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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

S tuted

@ Valid HCN Pt

299555 urens
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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.
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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

35



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.
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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
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(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.

50



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
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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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loading. Interestingly, normalizing the mass activity to the Ir
loading, which can be considered the only active component
for the OER, the trend slightly changes. The mass activity for
the Ptlr/C catalyst, 272 + 28.4 A gh_l, becomes almost the
same as the mass activity for the Pt + 2Ir/C sample, 283 +
29.2 A g, 7' (Table S1).

Overall, the differences in pristine OER activity between the
catalysts are relatively small and no specific bifunctional
catalyst stands out as the most promising and preferred
candidate for future deployment. A different conclusion is
reached when the stability and resulting changes in perform-
ance are considered. The stability of the catalysts was evaluated
by employing an ADT based on a current control protocol,
that is, fixed currents were applied instead of the conventional
potential control. To take into account the bifunctional nature
of the catalysts, reductive as well as oxidative currents were
applied, albeit the oxidative currents were limited to avoid
extensive carbon corrosion. The stability determination based
on the loss in the electrochemically available Pt surface area
determined by CO stripping is summarized in Figure 4.

50

[T]

40

w
o
1

ECSA Loss %
N
o
1

10 4

0 T v T v T M T v T i T
Q*O Q\\‘\O .\\«\? x\"\o 'L\‘\O
4 N x

4 Q™
Figure 4. Comparison of the loss in the electrochemically available Pt
surface area for the supported monometallic Pt NPs, Pt,Ir, alloy NPs,
and Pt—IrO, nanocomposites after an ADT with a current control
protocol. As error, the standard deviation for three measurements on
different catalyst films is given.

Representative CO stripping curves for all catalysts at the
beginning of test (BOT) and at the end of test (EOT) are
shown in Figure S2. In Figure S5, TEM micrographs of the
degraded catalysts are shown. Based on the Pt ECSA loss, one
can clearly state that Ir not only increases the OER activity but
also boosts the stability of the catalysts. The ECSA loss for
supported Pt,Ir, alloy NPs and the Pt—IrO, nanocomposites is
in the range between 19.6 + 1.3 and 26.8 + 2.1%, which is
roughly half of the ECSA loss seen without Ir, that is, 38.1 +
1.4% for 20% Pt/C and 43.3 + 3.8 for 40% Pt/C; see also
Table S2. Furthermore, as a general trend, the ECSA loss
seems to decrease with the Ir content. The catalyst stability can
also be analyzed based on the CVs recorded in the Ar-
saturated electrolyte before and after subjecting the catalyst to
the ADTs; see Figure S3. After the degradation test, both the
H,,q potential region (underpotentially deposited hydrogen,
0.05—0.40 Vgyg) and the Pt redox potential region (ca. 0.60—
1.10 Vpyg) “shrink” as compared with the CVs of the pristine
catalyst. The TEM micrographs of the degraded Pt/C catalysts
(see Figure SS) clearly indicate particle growth which can be
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related to electrochemical Ostwald ripening and/or particle
migration and coalescence.’” Furthermore, particle detachment
might occur which is difficult to identify using conventional
TEM. Interestingly, the TEM micrographs indicate differences
in the degradation behavior between the different bimetallic
catalysts. The Pt,Ir, alloy NPs experience particle growth as
well, whereas the Pt—IrO, nanocomposites seem to experience
less degradation, in particular, the Pt + Ir/C catalyst. The
results therefore confirm the general ability of IrO, to reduce
the degradation of Pt/C catalysts. They also indicate
differences in the concept between “alloying” and nano-
composites. This becomes even more evident considering the
EOT activities.

The inflicted change in ORR and OER performance due to
the ADTs is summarized in Figure 5. We thereby concentrate
on the bifunctional catalysts. After the ADTs, all bifunctional
catalysts display a similar ORR mass activity, in particular if the
mass activity is based on the (initial) Pt loading. This is in
contrast to the results of the pristine catalysts before applying
the ADTs reported in Figure 3a where the supported Pt,Ir,
alloy NPs displayed higher mass activities than the supported
Pt—IrO, nanocomposites. Regarding OER mass activity, the
influence of the ADTs is even more pronounced. While the Pt
ECSA loss is similar for the supported Pt,Ir, alloy NPs and the
Pt—IrO, nanocomposites, a significant difference is detected in
OER activity; see Figure Sb. In agreement with the TEM
micrographs in Figure SS, the Pt—IrO, nanocomposites exhibit
a significantly higher mass activity than the supported Pt,Ir,
alloy NPs. The difference between alloy NPs and nano-
composites is most pronounced for the Pt + Ir/C catalyst.
After the ADTs, it exhibits the highest OER, even though the
pristine nanocomposite had a lower OER mass activity than
the supported Pt,Ir, alloy NPs. The mass activity values after
ADTsare 83.6 + 09 A g, 'and 41.8 + 0.4 A g, , p, |, whereas
the mass activity values for the supported Ptlr alloy NPs are
only 284 + 5.7 A g, ' and 14.2 + 2.9 A g, , p, " That is, the
mass activity of the nanocomposite is after the ADTs, roughly
a factor of three higher than that of the respective alloy NPs;
see Table S3 for a complete comparison.

The stabilizing effect of Ir is often discussed in the context of
a boosted OER activity. That is, the oxidative current forced
onto the catalyst is not provided by carbon oxidation but the
OER instead. However, IrO, is prone to dissolution as well, as
it can experience a change in the valence state between +3 and
+4 in the potential range ~0.80—1.00 Vepe> A change in the
valence state requires a current, and therefore this process
might compete with the OER and carbon corrosion. A rough
estimation shows that the currents in each step of the ADT
protocol are sufficient to switch the oxidation of ca. half of all Ir
atoms in the samples. Our hypothesis to explain the difference
in performance degradation between Pt,Ir, alloy NPs and Pt—
IrO, nanocomposites is that the stability of IrO, is key and that
separating IrO, from Pt offers significant advantages. In the
Pt,Ir, alloy NPs systems, Pt and Ir are incorporated in the same
particle, that is, once IrO, is subjected to degradation,
inevitably Pt is as well. In the Pt—IrO, nanocomposite system,
the effect of the ADTs on Pt and Ir can be separated. Thus, the
Pt + 2Ir/C catalyst is least affected by the ADTs with respect
to ORR performance. Pt is “protected” by IrO,, however, at
the expense of a high relative loss in OER activity. By
comparison, in the Pt + Ir/C nanocomposite, the Pt NPs are
less “protected”, and the ORR activity loss is higher, but the
OER activity loss is lower. The protective function of IrO,
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Figure S. Comparison of the electrochemical mass activity of supported Pt,Ir, alloy NPs and Pt—IrO, nanocomposites after the ADTs. (a) ORR
performance and (b) OER performance. The ORR activity is determined with a scan rate of 50 mV s™" and 1600 rpm applying a potential range of
0.05—1.10 Vyyyp, 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 Vi
As error, the standard deviation from three measurements on different catalyst films is given.

comes at least in part from the change in the valence state
between +3 and +4, which requires a charge, but also triggers
Ir dissolution.*®

To substantiate this hypothesis, we analyzed the composi-
tional changes of the catalysts upon applying the ADTs with
EDX. As mentioned above, in the pristine Pt—IrO, nano-
composites and the Ptlr/C, the determined metal composition
is close to the nominal value. We confirmed the results also by
ICP-MS measurements; see Table SS. Although the ICP-MS
measurements have limitations as discussed in detail in the
experimental part Inductively Coupled Plasma Mass Spec-
trometry, we can follow the Ir and Pt ratio in the catalyst as
well as the “washing” supernatant. The results furthermore
show that during the “washing” procedure for NP flocculation,
only few (less than 4%) NPs are lost into the supernatant. The
composition of the pristine Ptlr,/C, however, deviates from
the nominal one (the Ir/Pt is only 1.21).

The results show that after applying the ADTs, the ratio
between Ir and Pt substantially decreases in all bifunctional
catalysts. The changes of Ir/Pt before and after the degradation
test are summarized in Table S4. The results suggest that the
increase in IrO, in the catalyst leads also to an increase in
disproportional Ir loss. Separating Pt and IrO, NPs in a
nanocomposite allows for a fine tuning of the electrochemical
properties of the bifunctional catalyst and thus offers
advantages for their optimization. The best overall stability
and ORR/OER performance is established for the nano-
composite catalysts based on 20 wt % Pt and 20 wt % Ir. For
this catalyst, minor particle agglomeration is observed after
applying ADTs (see Figure SS), and the relative loss of Ir is
lowest (see Table S4). Last but not least, the differences
between the different catalysts (alloy and nanocomposite)
could in part be due to differences in the interaction with the
carbon support. However, probing the carbon support in the
different catalysts before and after the ADT (Figure S6), no
significant differences between the catalysts were seen.

B CONCLUSIONS

Supported monometallic Pt NPs, Pt,Ir, alloy NPs, and Pt—
IrO, nanocomposites were prepared and measured to
investigate ORR/OER performance and stability. The results
indicate that the monometallic Pt NPs exhibit the best ORR

826

performance of the investigated catalysts, that is, the ORR
performance is decreased by adding Ir to the catalyst. In the
case of the nanocomposite catalysts, the results indicate an
electronic particle proximity effect between Pt and IrO, NPs,
leading to an increase in oxophilicity of the Pt NPs. The
opposite activity trend is found for the OER. The increase in
OER activity when introducing Ir to a Pt/C catalyst is
accompanied with an increase in stability. Applying an ADT
protocol to study the employment of bifunctional Pt—IrO,
catalysts to mitigate degradation under startup and shutdown,
it is seen that the bifunctional catalysts suffer from severe
degradation at such challenging conditions. This will also have
a direct consequence when applying such catalysts in URFCs
in CG configuration when switching between OER and ORR
mode and questions their stable long-term operation. Part of
the severe degradation might be mitigated by more stable
support materials other than carbons; however, the problem of
a declining ratio between Ir and Pt most likely will need to be
solved. Last but not least, our results provide evidence that
nanocomposite materials show interesting electrochemical
properties and might be a suitable strategy to address these
stability challenges. Although being far from stable, Pt—IrO,
nanocomposites allow for careful optimization of ORR and
OER properties and offer advantages over the conventional
approach of alloying Pt and Ir.
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Figure S1. a) Comparison of electrochemical active area before (black line) and after

(red line) Ir activation based on the area under CO stripping plot. The Pt + 2Ir/C

nanocomposite (20 wt.% Pt 40 wt.% Ir/C) serves as an example. b) Comparison of

electrochemical active area between-Pt + 2Ir/C (red line) and Ptlr,/C (black line) based

on the area under CO stripping plot before Ir is activated. BO: before activation, AO:

after activation.
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Table S1. ORR and OER performances of supported monometallic Pt NPs, PtIry alloy

NPs and Pt — IrO2 nanocomposites before ADTs. The ORR activity is determined at a

potential of 0.90 Vrug while the OER activity is determined at a potential of 1.50 Vrhe.

The given error is the standard deviation of three independent measurements.

Activity 20 % Pt/C 40 % Pt/C Ptlr/C Ptlr,/C Pt +1Ir/C Pt + 2Ir/C
SAoov
679 £ 132 886 + 50 516+ 39 432 +£26 415+45 338+9
(LA cmpc?)
MAosv
ORR 564.5+109.4 | 774.5+74.5 | 439.7+33.7 4378 £8.7 319+52 249+ 18.3
(Agech)
MAoyv
564.5+1094 | 7745+74.5 | 2185+17.5 146.7+2.7 159.3 +£25.7 832 +6.1
(A gperr)
SAisv
163+1.8 22+1 76+ 8.2 80.5+6.7 66.1 £+ 0.4 107 +10.9
(LA cmpe1r?)
MAisv
OER 13.7+£1.6 16.7+0.9 272+ 284 208.4+16.6 231.6+09 283 +29.2
(A gpurr™!)
MAisv
13.7+£1.6 16.7+0.9 1373+ 149 138.8 +11.3 1185+1 189 +19.8
(A gperr)
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Figure S2. Initial and final CO stripping curves (solid line) as well as the subsequent
CV (dashed line) of the supported monometallic Pt NPs, PtIry alloy NPs and Pt — IrO»

nanocomposites. The current is measured with a scan rate of 50 mV s™'. BOT: before

test, EOT: end of test.
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Table S2. ECSA determined from CO stripping measurement before and after ADTs
with current control protocol together with ECSA retained and loss (%) of the supported
monometallic Pt NPs, PtIry alloy NPs and Pt — IrO2 nanocomposites. The error is the
standard deviation of three independent measurements. BOT: before test, EOT: end of

test.

