ir and their loading on the electrode are the same), as
shown in Figure S1b. Last but not least, the results show that
for this specific example of bimetallic catalysts, the catalyst
composition can be more accurately tuned using a nano-
composite approach than using an alloying approach.

As discussed in the introduction, bifunctional oxygen
catalysts that can catalyze the ORR as well as the OER are
suggested to mitigate the degradation during startup and
shutdown of fuel cells and are required for URFCs in CG
configuration. Therefore, we evaluated the specific activity and
mass activity for the ORR as well as the OER. Concentrating
first on the ORR activities, Figure 3a, it should be noted that Ir
oxide™ is not active for the ORR (in order to form
bifunctional catalysts, the Ir was activated to Ir oxide, see
experimental section). As a consequence, the specific activity of
the ORR is normalized to the Pt ECSA, whereas the mass
activity of the ORR is given based on normalization to the Pt
mass as well as the total metal mass (Pt and Ir) to account for
the fact that the mass activity is mainly used to account for the
catalyst cost for a certain reaction. The results clearly show that
the addition of Ir to the catalyst decreases the specific activity
as well as the mass activity of the ORR, independent of
normalization and regardless of whether a nanocomposite or
alloy catalyst is prepared. This is a particularly interesting
finding for the specific activity of the nanocomposite catalysts.
As the specific activity is normalized to the Pt ECSA, which is
not affected by the co-immobilization of the Ir NPs (see Table
S1), a constant specific activity would be expected in case there
is no electronic particle—particle interaction. Instead, the
results indicate that the electronic properties of the Pt NPs are
affected by the adjacent Ir-oxide NPs. These particle—particle
interactions may arise because of direct contact between Pt
and Ir-oxide particles””** or by reducing the interparticle
distance to very small distances.”” ' As an example of the
former, it has been found that the deposition of Pt NPs onto
an IrO, support leads to lattice contraction and inhibition of
the H,, region of Pt.*"** The fact that no H,,q region is
observed points to particle—particle interactions due to the
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particle proximity effect. This phenomenon so far was observed
only for monometallic Pt clusters and NPs. In these cases, a
decrease in the interparticle distance led to the enhancement of
the ORR because of reduced oxophilicity as well as reduced Pt
dissolution.*”~>" This is in line with the results obtained in the
present work for monometallic Pt NPs. The ORR specific
activity for the 40% Pt/C as compared to the 20% Pt/C is
increased, that is, 886 + 50 yA cm p 2 vs 679 + 132 A cmp, >
(Table S1). As the ECSA of both catalysts is very similar, the
difference in specific activity directly translates into a
corresponding difference in mass activity, that is, 774.5 +
74.5 A gp, ' and 564.5 + 109.4 A gp, ', respectively (Table
S1). By comparison, the ORR on Pt seems to be inhibited by
the adjacent Ir-oxide NPs. According to the Sabatier principle
for the ORR,” this finding indicates an increase in oxophilicity
of the Pt NPs due to Pt—IrO, particle—particle interactions.
For the Pt + 2Ir/C nanocomposite, a specific activity of 338 +
9 pA cmp, > and a mass activity of 249 + 18.3 A gp, ' were
determined (see Table S1), which is only half the activity of
the monometallic 20% Pt/C catalyst.

It should be noted that the Ptlr, alloy NPs exhibit a
decreased ORR performance as well, both in Pt area-
normalized ORR activity and mass-normalized ORR activity;
see Table S1. The results therefore show that the different
bifunctional ORR/OER catalysts suffer from ORR inhibition
due to the addition of Ir (IrO,) to the catalyst.

We next studied the OER performance of the bifunctional
catalysts. Thereby, we probed the OER activity based on the
oxidation currents observed at 1.50 Vpyp in linear scan
voltammetry measurements. As Pt is not very active for the
OER’" (see Figure 3b), the monometallic Pt catalysts serve
only as a comparison. It is seen that, as expected, the OER
performance is considerably boosted by the introduction of
activated Ir (IrO,). Among the investigated catalysts, the Pt +
2Ir/C shows the highest specific activity for the OER, which in
a URFC may compensate for the lower activity of this catalyst
for the ORR. For the other three catalysts, only a small
difference in specific activity between the supported Pt Ir, alloy
NPs and the Pt—IrO, nanocomposites is seen. The same trend
is observed for the mass activity normalized to the total metal
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