Catalysts

20%PYC | 40 % PY/C PtIr/C PtIr,/C Pt+Ir/C | Pt+2Ir/C
Stability

ECSA BOT 83.1+£3.6 74.8+1.8 853+2.1 75.1+1.3 824+£238 77+£2.6

(m?gpec!) | EOT | 51.5+34 | 424+30 | 658427 | 56225 | 603£3.7 | 61.9+36

Retained % 619+14 56.7+3.7 77.1£2.5 748+ 1.4 732 +2.1 804+1.3
Loss % 38.1£14 433+3.8 229425 252+14 26.8+2.1 19.6 1.3
0.006
0.00448) 0.004] C) e)
0.002 4 0.002 1 0.003+
+§ 0000 ~§ 0000 |
£ £ g 00004
< 00024 < _po024 =
- - 7 o003
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Figure S3. The CVs of the supported monometallic Pt NPs, PtiIry alloy NPs and Pt —
IrO, nanocomposites recorded before and after ADTs. The scan rate is 50 mV s!. BOT:

before test, EOT: end of test.
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Table S3. ORR and OER performances of the supported PtxIry alloy NPs and Pt — IrO-
nanocomposites after ADTs. ORR activity is determined at the potential of 0.90 Vrur
while OER activity is determined at the potential of 1.50 Vrue. The error is the standard

deviation of three independent measurements.

Activity Ptlr/C Ptlr,/C Pt +Ir/C Pt + 2Ir/C
MAoov
168 + 48 178.8+27.3 164+ 7 188 £ 21
(Age)
ORR
MAoov
84 +24 59.5+9 82.1+3.6 62.6+7.1
(A gPt+Ir'1)
MAisv
284 +5.7 264 +3.2 83.6+0.9 477+4.4
(Agr")
OER
MAisv
142+2.9 17.6 £2.1 41.8+04 31.8+2.9
(A gPt+Ir'l)
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The effect of the ADTs on the catalysts can also be expressed as relative performance
change for the ORR and OER, respectively, see Figure S4. It is seen that the ORR mass
activity loss (%) for both supported PtylIry alloy NPs is around 60 %, for the Pt + Ir/C
nanocomposite is around 49 % and only 25 % for the Pt + 2Ir/C nanocomposite. Also
the OER mass activity loss is higher for the alloy NPs than for the nanocomposite, i.e.
both supported PtiIry alloy NPs almost 90 % as compared to 64 % and 83 % for the Pt
+ Ir/C and Pt + 2Ir/C nanocomposite, respectively. Previous reports indicated that for
Ir and Pt bifunctional catalyst systems (Pt and Ir were sputter deposited onto a
nanostructured thin film catalyst support with Pt on the bottom), an increasing Ir
loading improves the durability both with respect to ORR and OER activity!. In our

present study, this cannot be confirmed as a general rule.

a) ORR b) OER

B8 MA@D.9 V | A g Loss Y%

P MA@1.5V | A g, LOSS %

100 - 100 4

SN MA@O.9V / A gy LOSS % ] S MA@1.5V /A gy, LOSS %

80+

60+

40~

20+

i

0+

W
.

o O
&
Q‘\ ‘<""\(\SL o™

Figure S4. MA loss in percentage of ORR a) and OER b) calculated based on the
average electrochemical activity values before and after ADTs of the bifunctional

catalysts.
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Table S4. EDX data for weight compositions of Ir and Pt together with the calculated
Ir / Pt ratio and the change of Ir / Pt ratio during ADTs of the bifunctional catalysts. The
calculation based on the average EDX data of Ir and Pt weight compositions. The error
is the standard deviation of five independent measurements. BOT: before test, EOT:

end of test.

Ir wt. % Ptwt. % | wt. Ir/Pt | wt. Ir/Pt change %

BOT 45+ 4.8 55+ 4.8 0.82
Ptlr/C 73
EOT 182+23 | 81.8+23 0.22

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

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

BOT | 66.8+0.7 | 33.2+0.7 2.01
Pt + 2Ir/C 77
EOT 31,6 £ 17 | 68.4+17 0.46
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Table S5. ICP-MS measurement data of the concentration of Pt NPs, Ir NPs, PtiIry alloy
NPs. For each sample, the concentration of NPs in acetone as well as in the supernatant
from precipitation procedure was measured, respectively. The measurement was

repeated for two times of each sample, font with the same color is from the same

measurement.
Concentration Nominal Measured
Sample concentration concentration
Pt (ppb) | Ir(ppb) | Pt (ppb) Ir (ppb)
Pt Ir 5 ppb 5 5 5.140 5.140
Pt Ir 10 ppb 10 10 10.164 10.192
Pt Ir 30 ppb 30 30 30.038 30.056
Pt Ir 50 ppb 50 50 50.057 50.234
Acetone 1 20 0 17.607 0.145
Pt Acetone 2 20 0 18.506 0.091
Supernatant 1 0 0 0.623 0.047
Supernatant 2 0 0 0.383 0.039
Acetone 1 0 15 0.628 14.362
Ir Acetone 2 0 15 0.621 13.309
Supernatant 1 0 0 1.039 0.253
Supernatant 2 0 0 0.717 0.276
Pl Acetone 1 25 25 21.316 17.809
Acetone 2 25 25 21.536 17.820
Supernatant 1 0 0 0.594 0.466
Supernatant 2 0 0 0.601 0.468
PtIr) Acetone 1 15 30 14.413 22.766
Acetone 2 15 30 14.151 22.588
Supernatant 1 0 0 0.165 0.316
Supernatant 2 0 0 0.174 0.336
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a) 20 $Pt/C | 0 o)pt+ e W | ) Ptir/C

Figure S5. TEM micrographs of the degraded catalyst samples. (a, b) Supported
monometallic Pt NPs, (c, d) Supported Pt — IrO> nanocomposites and (e, f) Supported

Pt«Iry alloy NPs.
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Samples In/lc o(In/lG)

as prepared 0.98 0.01

20% Pt/C
current control 0.96 0.01
as prepared 0.97 0.02

Pt + 2Ir/C
current control 1.00 0.04
as prepared 0.95 0.01

40% Pt/C
current control 0.95 0.02
as prepared 0.96 0.01

Pt +Ir/C
current control 0.94 0.01
as prepared 0.96 0.01

Ptlr/C
current control 0.94 0.04
as prepared 0.95 0.01
Ptlr/C

current control 0.96 0.02
Carbon (Vulcan XC72R) 1.06 0.06

Figure S6. Intensity ratios between D and G peak in the Raman spectra of the different
catalyst samples. The Raman spectra were recorded with an excitation wavelength of

488 nm according to the procedure in ref.?
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Abstract

Gas diffusion electrode (GDE) setups have been recently introduced as a new
experimental approach to test the performance of fuel cell catalysts under high
mass transport conditions, while maintaining the simplicity of rotating disk elec-
trode (RDE) setups. In contrast to experimental RDE protocols, for investiga-
tions using GDE setups only few systematic studies have been performed. In
literature, different GDE arrangements were demonstrated, for example, with
and without an incorporated proton exchange membrane. Herein, we chose a
membrane-GDE approach for a comparative RDE-GDE study, where we inves-
tigate several commercial standard Pt/C fuel cell catalysts with respect to the oxy-
gen reduction reaction (ORR). Our results demonstrate both the challenges and
the strengths of the new fuel cell catalyst testing platform. We highlight the anal-
ysis and the optimization of catalyst film parameters. That is, instead of focusing
on the intrinsic catalyst ORR activities that are typically derived in RDE inves-
tigations, we focus on parameters, such as the catalyst ink recipe, which can be
optimized for an individual catalyst in a much simpler manner as compared to
the elaborative membrane electrode assembly (MEA) testing. In particular, it is
demonstrated that ~50% improvement in ORR performance can be reached for a
particular Pt/C catalyst by changing the Nafion content in the catalyst layer. The
study therefore stresses the feasibility of the GDE approach used as an interme-
diate “testing step” between RDE and MEA tests when developing new fuel cell
catalysts.
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gas diffusion electrode (GDE) setups, fuel cell catalysts, oxygen reduction reaction (ORR), rotat-
ing disk electrode (RDE) setups
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1 | INTRODUCTION

Despite the substantial advancements of fuel cells in the
last decade, their cost and the lack of a hydrogen infras-
tructure are still inhibiting factors for mass commercializa-
tion. Concerning fuel cell catalysts, the amount of Pt (pre-
cious metal) used and its resistance against degradation are
major factors that still need further improvement.['-! To
reduce the costs, the catalyst layers need to be improved
in a way that they provide maximal power by minimal
Pt (precious metal) content. Additional challenges are the
scarcity of the active catalyst materials and the limited
conversion efficiency (as compared to battery storage).[®]
Developing new and improved oxygen reduction reaction
(ORR) catalysts with lower precious metal content that
achieve higher power densities is therefore crucial. One
major challenge thereby is the implementation of new cat-
alysts established in fundamental research to applications
in fuel cells. Despite the fact that many promising catalysts
meet performance targets identified in rotating disk elec-
trode (RDE) measurements, there are few examples of suc-
cessful implementation to membrane electrode assembly
(MEA) testing.!”]

In fundamental research, most fuel cell catalysts are
investigated with a RDE setup.!®! However, due to the lim-
ited mass transport, inherent to RDE setups, the poten-
tial ranges at which the kinetics of an ORR catalyst can be
investigated is narrow. In addition, different catalyst load-
ings and testing parameters are used for RDE measure-
ments compared to MEAsS, that is, the typical catalyst load-
ing for RDE is 5-20 ugp;/cm?, while for MEAs it is 100~
500 ugpi/cm?, which leads to different thicknesses in cata-
lyst layers.[51°] In RDE measurements, the catalyst layer
may contain Nafion (or similar proton conducting poly-
mer) binder. However, due to the liquid electrolyte, this is
not required for proton transport. By comparison, Nafion
is an essential component for catalyst layers in MEAs.
Furthermore, RDE testing protocols are performed poten-
tiodynamically, while MEAs testing is carried out under
potentiostatic or galvanostatic conditions.[°! All these dif-
ferences limit the transferability of results gained with an
RDE setup toward an application in fuel cells. There is a
lack of evidence that all high-performing fuel cell catalysts
measured with the RDE setup can unfold their full poten-
tial in MEAs.[71112]

To facilitate the full exploitation of results and knowl-
edge obtained in fundamental research, new measurement
setups with increased mass transport properties have been
introduced.!”*1°! These setups allow to apply more real-
istic conditions in the catalyst testing and at the same
time should be widely applicable in standard research lab-
oratories. The GDE approach fulfils these criteria.l'$20-23]
Most importantly, mass transport limitations which are

inherent to RDE measurements, can be avoided in the
GDE approach by distributing the reactant, for example,
oxygen gas, directly through a gas diffusion layer (GDL).
In the article, the used membrane-based GDE setup, no
direct contact between catalyst layer and liquid electrolyte
exists. A polymer electrolyte membrane separates the cat-
alyst layer, which in the current study contains a fixed Pt
loading of 208 ugp,/cm?, and the electrolyte. A major chal-
lenge for the GDE approach is to develop and standardize
procedures for catalyst testing.!?*] Therefore, it is of inter-
est to systematically compare the inherent performance
of Pt/C catalysts as determined by RDE measurements
with their performance as catalyst film in membrane-GDE
measurements. In the presented study, we thus, compare
the ORR performance of six different commercial Pt/C
catalysts in a GDE setup and use RDE measurements as
benchmark for their intrinsic ORR activity. The aim is
to investigate which factors are essential to transfer the
intrinsic ORR activity of Pt/C catalysts to catalyst lay-
ers that eventually will be used in MEAs. The experimen-
tal protocol (e.g., catalyst ink composition, coating meth-
ods, and measurement procedures) in the RDE measure-
ments utilizes previous insights on establishing intrinsic
activities, whereas the GDE protocol is oriented toward
MEA testing. However, both experimental protocols fulfil
the respective testing criteria to reach the fundamental and
applied research standard, as closely as possible.[524-20]
With this study, it is demonstrated that a GDE approach
allows a straight-forward optimization of a given cata-
lyst film under conditions relevant for applications. On
the other hand, GDE testing using standardized ink
recipes might not uncover the full potential of a respective
catalyst.

2 | MATERIALS AND METHODS

2.1 | Small angle X-ray scattering (SAXS)
Small angle X-ray scattering (SAXS) measurements were
conducted using a SAXSLab instrument as previously
described!??! and are detailed in Supporting information.
The SAXS data were fitted assuming a power law and
polydisperse spheres. The background corrected scattering
data were fitted using a power law to take into account
the behavior at low q value and a model of polydisperse
spheres, described by a volume-weighted log-normal dis-
tribution. Some data were best fitted by adding a second
model of polydisperse spheres also described by a volume-
weighted log-normal distribution. The scattering data and
related fits are reported in Supporting information Figure
S1 and the values obtained for the fitting parameters are
reported in Supporting information Table S1.
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2.2 | Transmission electron microscopy perature. Subsequently, Nafion solution was added so that

(TEM) and scanning electron microscopy
with energy dispersive X-ray spectroscopy
(SEM-EDS)

A Jeol 2100 transmission electron microscope (TEM) oper-
ated at 200 kV was used for the TEM analysis. The sam-
ples were prepared by suspending the commercial cata-
lyst powders in ethanol and then dropping the sample
suspension onto carbon-coated copper TEM grids (copper
or nickel grids, Quantifoil). Micrographs were recorded at
three different magnifications at least, and in at least three
randomly selected areas. At least 200 nanoparticle diame-
ters were evaluated using the software ImageJ to evaluate
the size distribution.

The SEM-EDS cross-section measurements were per-
formed as described earlier!”!! using a Zeiss GeminiSEM
450 with SmartSEM 6.05 software and EDS Photodetec-
tor Ultim max 65 from Oxford Instruments using AZTec
4.2 software. As scan parameters for the EDS maps, a WD
(working distance) between 8.4 and 8.8 mm, accelerating
voltage of 15 kV and a probe current of 200 pA were used.

2.3 | Electrochemical characterization
2.3.1 | Catalyst ink and film formation for the
RDE measurements

The inks for the RDE measurements were prepared from
the respective dried catalyst powder and dispersed in a
mixture of Milli-Q water and isopropanol (Vyger: Vipa = 3:
1). To the ink, 1.6 uL/mL 1 M KOH (aq) was added and then
homogenized in a sonicator bath for 10 min. The resulting
homogeneous catalyst ink had a total Pt concentration of
0.218 gp,/L.

Thin catalysts films were prepared by pipetting 9 pL
(0.218 gp/L) of each catalyst ink onto a newly polished
glassy carbon (GC) disc. The disk was then dried under
Ar gas stream humidified with IPA and H,O, the disc was
kept stationary in the drying step. The resulting films had
a Pt loading of 10 ug/cm? and were dried at ambient atmo-
sphere for further electrochemical measurements.

2.3.2 | Catalyst ink and film preparation for
the GDE measurements

Catalysts inks were prepared from different dried catalyst
powders and dispersed in a mixture of Milli-Q water and
isopropanol (mixture volume ratio of 3:1). To disperse the
powder, the mixture was sonicated for 5 min at room tem-

the ink contained a mass C:Nafion ratio of 1. The ink was
sonicated again for 5 min. The final inks had a Pt concen-
tration of 0.5 mg/mL for all catalysts.

The catalyst films were produced by a vacuum filtration
of the catalyst ink onto GDL. To conduct the vacuum fil-
tration, the ink was first diluted by Milli-Q water to a Pt
concentration of 0.05 mg/mL (mixture volume ratio 1:3).
The ink was then added to a vacuum apparatus and fil-
trated through an MPL-coated GDL (Freudenberg H23C8).
The resulting catalyst films (@ = 4 cm) were stored in petri
dishes. From this film-coated GDL, a disk (@ = 3 mm) was
extruded and used as GDE. All investigated GDEs prepared
from the commercially available Pt/C catalysts had a Pt
loading of 208 ugp;/cm? on the GDL.

2.3.3 | Rotating disk electrode (RDE)
measurements

All RDE electrochemical measurements were performed
at room temperature with a computer controlled poten-
tiostat (ECi 200, Nordic Electrochemistry ApS) and a
glass cell equipped with three electrodes as previously
reported.[?*28] The working electrode (WE) was a GC disk
(5 mm in diameter) embedded into a Teflon tip.

A Pt wire served as counter electrode (CE) and a
reversible hydrogen electrode (RHE) served as a reference
electrode. An aqueous 0.1 M perchloric acid electrolyte was
used, which was saturated with argon prior to the start
of the electrochemical measurements. The solution resis-
tance was measured with a superposed AC signal (5 mV, 5
kHz) and was compensated down to 2 Q.

The analytical procedure to electrochemically analyze
the Pt/C catalyst layers was repeated for all six investigated
Pt/C catalysts and included the following steps: Surface
cleaning, Ar background, ORR activity, and CO stripping
to determine Pt active surface area. The Pt catalyst sur-
face was cleaned under an argon atmosphere by cycling
the potential between 0.05 Vyyg and 1.20 Vyyg for three
cycles to remove the possible organic residue on the cat-
alyst film. Thereafter, the upper potential was reduced to
1.10 Vyyg and the cycling was continued until reaching
a stable cyclic voltammogram (CV) (~50 cycles in total).
The scan rate was 0.50 V/s. The initial higher potential
limit served to reduce the total number of potential sweeps.
Afterwards, an Ar background was measured in a potential
range between 0.05 Vyyg and 1.10 Vyyg With a scan rate of
0.05 V/s in Ar saturated electrolyte. Prior to the ORR per-
formance measurements, the electrolyte was purged with
O, for 10 min. During the ORR activity measurement, the
potential window and the scan rate were the same as that



Chemistry
Europe

European Chemical
Societies Publishing

RESEARCH ARTICLE

4 Electrochemical Science Advances doi.org/10.1002/elsa.202100190

applied for Ar background measurements, while the RDE
had a rotation speed of 1600 rpm.

To determine the electrochemical active surface area
(ECSA) of the investigated catalysts, the oxidation charge
obtained from a CO monolayer stripping experiments was
analyzed. In brief, the electrode was held at 0.05 Vyyg in
CO saturated electrolyte for 2 min. Subsequently, the elec-
trolyte was saturated with Ar (~10 min) to purge the elec-
trolyte from CO. The potential was swept from 0.05 to 1.10
Vyug With a scan rate of 50 mV/s to oxidize the adsorbed
CO monolayer to CO,. The ECSA was then calculated from
the ration of resulting oxidative charge (Qcq), after back-
ground subtraction, and the oxidation charge of a mono-
layer, 400 uC/ cmp,?, and finally normalized to the mass of
the Pt (mp,).12%)

Qco 1

ECSA = .
400uC cm;,? mPt

The ORR data were analysed from the background cor-
rected polarization curves. The background polarization
curves were recorded in Ar-purged electrolyte. The ORR
activity was then evaluated at 0.90 Vyyg from positive
going scans. The mass activity (MA) was obtained by nor-
malizing the activity by the Pt mass. The specific activity
(SA) was obtained by normalizing the measured current
density (mA/cmge,2) to the ECSA.

2.3.4 | Measurements in the gas diffusion
electrode setup

The GDE-setup was assembled as follows:!'*] A 3 mm disc
was punched out of the catalyst film covered by GDL. The
catalyst containing disc was placed into an MPL-coated
GDL disc (@ = 2 cm, Freudenberg H23C8) which had a 3
mm hole in the middle. A Nafion membrane was placed on
top (Nafion 117, thickness 183um). With a tablet press (pres-
sure range: 0-15T), the whole stack was pressed together at
a pressure of two tonnes and a duration of 10 min. After-
wards, a GDL (Freudenberg H23) was placed into the gas
flow field of the lower cell body, followed by the stack con-
taining the GDE and the Nafion membrane. Finally, the
upper cell body was placed on top of the Nafion membrane.
The two body parts were held in place by a clamp. The com-
partments of the upper cell body were filled with 15 mL of
4 M perchloric acid. Finally, an RHE RE and the CE (Pt
wire) were put into the electrolyte.

All electrochemical measurements were performed
at 30°C with a computer controlled potentiostat (ECi
240, Nordic Electrochemistry ApS) and a GDE-setup as
reported.[®] The analytical procedure to electrochemi-
cally analyse the Pt/C catalyst layers was the same for all

six investigated Pt/C catalysts and included the follow-
ing steps: First, the GDE was purged from the backside
(through the GDL) with argon gas. Doing so, the catalyst
was cleaned by potential cycles between 0.05 and 1.10 Vygg
at a scan rate of 0.2 V/s until a stable CV could be observed
(~50 cycles). Afterwards, a CO stripping measurement was
performed followed by electrochemical impedance spec-
troscopy (EIS) and ORR-activity measurements. To con-
clude the investigations, a second CO stripping measure-
ment was performed. Throughout the entire experiment, a
bubbler was used to humidify the gas and the membrane.
During the whole measurement, the solution resistance
was measured by superimposing an AC signal of 5 kHz and
an amplitude of 5 mV.

CO stripping measurements were conducted to deter-
mine the ECSA. In essence, the catalyst layer got covered
by CO gas which adsorbed onto the Pt surface. Afterwards,
the catalyst was purged with Ar to remove the excess of CO.
As a next step, a CV was recorded (scan rate: 50 mV/s),
which records the oxidative current originating from the
oxidation of CO to CO,. Finally, multiple CVs under Ar
atmosphere were conducted until the Ar background was
regained. The value of the ECSA was then obtained, as
described in “Section 2.3.3”.

Prior to the ORR activity measurements, oxygen was
flowed through the pipes for 10 min. For the last 5 min,
a potential of 0.80 Vg Was applied. This ensured that all
gas lines were fully filled with oxygen and that the catalyst
layer was equally wet over the entire surface. The ORR-
activity measurements were conducted in potential control
mode with a potential range between 1.00 Viyyg and 0.10
Vgug- The potential was preset to 1.00 Vi and then low-
ered in steps of 25 mV until 0.10Vyyg are reached. At every
step, the potential was held constant for 1 min to reach
steady-state conditions. For analysis, the measured current
was averaged over the last 10 s. The online solution resis-
tance was determined from the superimposed AC signal (5
kHz, 5 mV). All ORR activity measurements were postcor-
rected for the potential errors introduced by the solution
resistance using this online measurement, see Supporting
information Figure S2 for example. The EIS measurements
served to back up the online correction in case of failure or
uncertainties.

3 | RESULTS AND DISCUSSION

We start with the physical characterization of the investi-
gated Pt/C fuel cell catalysts. All examined catalysts are
commercially available and can serve as benchmarks in
studies investigating new, home-made fuel cell catalysts.
Their Pt to C ratio (Pt loading), as indicated by the supplier,
ranges from roughly 20 wt.% up to 70 wt.%. In Figure 1,
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we present representative TEM micrographs to demon-
strate the physical characteristics of each Pt/C catalyst. In
addition, size histograms and average particle sizes derived
from a TEM analysis as well as probability density func-
tions derived from fitting the SAXS data are shown. As
Figure 1 shows, within the accuracy (error) of the mea-
surements, both methods lead to the same average particle
size. However, with a closer look at the size retrieved, the
average Pt particle size determined from TEM is slightly
smaller (except for TKK 46 wt.% Pt/C) in comparison to
the values derived from the SAXS analysis. This difference
can be explained by the fact that the particle size distribu-
tions are based on different analyses that are sensitive to
different sizes in different ways: For the TEM analysis, one
determines the relative number of particles with the same
size based on defined bin sizes, and only relatively few indi-
vidual NPs are accounted for. In contrast, SAXS analysis is
performed in a larger volume of sample and substantially
more NPs are considered for the size evaluation. Addi-
tionally, the size retrieved from TEM is often number- or
surface-weighted, whereas it is volume-weighted for SAXS,
that is, SAXS is more sensitive to the contribution of larger
NP sizes. This explains why SAXS analysis leads to an esti-
mated diameter slightly larger than for TEM analysis in
this study. Nevertheless, due to the good agreement of the
results obtained by both analysis techniques in the present

study, we do not distinguish in the following between the
two methods when referring to the average particle size
and size distribution.

The analysis shows that the average particle sizes range
from roughly 2 to 5 nm (Figure 1). In addition, the carbon
support of each investigated catalyst is relatively homoge-
neously decorated by Pt particles; in particular, the TKK
19.4 wt.% Pt/C sample. The limited particle agglomeration
on the carbon support of this catalysts is also reflected by
the very narrow size distribution with a standard deviation
of only 0.4 nm in the TEM analysis. As expected, it can be
clearly seen that at increased Pt loadings, the carbon sup-
port is more densely covered with Pt particles and agglom-
eration increases. Characteristically in the TEM micro-
graphs of the HISPEC 60 wt.% and 70 wt.% Pt/C samples,
some darker spots are seen that most likely are related to
the slightly agglomerated Pt particles and the size distribu-
tion exhibits a clearly discernable tail towards larger sizes
(also the size distribution of the TKK 50.6 wt.% Pt/C sam-
ple displays such a feature).

In Figure 2, SEM-EDS cross-sections of pristine GDEs
prepared from three representative Pt/C catalysts are
shown. The general structure of the GDEs consisting of a
porous GDL covered by a carbon MPL and the respective
Pt/C catalyst layer is clearly discernable. While the MPL’s
thickness is measured constantly to be around 20 pm, the
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FIGURE 2

Comparison of SEM-EDS cross-sections of three GDEs prepared with different Pt/C catalysts. (Left) HISPEC 20 wt.%,

(middle) TKX 46 wt.%, and (right) HISPEC 70 wt.%. The SEM micrographs were recorded with the BSE detector. Due to the different metal
loading on the carbon support in the Pt/C catalysts, the fixed Pt loading on the GDL (208 ugp,/cm?) leads to different thicknesses of the

catalyst film

thickness of the Pt/C catalyst layer varies with the Pt load-
ing on the carbon support (Pt to carbon ratio) of the respec-
tive catalyst. At low Pt loading (20 wt.%), the catalyst film
is about 16 + 1 um, whereas it is less than 5 pm on average
at very high Pt loading (70 wt.%). In other words, higher
Pt loadings (Pt to carbon ratio) of the Pt/C catalyst lead
to substantially denser (thinner) catalyst layers. Further-
more, the SEM micrographs imply that under current con-
ditions, the vacuum filtration method of the Pt/C catalysts
with high Pt wt.% leads to less homogeneous catalyst films
on the GDL.

In previous work of our and other groups, the TKK 46
wt.% Pt/C sample was used as a benchmark or reference
catalyst.['#16.17.30] Therefore, in the following, we discuss
the GDE measurements with this catalyst. In the upper
part of Figure 3, representative CVs of the TKK 46 wt.%
Pt/C samples recorded in the two setups are compared. In
both cases, the typical “electrochemical features” of a Pt/C
catalyst are depicted. In the low potential region of the
CVs (0.05-0.35 Vyyg), both hydrogen adsorption (nega-
tive scanning direction) and desorption (positive scanning
direction) are visible, typically referred to as Hy,q peaks.
However, the Hypq peaks in the CV of the GDE measure-
ments differ from the ones in the RDE, which are typical
for measurements in aqueous perchloric acid electrolyte.
In particular, the CV recorded in the GDE setup, the “sec-
ond” peak at around 0.25 Vyyp is less pronounced, and the
hydrogen evolution reaction (HER) starts earlier, around
0.07 Vyyg- In contrast to these differences, the adjacent
potential region between 0.35 Vyyp and 0.60 Vgyg, the
double layer region defined by capacitive currents from

JIA G
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——— GDE under CO

| =— =GDE under Ar
Ry ——RDE under CO
— =RDE under Ar

S 200
<
- 1004

0

-100
0.00
E/Vaue
FIGURE 3 Inthe upper graph, representative examples of CVs

of the same TKK 46 wt.% Pt/C catalyst recorded in an inert (Ar
purging) atmosphere are shown, whereas in the lower graph,
representative CO stripping measurements of the same catalyst are
shown. The CVs are normalized to the Pt loading on the electrode to
take account of the different films thicknesses. The measurements
recorded in the RDE setup are represented by a black line, while the
measurements recorded in the GDE setup are represented by a red
line. The scan rate was 50 mV/s for both GDE and RDE

charging and discharging the interphase, displays identical
double layer capacities in both setups. Finally, in the poten-
tial region of Pt oxidation and reduction (0.60-1.10 Vryg),
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the Pt oxidation and reduction peaks in the CV recorded
with the GDE setup are shifted toward higher potentials.
These observed differences are most likely a consequence
of the different local ion environments, that is, an aqueous
electrolyte and a membrane electrolyte environment. In
the GDE setup, the catalyst is surrounded by a solid Nafion
electrolyte, whereas it is surrounded by a liquid aqueous
electrolyte in the RDE setup. The earlier onset of the HER
in the GDE setup might be related to the reduced local par-
tial pressure of hydrogen. Furthermore, the reference elec-
trode in the GDE setup is in aqueous electrolyte, while the
measured catalyst is not. This might lead to slight shifts in
referenced and “experienced” potentials, which is known
to substantially influence the determination of the intrin-
sic ORR activity.[*"]

The different reaction environments manifest itself also
in the CO stripping measurements that are typically
used to determine the electrochemically active Pt surface
area,l’! see lower graph in Figure 3. The CO oxidation
peaks recorded in both setups are clearly shifted against
each other. Interestingly, in the GDE setup, the CO strip-
ping peak appears at lower potentials than in the RDE
setup (ca. 0.8 vs. 0.9 Vryg). Thus, the shift is more pro-
nounced and in opposite direction as compared to the
potential difference in hydrogen evolution or oxide forma-
tion observed in the CVs recorded in Ar atmosphere. It
should be pointed out that this shift is not related to an
incomplete CO monolayer formation, as can be seen from
the absence of Hy,pq features in the forward going CO strip-
ping scan. Therefore, it can be argued that the shift in the
CO stripping peak is related to a reduced anion blocking
in the GDE membrane-catalyst environment.!*2] Interest-
ingly, the peak position observed in the CO stripping curve
recorded in the GDE setup is similar to the one observed
in an MEA measurement by Harzer et al.,[**] although it
needs to be stressed out that a direct comparison is dif-
ficult due to the different catalyst and different experi-
mental parameters such as scan rate and temperature. In
addition, the CO stripping shows a smaller ECSA for the
catalyst layer in the GDE setup compared with the RDE
setup, which is consistent with the observation in the Hypq
region, that is, the overall peak area in the Hypq region in
GDE measurement is smaller than the one from RDE mea-
surement.

To investigate this effect systematically, in Figure 4, the
ECSA values obtained from the CO stripping measure-
ments are compared for the different Pt/C catalysts mea-
sured in both setups. The ECSA is plotted versus their “the-
oretical” ECSA, which is calculated from the TEM size his-
tograms assuming that the Pt NPs are perfect, free-standing
spheres, that is, no Pt surface area is blocked by the car-
bon support. The ECSA values of some Pt/C samples can
also be compared to previous measurements.**! The diag-
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FIGURE 4 Comparison of ECSA values obtained from RDE
(black dots) and GDE (red dots) measurements with the ECSA
calculated from the Pt particle distribution shown in the TEM
micrographs, indicated as ECSA-TEM. The ECSA-TEM values were
calculated based on 200-400 randomly distributed Pt particles in
the TEM micrographs of each catalyst. The given error with respect
to the ECSA-TEM is the standard error of the counted Pt particles in
TEM micrographs, while the given error from measured ECSA
values is the standard deviation of at least three independent
measurements of each catalyst

onal line in Figure 4 indicates where measured and “the-
oretical” ECSA values are equal. It is seen that there is in
general a good agreement between the measured ECSAs
and the expected ECSA based on the particle size distribu-
tion. However, as a general trend the ECSA values deter-
mined in the GDE setup are lower than the ones obtained
in the RDE measurements. This general trend is visualized
in Figure 4 by fitting linear trendlines to the data points.
The maximum difference in ECSA from RDE and GDE
is approximately 20%. This systematic difference could be
the result of different factors. First, it may be that dur-
ing the vacuum filtration some Pt got lost, resulting in
a smaller CO-oxidation current when normalized to the
assumed catalyst loading. Second, Nafion which needs to
be added to the catalyst ink preparation for the GDE, might
block some active sites. Nafion is known to partially block
the active surface area of the active catalyst phase and,
thus, reduces the ECSA.[*5! For the RDE measurements,
no Nafion was used as its only function is to glue the cata-
lyst film to the GC.[*°]

In Figure 5, the electrochemical response of the Pt/C
benchmark catalyst in O, saturated atmosphere is pre-
sented from measurements by both setups, thatis, the RDE
and the GDE setup. The goal of an RDE characterization is
to determine the intrinsic kinetic ORR activity of a catalyst.
Such task is challenging as in the past even the results of
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3 RDE 1600 rpm edge is a measurement result with cleaning the catalyst surface in
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0.6 0.7 0.8 0.9 1.0 cleaning procedure (O, saturated electrolyte). The given error is the
E/ VRHE standard deviation for the difference in averaged corresponding
potential at the current of 5 A/mp,? between RDE and GDE
FIGURE 5 Comparison of the ORR performance of TKK 46

wt.% Pt/C measured in a GDE (red) and RDE setup (black). Upper
graph, excerpt of the geometric ORR current densities

relatively “simple” Pt/C catalysts had been varying by one
order of magnitude.[g] As a result, benchmarks, such as
polycrystalline Pt, have been introduced and several works
on measurement procedures and best practices have been
published.[$252029.3137] The basic assumption is that pro-
cedures and conditions can be defined where all catalysts
exhibit their maximum performance. Focusing first on the
measurement limitations of the RDE setup, it is seen that
the maximum ORR current density which can be reached
(at 1600 rpm) is around 6 mA/cm?;., The broad current
plateau indicates that in a wide potential region, the ORR is
limited by mass transport through the hydrodynamic layer
at the electrode interface.!*8! By contrast, in the GDE setup,
a current density up to 1400 mA/cm? g, can be reached in
the same potential region because oxygen gas can directly
diffuse through the GDL to the catalyst layer. Thus, the
maximum current density achieved in the present study
is comparable to the ones reported from MEA tests, for
example, at 0.7V, 1500 mA/cm? could be reached in H,-0,
MEA tests using a Pt-Co/C catalyst.l’**°] A GDE setup is,
thus, particularly apt at investigating catalysts with higher
current densities and lower potentials, which reflect more
realistic conditions that are closer to the operational win-

dow of a fuel cell. It should be mentioned though, that the
maximum current density reached in the GDE setup var-
ied up to 50% between the different samples, highlighting
the influence of the catalyst layer on the obtained results.

To further compare the results, the current densities
were normalized to the ECSA derived from the CO strip-
ping measurements, thus, avoiding any influence from
uncertainties in catalyst loading. This specific ORR activ-
ity is shown as a Tafel plot in Figure 5. The Tafel plot shows
that the potential region with kinetic behavior, that is, lin-
ear Tafel slope is substantially larger in a GDE setup as
compared to a RDE measurement; it stretches from around
1 Vyyg down to roughly 0.75 Vyyg whereas the kinetically
controlled potential region ends at around 0.90 Vyyg, in
a RDE measurement. However, it is also seen, that the SA
obtained in the low-current regime (above 0.80 Vyyg) of
RDE measurements is substantially higher than the one
measured in the GDE setup. This difference in SA was
observed for all six investigated Pt/C catalysts and is sum-
marized in Figure 6. Comparing the performance of the
different Pt/C catalysts with a standardized procedure at
a fixed current density of 5 A/mp?, a potential shift in the
range of 0.067 Vg and 0.108 Vyyg is observed between
the two approaches which constitutes a substantial differ-
ence of around one order in magnitude.

To investigate the reason for this significant reduction in
SA measured in the GDE setup, we applied a steady-state
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protocol using an RDE. Supporting information Figure S3
shows that by applying a steady-state protocol in an RDE
measurement, the SA at 0.9 Vg drops down to a similar
SA, thatis, 0.4 A/ m2pt as was measured in the GDE setup at
the same potential. This indicates that the substantial dif-
ferences in determined specific ORR activities in the GDE
setup are at least partially caused by the steady-state pro-
tocol used for GDE measurements. In the GDE measure-
ments, we started the measurements at 1.00 Vi and went
stepwise more negative to 0.10 Vgyg, where each step took
1 min. Thus, at each potential, we can assume steady-state
conditions. In contrast, in the dynamic potential cycling
typically used for RDE measurements, no steady-state con-
dition is reached, leading to an apparent higher activity.
The effect is also well-known from RDE measurements,
where a profound influence of the scan rate on the ORR
activity is reported and a hysteresis in activity between pos-
itive and negative sweeps is observed.|>*!] Furthermore,
in a RDE measurement, the kinetic current density is
obtained after correcting for mass transport limitations. !
All these arguments point toward that in the intrinsic ORR
activities derived from RDE measurements might overes-
timate the performance in a fuel cell, where steady-state
conditions are applied. The GDE setup, by comparison,
is not particularly designed to investigate catalysts under
dynamic conditions and applying a similar protocol using
a GDE setup is not feasible. Any uncompensated resistance
(iR drop) leads not only to a shift in potential but also to a
current-dependent change in the scan rate. Potentiostatic
or galvanostatic measurements by comparison can be cor-
rected for the iR drop in a straightforward manner but face
the challenge of a more or less pronounced time depen-
dence in the recorded current or potential. Hence in the
current work, we choose to average the currents recorded
in a set time interval, see section 2. Instead of investigat-
ing the catalysts properties at 0.90 Vyyg, the focus is set to
lower voltages with higher current densities, which reflects
more realistic conditions, that is, in the range between
0.70 Vyyg and 0.80 Vyyg. This range equals the opera-
tional window for a real fuel cell and is, thus, especially
important. For the GDE measurements, we adopted a pro-
cedure of Yarlagadda et al.l*] to prepare Pt/C films on
top of a GDL using the same Pt loading and a standard-
ized ink composition for all Pt/C catalysts. Furthermore,
the same automized testing protocol has been applied, see
section 2. The activity results then can be compared at
either a fixed potential or at fixed current density. Apart
from these systematic differences between RDE and GDE
measurements which should lead to a constant shift in
activity between all catalysts, the different measurement
results of the 50.6 wt.% catalyst in Figure 6 indicate that an
automized and standardized procedure might not always
be suitable to ensure that each catalyst exhibits its opti-

—4—HISPEC 70wt% 1:1.0
2 A HISPEC 70wt% 1:2.2

HISPEC 70wt% 1: 5.0
—4A—HISPEC 70wt% 1: 8.1

J/AcmZ,

FIGURE 7 Comparison of different carbon to Nafion ratios
(C:N) of HISPEC 70 wt.%. The power density of HISPEC 70 wt.%
strongly depends on the amount of Nafion added to the ink. The
standard procedure suggests a C:N ratio of 1:1. However,
measurements made with the GDE setup show higher power
density for a C:N ratio of 1:2.2. By adding significantly more Nafion,
the power density drops down

mal, intrinsic performance in a GDE measurement. For
example, an improved cleaning procedure in oxygen might
improve the performance (in the specific case shown here,
in the RDE measurements) while for other catalysts it
might lead to slight degradation, for example, in case of
small particles. Furthermore, the SEM-EDS cross-sections
demonstrate substantially different thicknesses of the Pt/C
catalyst films depending on the Pt loading on the carbon
support.

Furthermore, in comparative RDE measurements, typ-
ically the same ink composition is used for all Pt/C cata-
lysts without optimization for a specific catalyst. However,
a fixed carbon to Nafion (C:N) mass ratio, might not be
the best recipe for all the different catalysts. The different
Pt loadings on the carbon support, the different Pt parti-
cle size distributions as well as different carbon supports
might require specific ink compositions for every single
catalyst to optimize the performance in the GDE setup;
knowledge that is commonly known for MEA measure-
ments and is part of the optimization of fuel cell catalyst
layers.[*4]

To investigate this hypothesis, we analyzed the specific
ORR activity (SA) of a moderately performing catalyst, that
is, the HISPEC 70 wt.% at different C:N mass ratios. As
demonstrated in Figure 7, the conventional ink recipe (C:N
=1:1) does not lead to the best performance of the HISPEC
70 wt.% catalyst. The obtained maximum power density
strongly depends on the C:N ratio in the ink (Figure 7). By
changing the C:N ratio, the maximum power density can
be almost doubled from about 0.4 to about 0.7 W/cm?. A
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standardized ink recipe, therefore, leads to an “underper- mA/cmZ_, at 0.9Vp,e
formance” of certain catalysts. For a meaningful compar- s 45
ison of different catalysts in a GDE, it is therefore, impor- 20 4 { 42
tant to consider optimizing the ink composition for every ' b 38
single catalyst. 1) e 35

To demonstrate this conclusion even further, and to ana- - 35 &
lyze which characteristics are crucial for a good perfor- & ”8
mance of a specific Pt/C catalyst, we also analyzed the "
influence of the Pt to Nafion (Pt:N) ratio of this specific cat-
alyst by introducing additional carbon support in the cat- -
alyst ink. In the plot in Figure 8, it is demonstrated that at 18

15

T T

0.9 Vygg, the ORR performance increases with increasing . nd

C:N ratio. With regards to the Pt:N ratio, it seems that the
ORR performance increases with increasing ratio as well.

i R X mA/emZ_ at 0.8V,
However, this behavior changes as soon as higher current 24 ceo FHE

densities are reached. At 0.8 Vyyg, the highest ORR cur- ? :;:
rent density was reached with a Pt:N ratio of 1 instead of 2.0 850 oo
a ratio more than 2 at 0.9 Viyg. Furthermore, it is shown )
that at this Pt:N ratio, the C:N ratio does not have a substan- 1.6 1 95.0 e 85.0
tial influence on the current density anymore. This trend L
gets even more pronounced at 0.7 Vyyg. The highest cur- 65.0
rent density for the HISPEC 70 wt.% catalyst were obtained 55.0
with a Pt:N ratio of 1 (by adding carbon support to the ink) 1450
and a C:N ratio of 1. 350
25.0

4 | CONCLUSIONS

mA/em3,, at 0.7Vg, e

24
In the presented work, the ORR performance of six com- Z;Z
mercial Pt/C catalysts is compared in a GDE setup. As 204
. : 742
benchmark, the same catalysts are compared in RDE mea- .. .

. . 658
surements according to standardized procedures that are

assumed to showcase the intrinsic ORR activity of the
respective catalysts. The results are summarized in Table 1.
The work clearly demonstrates the challenges but also the

1 574
490

Pt:N

406

322
strengths of the GDE approach. In the last 10 years, several -
RDE studies demonstrated the importance of the film qual- 15
ity for obtaining the intrinsic ORR activity of a catalyst, 700

research work that is still ongoing.[*’! At the same time,
the popularity of the RDE approach is at least partially
owed to its simplicity and the availability of all required
instruments. The presented GDE measurements indicate = FIGURE 8 Comparison of the influence of Pt:N and C:N ratios
that the influence of the film quality on the obtained results ~ on ORR activities of HISPEC 70 wt.% at 0.9 Vgyg, 0.8 Vgyg, and 0.7
in this approach is at least equally important as in the = Vrur- At0.9 VRHE, both Pt:N and C:N ratio determine the obtained
RDE approach. However, to find broad application, a sim- current density of HISPEC 70wt.%. A high Pt:N ratio and a C:N ratio
ple and straight-forward film preparation method should around 1 gave the highest current densities. However, at lower

be applied, such as the vacuum filtration technique, that voltages the Pt:N ratio becomes the key ratio. There is a clear trend
only requires standard equipment that is available in most
research laboratories and leads to reproducible results in
film quality. Most likely, as for the RDE approach, fur-
ther work on establishing standardized procedures and the
use of benchmarks will be essential to obtain meaningful
results.

toward a Pt:N ratio of 1. The ORR activities are averaged values of
three measurements. The black squares indicate the calculated C:N
and Pt:N ratios of all analyzed catalyst films based on which the
contour plots are made



Chemistry
Europe

European Chemical
Societies Publishing

RESEARCH ARTICLE

Electrochemical Science Advances doi.org/10.1002/elsa.202100190

Summary of the RDE and GDE results. The font in red from TKK 50.6 wt.% is the result with potential cycling in O, for catalyst surface cleaning

TABLE 1

Theoretical M
ECSA (m?/gp,)

SA (A/myp)

MA (A/gpt)

ECSA (m?/gp,)

Pt NP size (nm)

On the other hand, the results clearly demonstrate the

W 5 . " - potential of the GDE approach to bridge RDE and MEA
ey PRI 2 - B measurements, thus, helping to commercialize new ORR
catalysts. Most importantly, the GDE approach allows
. E focusing on relevant current densities that are inaccessi-
8 ez 2 2 a i ble in RDE measurements. Moreover, the optimization of
characteristics, such as the ink recipe or the applied cat-
S m =z og 2 9 alyst loading on the GDL for each individual catalyst, is
>E fl i:‘l < f‘l = fl fl feasible in a much simpler manner than in elaborate MEA
R a © 2 8 ;' 8 3 testing. Therefore, the GDE approach has the clear poten-
ME = = o= S o = tial to reach similar popularity as the RDE approach.
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Figure S1: Background subtracted SAXS data and the related fits for the different samples, as indicated.

Table S1 SAXS fitting parameters for fits corresponding to Figure S.

R1

R2

Sample A*10° n " o1 C " o2 C: d/nm? o/nm?"

TKK 19.4 wt.% 115 3.1 8.6 0.12 0.002 101 0.3 0.005 1.9 0.3
TKK 46 wt.% 8 4.0 13.0 0.20 0.025 20.0 04 0.018 2.8 0.5
TKK 50.6 wt.% 40 3.3 26.0 030 0.110 - - - 5.4 1.7
HISPEC 20 wt.% 100 3.5 155 0.33 0.030 - - - 3.3 1.1
HISPEC 60 wt.% 150 3.3 16.0 0.25 0.038 - - - 3.3 0.8
HSPEC7Owt% 52 3.5 150 025 0015 250 03 0063 4.0 0.8
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Figure S2: a) Example of online measurement of the solution resistance Rso; in GDE setup with 5 kHz at
different potentials; no compensation applied. b) Comparison of average Rs, values from online
measurement (black triangles) with Rso; determined from Nyquist plot of EIS measurements (black squares).
Measured (blue triangles) and post corrected (blue circles) ORR current densities. All measurements
performed with TKK 2-3nm 46wt.% Pt/C catalyst.
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corresponding current was recorded and normalized by Pt ECSA.
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ABSTRACT: In the present study, we compare different nanoparticle (NP) composites -
(nanocomposites) as potential electrocatalysts for the oxygen reduction reaction (ORR). The F
nanocomposites consist of a mixture of Pt and Ir NPs and Pt and Au NPs, respectively, that are
immobilized onto a high surface area carbon support. Pt NPs supported on the same carbon
support serve as a benchmark. The performance testing was performed in a conventional rotating
disk electrode (RDE) setup as well as in a recently introduced gas diffusion electrode (GDE)
setup, providing high mass transport conditions. The ORR activity is determined, and the
degradation is tested using accelerated degradation tests. It is shown that with respect to the
benchmark, the Pt-Au nanocomposite concept exhibits improved ORR activity as well as
improved stability both in the RDE and GDE measurements. By comparison, the Pt-Ir
nanocomposite exhibits improved stability but lower ORR activity. By combining the GDE
approach with small-angle X-ray scattering, it is shown that the improved stability of the Pt-Au
nanocomposite can be assigned to a reduced Pt particle growth due to the adjacent Au NPs. The
results demonstrate that nanocomposites could be an alternative catalyst design strategy
complementing the state-of-the-art alloying concepts.

KEYWORDS: nanocomposite electrocatalysts, oxygen reduction reaction, gas diffusion electrode setup, accelerated degradation tests,
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small-angle X-ray scattering

B INTRODUCTION

Due to its importance for fuel cells, the oxygen reduction
reaction (ORR) is one of the most studied reactions in
electrocatalysis. Independently, if a fuel cell is operated with
hydrogen or liquid fuels such as methanol and operates under
acidic or alkaline conditions, a substantial part of its
performance loss (as compared to the thermodynamic cell
potential) is due to the sluggish ORR at its cathode catalyst. In
acidic proton exchange membrane fuel cells (PEMFCs), state-
of-the-art ORR catalysts are based on Pt-alloy catalysts, ™ e.g.,
PtCo nanoparticles (NPs) supported on a high surface area
carbon support. The “kinetic activity” of the ORR catalyst has
direct consequences for the conversion efficiency; however,
catalyst stability and performance under high mass transport
conditions (high current densities) are equally important
properties a “good ORR catalyst” must fulfill. Most research
studies concerning Pt-based ORR catalysts for PEMFCs are
concerned with an accurate control and optimization of the
active Pt phase at the atomic level that determines the kinetics.
Substantial achievements have been reported for the initial
kinetic activity that needs to be sustained under operation
conditions. One of the most imminent challenges therefore is
the changing reaction environment, i.e., going from reductive
conditions during operation to slightly oxidizing under open-
circuit (idling) conditions to (if not prevented) highly
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oxidizing conditions during start-up and shutdown. Such
dynamic conditions not only lead to the dissolution of Pt but
they also induce segregation and dissolution of less noble
components in Pt-alloys.®

An alternative approach that has been recently introduced is
to concentrate on a statistical distribution of surface sites in
high entropy alloy (HEA) catalysts with the goal of optimizing
the likelihood for highly active surface sites.” As compared to
conventional bimetallic or trimetallic Pt-based catalysts, the
HEA approach is less mature and, to date, is more of
fundamental interest. Not only is the synthesis of nanomateri-
als with random surface arrangements of the different
constituents extremely difficult, also characterizing and
maintaining the surface composition are challenging.

By comparison, the synthesis of monometallic nanomaterials
is considerably more straightforward. In the presented work,
we therefore pursue the concept of composite catalysts
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consisting of different monometallic NPs, i.e., nanocomposite
catalysts, which are currently of primarily fundamental interest
as well. The main difference to the established alloying concept
is the focus—in addition to the atomic structure—on
mesoscopic properties such as the particle density on the
support, i.e., the interparticle distance.*™"" As stated above, in
addition to the kinetic performance, the effective mass
transport of the reactant and product in the catalyst layer is
equally crucial to optimize the power density, e.g., for mobile
applications of PEMFCs. For this, non-active NP components
could, for example, be used to optimize the catalyst
performance without inhibiting the dispersion of the active
sites as well as the oxygen mass transport resistance; the latter
is often a problem for high-performing alloy catalysts that tend
to exhibit a large particle size and associated large oxygen
transport resistance.'” To investigate the promising nano-
composite concept further, we chose to investigate two
different nanocomposite catalysts, i.e., a nanocomposite
consisting of carbon-supported Pt and activated (oxidized) Ir
NPs and a nanocomposite consisting of carbon-supported Pt
and Au NPs, in the following referred to as Pt-IrO,/C and Pt-
Au/C. A standard Pt/C catalyst serves as a benchmark.'>'* In
Pt-based alloy catalysts, the addition of both Ir and Au is
reported to improve the ORR performance.'*'® The perform-
ance of the nanocomposite catalysts is investigated in
conventional rotating disk electrode (RDE) measure-
ments'>'7"® as well as in recently introduced gas diffusion
electrode (GDE) measurements,'”~>° which, in contrast to the
RDE measurements, provide realistic catalyst loadings as well
as realistic mass transport conditions. In addition to the
activity, the degradation was tested using accelerated
degradation tests (ADTs). It is shown that both nano-
composites, ie., Pt-IrO,/C and Pt-Au/C, exhibit improved
degradation resistance; however, only in the case of Pt-Au/C,
the ORR activity is improved as well.

B EXPERIMENTAL SECTION

Chemicals and Gases. The following chemicals were used
for catalyst synthesis and characterization: hexa-chloroplatinic-
(IV) acid hexahydrate (H,PtCls:6H,0, 99.9%, Alfa Aesar),
iridium(III) chloride (IrCly-«H,0, >99.8%, Sigma-Aldrich),
gold(I1I) chloride (AuCls, >99.99% trace metal basis, Sigma-
Aldrich), ethylene glycol (EG, 99.8%, Sigma-Aldrich), sodium
hydroxide (NaOH, 98.9%, Fisher Chemical), oleylamine
(technical grade, 70%, Sigma-Aldrich), 1-octadecene (technical
grade, 90%, Sigma-Aldrich), lithium triethylborohydride
(LiBEt;H, superhydride solution, 1 M in THF, Sigma-Aldrich),
30% hydrochloric acid (HCl, Suprapur, Merck), and acetone
(99.5+%, Alfa Aesar). Commercial carbon black (Vulcan
XC72R) was employed as a carbon support in the catalyst
synthesis. Ultrapure water (resistivity, >18.2 MQ cm; total
organic carbon (TOC), <S5 ppb) from a Milli-Q system
(Millipore) was used for acid/base dilutions, catalyst ink
formulation, and electrochemical cell cleaning. Isopropanol
(IPA, 99.7+%, Alfa Aesar), 70% perchloric acid (HCIO,,
Suprapur, Merck), and 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%), O, (99.999%), and CO (99.97%).

Synthesis of Monometallic Pt/C, Pt-IrO,/C Nano-
composite, and Pt-Au/C Nanocomposite Catalysts.
The synthesis approach followed a colloidal approach and
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consisted of two main steps: the synthesis of colloidal NPs and
their immobilization on a carbon support. Concerning the
synthesis of carbon-supported monometallic Pt NPs and Pt-
IrO, nanocomposite catalysts, we applied a surfactant-free
colloidal approach®® and referred to our recent work.”” In
short, mixing 400 mM NaOH EG with 40 mM H,PtCl,-6H,0
or IrCl;-xH,O EG solution in a microwave reaction vessel and
heating the mixture to 160 °C for 3 min in a microwave reactor
led to the formation of colloidal Pt or Ir NPs in EG with
concentrations of 3.90 gp, L™" and 3.85 g;, L™/, respectively. To
immobilize the NPs on the carbon support, 1 M HCI was
added to the colloidal NPs, inducing particle flocculation. The
mixture was thereafter centrifuged at 5000 rpm for 10 min, the
supernatant was discarded, and the floc was redispersed in
acetone to obtain an NP dispersion in acetone with the same
concentration as before the flocculation in EG. To prepare a
monometallic Pt/C catalyst, the carbon support (Vulcan
XC72R) suspension was prepared with a concentration of 0.50
g L' in acetone and homogenized by a horn sonicator
(QSONICA sonicator, 500 W, 50 kHz, with alternation of 1 s
sonication and 1 s resting) for S min. Then, the Pt NPs
dispersed in acetone were added and further sonicated for §
min. After the homogenization of the mixture, the solvent was
evaporated with a rotary evaporator at room temperature and
200 mbar, applying a continuous sonication until the catalyst
was completely dried and 20 wt % Pt/C was obtained. A
similar procedure was employed to obtain the immobilized Pt-
IrO,/C nanocomposite catalyst. Here, Pt NPs dispersed in
acetone and Ir NPs dispersed in acetone were added to the
sonicated carbon acetone suspension one by one, whereafter
the same procedure was applied. The nominal Pt-to-Ir metal
ratio in the nanocomposite was 1:2 based on weight. The Pt
loading was kept as in the benchmark, ie., 20 wt %.
Concerning the preparation of supported Pt-Au/C nano-
composite catalysts, we applied the same approach for
obtaining surfactant-free colloidal Pt NPs. However, for the
preparation of Au NPs, we used the method reported
previously by Zhang et al.*® In short, AuCl; (151.7 mg) was
dissolved in a mixture of l-octadecene (16 mL) and
oleylamine (4 mL) under an Ar atmosphere. The system was
protected by the Ar atmosphere and heated to 60 °C, followed
by a quick injection of the reducing agent LiBEt;H (1.5 mL).
The temperature was kept at 60 °C for 10 min, whereafter the
solution was cooled down to room temperature. Thereafter,
the system was exposed to air, and ethanol was added to
separate Au NPs with centrifugation at 5000 rpm for 10 min.
The as-prepared Au NPs were redispersed in hexane at a
concentration of 0.82 gy, L™". To immobilize the mono-
metallic Au NPs, carbon was dispersed in hexane and sonicated
with the horn sonicator as mentioned above until a stable
dispersion was obtained (~10 min). Then, the Au NPs
dispersed in hexane were added and the suspension was
sonicated further for 10 min, and thereafter, hexane was
evaporated with a rotary evaporator until the catalyst was
completely dried, obtaining 40 wt % Au/C. To remove the
ligand (oleylamine), the dried Au/C powder was heated in an
oven (Nabertherm, 30—3000 °C) at 210 °C for S h. If the
ligand is not removed from the Au surface, then Au/C cannot
be dispersed in acetone, which will inevitably influence the
subsequent immobilization step of the Pt NPs (that were
dispersed in acetone after flocculation with 1 M HCI) onto
Au/C. Another point needs to be noted: to obtain the carbon
supported Pt-IrO, nanocomposite, the Pt NPs and Ir NPs were
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added one by one to the carbon suspension in acetone. In the
procedure of the carbon-supported Pt-Au nanocomposite,
instead of adding Pt NPs and Au NPs simultaneously during
the immobilization procedure, first, Au/C was obtained, which
may have suffered from the thermal treatment for ligand
removal. The Pt NPs were immobilized on the ligand-free Au/
C to avoid exposing the Pt NPs to the thermal treatment,
which may induce the complete oxidation of Pt. The
immobilization procedure of the Pt NPs on the ligand-free
Au/C followed the same procedure as described above, i.e.,
mixing, sonication, and solvent evaporation. The prepared Pt-
Au/C nanocomposite had a nominal Pt to Au metal weight
ratio of 1:2 and a Pt loading of 20 wt %.

Catalyst Ink Formation and Catalyst Layer Prepara-
tion for RDE Measurements. To obtain inks for the RDE
measurements, the respective dried catalyst powder was
dispersed in a mixture of Milli-Q water and TPA (Vi Vips
= 3:1) containing 1.6 uL/mL 1 M KOH(aq.)"” and
homogenized in a sonicator bath for 10 min, resulting in a
homogeneous catalyst ink with a total Pt concentration of
0.275 g L™". A total of 7.14 uL of the respective catalyst ink
was pipetted onto glassy carbon (GC) disks to obtain a fixed
Pt loading of 10 ug crngeo_2 for all samples. The GC tips were
dried at ambient atmosphere for further electrochemical
measurements. By obtaining cyclic voltammograms (CVs)
between 0.05 and 1.60 Vyyg, the appearance of the broad
oxidation peak (centered at around 1.40 Vi) as well as the
oxide reduction peak (centered at around 1.20 Vpyp) can be
the indication of the presence of Au in the catalyst (see Figure
S1). The Pt weight loading on the carbon support in the
mentioned electrocatalysts therefore is fixed to 20 wt %.

Gas Diffusion Electrode (GDE) Cell Setup. An in-house
gas diffusion electrode setup as described before'”*>**** was
used in the electrochemical measurements. A GDE setup with
a lower cell body made of stainless steel and a flow field was
used. The GDE was placed above the flow field with a Nafion
membrane (Nafion 117, 183 um thick, Fuel Cell Store) facing
upward. The upper cell body was made of polytetrafluoro-
ethylene (PTFE). A platinum mesh and a reversible hydrogen
electrode (RHE) were used as a counter electrode and a
reference electrode, respectively. The counter electrode was
placed inside a glass capillary tube with a glass frit on the
bottom, which can avoid the trapping of gas bubbles in the
hole of the Teflon cell and hence improves the reproducibility
of the measurements.

Catalyst Ink Formation and Catalyst Layer Prepara-
tion for GDE. The recipe of the catalyst ink for the GDE
measurements was reported previously.”* The catalyst ink was
formed by dispersing the catalysts in a mixture of Milli-Q water
and IPA (V,,,r:Vipa = 3:1) to obtain the concentration of Pt of
0.50 g L™". Nafion (D1021, 10 wt %, Fuel Cell Store) was
added to the catalyst ink in a weight ratio between Nafion and
carbon of 1. Then, the solution was sonicated in a sonication
bath for around S min to obtain a stable dispersion.

A H23C8 gas diffusion layer (GDL) was punched from a
larger GDL sheet and placed into a vacuum filtration setup
between a glass funnel and a sand core filter. This was placed
on top of a collecting bottle as reported by Yarlagadda et al.*
Separate vacuum filtration setups were used for the Pt-IrO,/C
and Pt-Au/C nanocomposite catalysts to avoid cross-
contamination. For the Pt-IrO,/C nanocomposite catalyst, a
setup with a sand core filter of 42 mm in diameter was used,
while for monometallic Pt/C and Pt-Au/C nanocomposite
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catalysts, a setup with a sand core filter of 15 mm in diameter
was used. The catalyst ink was diluted from a concentration of
0.50 gp, L™" to 0.05 gp, L' by adding Milli-Q water and IPA
(the final volume ratio between Milli-Q water and IPA was 1:3
to increase the speed of vacuum filtration). The diluted catalyst
ink was filled into the funnel and a vacuum pump was used to
deposit the catalyst on top of the GDL. With this deposition
procedure, in all cases, a nominal Pt loading of 208 ug cmgeo_2
on the GDL was obtained. After preparing the catalyst layer on
the GDL, a Nafion membrane was pressed on top of the GDE.
For this, a Teflon sheet, a GDL without MPL (@ 2 cm), a
GDL with MPL (@ 2 cm with a hole of @ 3 mm), the catalyst
on the GDL from the vacuum filtration (@ 3 mm), a Nafion
membrane, and the second Teflon sheet were placed in this
order one by one on top of a Teflon block. Then, a second
Teflon block was placed on top, and everything was placed
between two metal blocks and pressed at 2 tons for 10 min.
Electrochemical Measurements. All electrochemical
measurements were recorded with a computer-controlled
potentiostat (ECi 200, Nordic Electrochemistry) at room
temperature. The RDE measurements were performed using
the same setup employed in our previous work,'® i.e., in a glass
cell equipped with three electrodes. A GC RDE tip with a
diameter of S mm was used as a working electrode (WE) and a
platinum wire as a counter electrode (CE). All potentials were
measured with respect to a trapped hydrogen reversible
hydrogen electrode (RHE) as a reference electrode (RE). As
an aqueous electrolyte, 0.1 M HCIO, was used, which was
saturated with Ar before the electrochemical measurements.
For the Pt-IrO,/C nanocomposite, the Ir NPs were activated
by the holding potential at 1.60 Vgyp for 8 min. After
activation, the catalyst was exposed to potential cycling
between 0.05 and 1.20 Vyyg until a stable CV with the basic
features of Pt was obtained. For the monometallic Pt/C and
Pt-Au/C nanocomposite catalysts, the same potential cycling
was applied; however, no activation was performed. During the
potential cycling, the cell resistance between the WE and RE
(~25 Q) was compensated to an effective value of around 3 Q
using the analog positive feedback scheme of the potentiostat.
In the RDE setup, the activity and stability tests were
separately conducted, i.e., for each catalyst, at least three
different tips were used for activity measurements and three
different tips were used for the stability measurements. For the
ORR activity measurements, a macroscript was designed with
EC4DAQ potentiostat software to automatically record a series
of cyclic voltammograms (CVs), CO stripping curves, and
ORR polarization curves.'® The CVs were recorded in an Ar-
saturated electrolyte in the potential region between 0.05 and
1.10 Vgyp with a scan rate of S0 mV s™'. CO stripping
measurements were carried out to determine the Pt area;
basically, the electrode was held at 0.15 Vyyg in a CO-
saturated electrolyte for 2 min. Then, the electrolyte was
purged with Ar and held at 0.15 Vg for 10 min to replace the
excess CO in the electrolyte, and the adsorbed CO monolayer
was oxidized to CO, by cycling the potential from 0.15 to 1.10
Vgue at a scan rate of 50 mV s™'. The electrochemically active
surface area (ECSA; Pt area) was calculated based on a
reference oxidation charge value from polycrystalline Pt of 396
uC cmp, 2. For the Pt-Ir/C nanocomposite, as Ir was pre-
activated (Ir was oxidized to IrO,), the contribution from Ir for
ECSA determination is negligible as reported previously.”!
Because the interaction between CO and the Au surface is
quite weak as well, the same is the case for the Pt-Au/C
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nanocomposite. To confirm this, we conducted the CO
stripping measurement with pure Au/C in which the gold
content was the same as the Pt-Au/C nanocomposite. The
measurement exhibited only a very small CO oxidation peak
centered at around 1.10 Vgyp with a calculated surface area
below 5 m? g,,”'. The ORR activity measurements were
conducted in an O,-saturated electrolyte at a scan rate of 50
mV s! and a rotation speed of 1600 rpm. The specific activity
was normalized by the Pt surface area and compared at 0.85
Vyue from the polarization curve recorded in the negative-
going scan direction (corrected by background subtraction
recorded under an inert atmosphere). The mass activity was
normalized by the Pt content and compared at 0.85 Vyyg as
well.

To determine the stability of the Pt-based electrocatalysts,
accelerated degradation tests (ADT) were employed using four
different protocols in the RDE measurements. The first three
protocols were performed in a potential control mode in an Ar-
saturated electrolyte. One protocol simulates load cycling
conditions, stepping the electrode potential between 0.60 and
1.00 Vpyp with a rest time of 3 s at each potential. The
treatment lasted for 9000 cycles. The second protocol
simulates start-up/shutdown conditions by cycling the
electrode potential between 1.00 and 1.50 Vyyp with a scan
rate of 500 mV s™'. The total treatment lasted for 9000 cycles
as well. These protocols are based on the FCCJ recom-
mendations.””*®> The third protocol was designed as a
combination of the above two protocols, cycling the electrode
potential between 0.40 and 1.40 Vyyg with a scan rate of 1000
mV s, and the total treatment lasted for 3600 cycles.’* The
fourth protocol was performed in current control alternating
reductive and oxidative currents and was adapted from our
previous stability study of bifunctional ORR—OER catalysts.””
The measurements were conducted in the O,-saturated
electrolyte, maintaining a rotation of 1600 rpm. The current
was stepped between 0 and —5 mA cmgeo_2 with a holding
time of 1 s for each current, repeating this cycle for five times
and followed by a current stepped to 1 mA cmgeo_2 for 1s. The
above procedure was regarded as a basic unit and this unit was
repeated 300 times. Sketches of the different degradation
protocols are summarized in Figure S2. The stability of
catalysts was evaluated by the change in Pt ECSA that was
recorded by CO stripping measurements before and after
applying the ADT protocols.

For the electrochemical measurements in the GDE setup, 4
M HCIO, was used as an electrolyte in the upper compartment
above the Nafion membrane.”” Prior to the electrochemical
measurements, the electrode was purged with Ar gas, and the
catalyst (Pt/C and Pt-Au/C nanocomposite) was cleaned by
potential cycling between 0.15 and 1.20 Vyy; until a stable CV
with the basic features of Pt was obtained (~50 cycles). In the
case of the Pt-Ir/C nanocomposite, the potential was held at
1.60 Vyye for 8 min to activate Ir. After the activation
procedure, the potential was cycled between 0.15 and 1.20
Vyiug for further cleaning of the catalyst surface. During the
cleaning procedure, the resistance between the working and
reference electrodes (~10 Q) was compensated to an effective
value of around 1 € using the analog positive feedback scheme
of the potentiostat.

The ORR activity and stability tests of the catalysts were
performed with the same catalyst layer. For each catalyst, at
least three measurements were repeated to obtain an
acceptable reproducibility of the data. The automatized
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measurement procedure was applied using a macroscript of
potentiostat software for each catalyst, i.e., CVs, CO stripping,
ORR activity determination, ADT treatment, ORR activity
determination, CO stripping, and CVs. The ORR activity
before the ADT treatment is referred to as the beginning of
treatment (BOT) activity, and the one measured after the
ADT treatment is referred to as the end of treatment (EOT)
activity. The measurement conditions during the CVs and CO
stripping measurements were the same as those in the RDE
measurements described above. To establish the ORR activity
in a GDE setup, it is not ideal to sweep the electrode potential
as done in RDE measurements as the high current densities
lead to considerable iR drops even if a compensation is used.
This does not only distort the potential but also the scan
speed. Therefore, we adopted a protocol introduced by Pinaud
et al.””*" using steady-state measurements in current control
mode (galvanostatic). The current was stepwise increased, i.e.,
~1, —10, —100, =500, —1000, and —1500 mA cmy,, >, with a
hold time of 30 s each. As for the ORR performance, the
working electrode potential at each current density was
averaged over the last 5 s of the current hold. Despite the
fact that the iR was compensated to a value around 1 €, a post-
measurement resistance correction is necessary for each
current to obtain the correct electrode potential, ie., the
residual solution resistance was recorded online using the AC
signal (S kHz, S mV) and the formula of E,.;; = E,.ocured — iRy
was applied to obtain the real working electrode potential.
After the ADT treatment, the same ORR measurement
protocol was employed once more to compare the ECSA
loss with the ORR activity loss. The ADT treatment was
adopted for the GDE setup” and consisted of a combination
of simulating load cycling conditions and start-up/shutdown
conditions. For this, the electrode potential was stepped 25
times between 0.60 and 1.00 Vyyp (the hold time for each
potential was 3 s) followed by two potential cycles between
1.00 and 1.50 Vg at a scan rate of 500 mV s~ The treatment
was performed in an O, atmosphere and repeated 20 times. A
scheme of the degradation protocol is shown in Figure S2. The
Pt surface area was determined by CO stripping measurements
(as listed in the macroscript) before and after the degradation
test to evaluate the stability of each catalyst.

Transmission Electron Microscopy (TEM) and Energy
Dispersive X-ray Spectroscopy (EDX). A JEOL 2100
transmission electron microscope operated at 200 kV and
equipped with an EDX detector was used for the TEM
analysis. The samples before electrochemical treatment were
prepared by suspending the catalyst powder in ethanol and
dropping the mixture onto carbon-coated copper TEM grids
(Quantifoil). The samples after the electrochemical treatments
were collected from the rotating disk electrode (RDE) and
dissolved in acetone for the preparation of TEM grids.
Micrographs were recorded at different magnifications (at least
%300,000, X400,000, and X500,000) in at least three randomly
selected areas. The composition of the samples was evaluated
by determining the relative ratio of Ir/Pt and Au/Pt by EDX in
at least three different randomly selected areas.

The composition of the supported nanocomposites on the
gas diffusion layer (GDL) was evaluated with EDX as well,
however recorded in a scanning electron microscope. For this,
the GDL with the filtered nanocomposite on top was put on a
sticky carbon tape, which was then put on an SEM metal
holder. The analysis was conducted with a Zeiss Gemini 450
scanning electron microscope equipped with an Oxford
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Figure 1. TEM micrographs and size distributions of the investigated catalysts. (a, d) Supported monometallic Pt NPs with a metal loading of 20
wt %, (b, e) supported nanocomposite with 20 wt % Pt NPs and 40 wt % Ir NPs (Pt-IrO,/C), and (¢, f) supported nanocomposite with 20 wt % Pt
NPs and 40 wt % Au NPs (Pt-Au/C). The histograms are based on the statistical analysis of 350 individual particles of each as-prepared catalyst
from TEM and the volume-weighted probability density of the particle size is derived from SAXS measurements.

Instruments Ultim Max 65 EDX detector at a voltage of 25 kV.
Five independent areas on the GDL were selected for each
sample. Software AZtec 4.2 (Oxford Instruments) was used to
acquire the EDX spectra and to determine sample
composition.

Small Angle X-ray Scattering (SAXS). SAXS measure-
ments were performed at the Niels Bohr Institute at the
University of Copenhagen with a SAXSLab instrument as

d.****3! The instrument is equipped with a

previously detaile
100XL+ microfocus sealed X-ray tube from Rigaku, producing
a photon beam with a wavelength of 1.54 A. A 2D 300 K
Pilatus detector (Dectris) was used to record the scattering
patterns. The two-dimensional scattering data were azimuthally
averaged, normalized by the incident radiation intensity, the
sample exposure time, and the transmission, and then
corrected for background and detector inhomogeneities using
SAXGUI reduction software. The samples with NPs on the
GDL were sealed between two mica windows and the
background measurement was performed with the same
GDL without any NPs. The radially averaged intensity 1(q)
is expressed as a function of the scattering vector q = 47 - sin
(6)/2, where A is the wavelength and 20 is the scattering angle.
A power law was used for fitting scattering data after
background correction, and the scattering data were fitted
with polydisperse spheres as a model and described by a
volume-weighted log-normal distribution. The scattering data
are fitted to the expression:
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1g) = A-g7" + Cy [R.(g, DURD,(R)IR
+ Gy [By(g, VR, (R)AR

where A-q™" is the power law in which A and n are free
parameters, C, and C, are scaling constants, P, and P, are the
sphere form factors, V, and V, are the particle volumes, and D,
and D, are the log-normal size distributions. The sphere form
factor is expressed as:

sin(qR) — qRcos(gR) ’
(qR)’

and the log-normal distribution is expressed as:

R(g,R) =3

1 (-n(R/R)F/20%)

Ro+/2m

The fitting was conducted with a home-written MATLAB
code. The values obtained for free parameters in the model are
listed in Table S1, and the corresponding fits are shown in
Figure S3.

Ex Situ X-ray Absorption Spectroscopy (XAS). Ex situ
X-ray absorption spectroscopy measurements at the Pt L; edge
were carried out at the SuperXAS beamline at the Swiss Light
Source (Villigen, Switzerland). The incident photon beam was
provided by a 2.9 T superbend magnet and collimated by a Rh-
coated mirror as 2.5 mrad. Subsequently, the X-ray beam was
monochromatized by a Si (111) channel-cut Quick-EXAFS
monochromator.”® The beam was focused by a rhodium-
coated toroidal mirror with a beam size of approximately 1.0

D(R) =
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Figure 2. Comparison of the electrochemical performance of the supported monometallic Pt NPs and nanocomposites with the RDE approach. (a)
ORR activity and (b) stability are evaluated with four different degradation protocols. The data of the ECSA loss for the current control protocol
applied to Pt-IrO,/C and Pt/C are taken from ref 27. The ORR activity is determined from the negative sweeping polarization curve at 0.85 Vg,

and a scan rate of S0 mV s

deviation from three independent measurements on each catalyst.

and a rotation speed of 1600 rpm are applied in a potential region of 0.05—1.10 Vyyg. The error is the standard

mm X 0.2 mm at the sample position. The Rh-coated mirrors
also act to suppress higher-order harmonics. Each sample was
measured in transmission geometry for 10 min in QEXAFS
mode. The acquired data were then processed using
ProQEXAFS, allowing for energy calibration, interpolation,
and averaging.’’ The samples for ex situ X-ray absorption
spectroscopy measurements were vacuum-filtered on GDL,
and a higher nominal Pt loading of 400 ug cmgeo_2 was utilized
to obtain a sufficient signal from ex situ X-ray absorption
spectroscopy measurements.

B RESULTS AND DISCUSSION

This study aims to investigate nanocomposite materials as
potential electrocatalysts for the ORR. For this, we performed
measurements with a conventional RDE setup as well as in a
GDE setup: the latter is to obtain more applied conditions
with realistic catalyst loading, a membrane catalyst interface,
and realistic mass transport conditions. Two different nano-
composites were investigated in the current study, i.e., Pt-IrO,/
C and Pt-Au/C Pt. Pt/C (20 wt %) serves as a benchmark. To
achieve comparative results, the active phase in all catalysts, i.e.,
the Pt loading, was kept at 20 wt %. The nominal loading of
the second metal component was fixed at 40 wt %, i.e., the
nanocomposite catalysts had the compositions of 20 wt % Pt +
40 wt % Ir and 20 wt % Pt + 40 wt % Au, respectively.
Representative TEM micrographs of the investigated
catalysts are presented in Figure 1, together with histograms
of their particle size distribution and the probability density of
their particle size derived from SAXS measurements. The
average particle sizes are also summarized in Tables S1 and S2.
It can be seen that the Pt NPs in the Pt/C benchmark catalyst
exhibit an average diameter of 1.7 + 0.5 nm and are
homogeneously distributed on the carbon support. By
comparison, for the Pt-IrO,/C nanocomposite, it is difficult
to distinguish the Pt and Ir NPs. All NPs have a similar size,
but it is apparent that the support is covered more densely. In
the size histogram, no clearly distinguishable size populations
are apparent. The best fit of the SAXS data, however, leads to
two size populations with average sizes of 3.2 + 1.7 and 1.2 +
0.2 nm, which may be assigned to Pt and Ir NPs, respectively.
However, the larger average size of the Pt NPs as compared to
the Pt/C reference sample indicates that an unambiguous
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separation of the size population of the Pt and Ir NPs is not
possible and that some smaller Pt NPs are accounted for in the
“Ir size population”. For the Pt-Au/C nanocomposite, the Pt
and Au NPs are clearly distinguishable. Large and small NPs
“co-decorate” the carbon support evenly with very few parts
with agglomerated NPs. The two size populations are clearly
distinguishable in the size histogram as well as the probability
density function retrieved from SAXS. The small particles have
an average size of 1.7 + 0.7 nm and are thus assigned to Pt
NPs. The average size of the larger particles is 9.4 + 2.9 nm
and is assigned to Au NPs. The satisfactory dispersion and full
utilization of the active Pt NP phase are demonstrated by CO
stripping measurements (see Figure S4). The results indicate
comparable electrochemically accessible surface areas of Pt for
each investigated catalyst independently if determined by the
RDE measurements or in the GDE setup; only the Pt-IrO,/C
nanocomposite exhibits slightly lower ECSA values. Further-
more, it is seen that the ECSA values determined by the RDE
measurements tend to be slightly larger than the ones
determined in the GDE, which can be explained by the
required addition of Nafion to the catalyst inks for the
preparation of the GDE layers (without Nafion, no proton
conduction is established in the catalyst layers); i.e., the Nafion
partially blocks the Pt surface, leading to lower ECSA values.”®
Last but not least, the EDX analysis of the nanocomposites
reveals that the obtained metal compositions with determined
weight ratios of 2.03 and 1.95 for Ir/Pt and Au/Pt (Table SS),
respectively, are close to the targeted value of 2. Thus, it can be
concluded that the surfactant-free colloidal approach indeed
allows for an accurate preparation of different nanocomposite
catalysts.””

It is widely accepted that IrO, is not a good catalyst for the
ORR. Au on its own also performs badly for the ORR in acidic
conditions, with H,O, or HO,™ being the final product of the
reaction.” ™ *! However, in previous studies, it was reported
that Pt-Au core—shell structures,”” Pt-Au alloy structures,'®
and Au-modified Pt structures” can not only increase the
ORR rate but also the stability. We evaluated the ORR
performance of the investigated catalysts both in specific
activity (SA) and mass activity (MA), i.e., normalized by the Pt
surface area and Pt mass, respectively. The polarization curves
and Tafel plots (from the positive scan direction) are shown in
the Supporting Information (Figure SS). It is known that the
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Figure 3. Comparison of the electrochemical performance of the supported monometallic Pt NPs and nanocomposites with the GDE approach. (a)
ORR activity before degradation test, (b) loss in the available Pt surface area, and (c) ORR activity after degradation test. The ORR activity is
determined with current control mode, and six constant currents are applied on each measurement step for activity evaluation. The stability is
determined in an O, atmosphere with a mixed degradation protocol of potential stepping between 0.60 and 1.00 Vi followed by potential cycling
between 1.00 and 1.50 Vgyg, and the whole procedure is repeated 20 times. The error is the standard deviation from three independent

measurements on each catalyst. BOT: before test; EOT: end of test.

investigation of the ORR performance under transient
conditions leads to an overestimation of the activity in
comparison to the performance under steady-state condi-
tions."*~*’ This leads to a hysteresis between the negative- and
positive-going scan directions™ and is also reflected in the
higher ORR rates determined by the RDE measurements as
compared to the measurements in the GDE setup. To alleviate
this difference, here, we determined the ORR activities from
the RDE measurements of the polarization curves recorded in
the negative scan direction instead of the typically chosen
positive scan direction. In Figure 2, the performance of the
different catalysts determined in RDE measurements is
summarized. It is seen that the activity trends for SA and
MA are identical. The ORR activity is decreased by mixing Ir
NPs to a Pt/C catalyst in agreement with our previous study,”’
while the same amount of Au NPs clearly enhances the ORR
performance. For Pt-IrO,/C, a SA of 416 + 16 uA cmp, > and
an MA activity of 307 + 26 A gp, ' were determined (see also
Table S3), which are less than half of the Pt/C benchmark
activities, i.e,, 915 + S8 uA cmp, > and 750 + 63 A gp, . On
the contrary, for Pt-Au/C, a SA of 1280 + 102 uA cmp, > and
an MA of 1060 + 71 A gp, ' were determined, i.e., around 1.4
times higher than for the benchmark catalyst. The ORR
activity of Pt-based catalysts is in general considered to be
correlated to the adsorption energies of the O*, OH¥, and
OOH* intermediates,”’ here referred to as oxophilicity. In
agreement with our previous study,27 we therefore assume that
the reduced ORR activity of the Pt-IrO,/C nanocomposite can
be ascribed to the more oxophilic nature of Pt NPs adjacent to
IrO, particles. Concurrently, the improved activity of Pt-Au/C
suggests that the electronic properties of Pt NPs are affected in
a different way (i.e., less oxophilic) by the adjacent Au NPs. To
test this hypothesis, we performed ex situ XANES measure-
ment determining the white line (WL) intensity at the Pt L,
edge, which corresponds closely to the density of unoccupied
states and thus the oxidation state of the Pt.”’ As shown in
Figure S6, the Pt-Au/C nanocomposite indeed exhibits lower
WL intensity than the Pt/C benchmark, indicating a lower
oxophilicity. As a result, the active Pt surface sites in the Pt-
Au/C nanocomposite are less blocked by the ORR
intermediates than in the case on the Pt/C benchmark,
leading to an improved ORR activity. It should be mentioned
though that the ex situ-determined WL intensity of the non-
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activated Pt-IrO,/C nanocomposite is comparable to the one
of the Pt/C benchmark (Figure S6) and that for a more
detailed study, in situ XANES is required.

The trend in stability observed in the RDE measurements is
less straightforward and depends on the applied ADT protocol.
Based on the literature and our previous work,””>" one might
expect an improvement in stability when adding Ir NPs to the
Pt/C benchmark catalyst. Such improvement is indeed
observed when choosing an ADT protocol that applies highly
oxidizing conditions (see Figure 2). However, for simulated
load cycle conditions, no effect on the stability is detected.
Furthermore, the effect in cycling stability (cycling the
electrode potential between 0.40 and 1.40 Vyyp with a scan
rate of 1000 mV s™") is only small. The findings for the Pt-Au/
C nanocomposite are similar, i.e., a general improved stability
is observed except that the cycling stability seems to be even
slightly lower than for the Pt/C benchmark. The largest
improvement in stability for the Pt-Au/C nanocomposite is an
improvement by 38% as compared to the benchmark in the
current control ADT (see also Figure 2b and Table S4). In
contrast to the Pt-IrO,/C nanocomposite, the Au/Pt ratio is
not affected by the ADT treatment as shown by EDX analysis
(see Table SS). The analysis of the TEM micrographs of the
degraded catalysts, as displayed in Figure S7, clearly indicates
particle growth, in particular, in the Pt/C benchmark catalyst.

Particle growth is normally associated with particle
migration and coalescence and/or electrochemical Ostwald
ripening.”” However, it is difficult to distinguish between the
two degradation mechanisms. In addition, carbon support
oxidation occurs in cycling between oxidizing and reducing
potentials,” which leads to Pt area loss due to particle loss. In
Figure S7c¢,g, a lower NP density on the support might indicate
particle detachment, but it is difficult to exactly quantify the
extent with conventional TEM.

As discussed in Introduction, the RDE technique is known
for its simplicity and is widely used for fundamental research.
The liquid electrolyte environment and low reactant mass
transport however limit the extrapolation of the results to real
devices.”* Measurements in GDE setups combine the
advantages of RDE with more realistic conditions close to
the ones in membrane electrode assemblies (MEAs). There-
fore, we compared the results of the RDE measurements to
investigations performed in our recently developed GDE setup.
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(a) before and (b) after degradation test.

All catalyst layers were prepared with a realistic Pt loading of
208 g cmgeo_2 on the GDL and the catalyst composition was
confirmed by EDX (the obtained metal compositions in wt %
were Ir/Pt = 2.10 and Au/Pt = 1.90 for Pt-IrO,/C and Pt-Au/
C; see also Table SS). The electrochemically active Pt area of
each catalyst layer was determined with CO stripping
measurements and representative CO oxidation plots shown
in Figure S4. It can be seen that the electrochemically active Pt
area in all catalyst layers is similar and the performance of the
different catalysts can be compared to each other.

The BOT ORR activity data are presented in Figure 3a, and
the respective Tafel plots (estimation) are shown in Figure S8,
demonstrating that the Tafel slopes are basically consistent
with the ones obtained in the RDE measurement. From the
GDE data, it is apparent that in agreement with the RDE data
and as compared to the Pt/C benchmark, the Pt-IrO,/C
nanocomposite indeed exhibits a substantially inhibited ORR
performance over a wide range of current densities up to 1500
mA cmgeo_z. By comparison, the activity improvement for the
Pt-Au/C nanocomposite is limited to very low current
densities (—1 and —10 mA cm,,,*), but at higher current
densities, i.e., >100 mA cmgeo_z, no improvement as compared
to the Pt/C benchmark is seen. Nevertheless, in Figure 4, it is
demonstrated that at low current densities, i.e., high electrode
potentials (here, 0.85 Vi), the activity trends observed in the
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RDE and GDE are indeed comparable and consistent,
although the absolute values differ.

The comparison between RDE and GDE therefore
exemplifies the importance of performing measurements
under realistic conditions as the improvement in kinetic
ORR activity seen for the Pt-Au/C nanocomposite in the RDE
measurements can be confirmed in the GDE measurements,
but at the same time, it is highly unlikely that these
improvements exhibit any relevance for conditions in
applications.

By performing the ADT and comparing the loss in Pt ECSA,
the observed trends in stability are similar to the ones observed
in the RDE measurements (the ADT consisted of a
combination of load-cycle and start-stop simulations).
However, one needs to keep in mind that the conditions in
an aqueous electrolyte environment are different from those in
a membrane electrolyte environment. For example, Ehelebe et
al. recently reported that while Pt ions can be transported away
from a catalyst layer, the Pt dissolution rates in GDE
experiments are considerably lower than in an aqueous
electrolyte environment; placing a membrane onto the catalyst
layer reduced the dissolution rate even further.”> In our study,
both the Pt-IrO,/C and Pt-Au/C nanocomposites exhibit
improved stability as compared to the Pt/C benchmark
(Figure 3b). A small difference exists, however, i.e., the Pt-Au/
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C nanocomposite appears to be slightly more stable than the
Pt-IrO,/C nanocomposite. Interestingly, the improved stability
of the Pt-Au/C nanocomposite (as compared to Pt/C) results
in a distinguishable improvement in the EOT ORR activity
over the whole investigated current density range (see Figure
3c). By comparison, the improved stability of the Pt-IrO,/C
nanocomposite does not lead to any improved EOT ORR
activity as compared to Pt/C.

In addition to more realistic reaction conditions, the GDE
investigations also allow an ex situ analysis of the used
(degraded) catalyst layers with SAXS.***” Comparing the
particle size distributions derived from SAXS at BOT and EOT
indicates that the improved stability and ORR activity of the
Pt-Au/C nanocomposite can be assigned to a reduced Pt
particle growth (see Figure S and Table S2). A reduced particle
growth in the Pt-Au/C nanocomposite as compared to the Pt/
C benchmark is consistent with the lower loss in Pt ECSA and
the less oxophilic nature of the Pt NPs adjacent to the Au NPs
as discussed in Results and Discussion (RDE measurement
part). Furthermore, a reduced particle growth is consistent
with a reduced loss in oxygen transfer resistance at high current
densities.'” The weight ratio between Au and Pt therefore only
changes slightly, i.e., from 1.90 to 1.80 (Table SS), indicating a
low amount of Pt dissolution (or Pt and Au dissolve in equal
amounts). Interestingly, in the case of the Pt-IrO,/C
nanocomposite, the improved stability is at the cost of a
change in the Ir/Pt weight ratio, which significantly decreases
to a value of 0.99 (Table SS), indicating severe Ir dissolution
during the ADT.

B CONCLUSIONS

In our study, we compare the ORR performance (activity and
stability) of two nanocomposite catalysts, i.e., Pt-IrO,/C and
Pt-Au/C, to a Pt/C benchmark. The Pt loading, Pt particle
size, and therefore the Pt ECSA in all catalysts could be kept
constant. By comparing the performance with the state-of-the-
art RDE approach, it is concluded that both the introduction of
IrO, and Au NPs to a Pt/C catalyst alleviates the degradation
of the Pt NPs, the active phase for the ORR. In the case of
IrO,, however, the improvement in stability is at the expense of
a decrease in ORR activity. By comparison, Au NPs seem to
boost the stability and ORR activity of the Pt NPs likewise.
Under conditions more closely comparable to MEAs, i.e., in a
GDE setup, it is seen that the performance improvement of the
Pt-Au/C nanocomposite is limited to very low current
densities and cannot be sustained under high current density
conditions most relevant for applications. Nevertheless, the Pt-
Au/C nanocomposite offers a significant advantage that might
be more realistically transferred to applications, ie., its
improved stability. The GDE measurements indicate that,
ultimately, the improved stability might also lead to an
improved ORR performance over the lifetime of the fuel cell.
By comparison, the results indicate that stabilization of fuel
catalysts by IrO, might not be a promising approach as the
stability improvement is at the expense of Ir dissolution and is
therefore more likely a short-term effect.
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Figure S1. CV of the Pt-Au/C nanocomposite recorded at room temperature in HCIO4 aqueous

electrolyte. The scan rate was 50 mV s,
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Figure S2. Schemes of the different applied ADT protocols in the RDE (a, b, ¢ and d) and the
GDE (e) measurements. The protocols of the RDE measurements were performed in Ar
atmosphere (a, b and c) as well as O2 atmosphere (d), while the protocol with a mixture of potential
holding and potential cycling of the GDE measurement were performed in O, atmosphere.

S2



a) b)

104 10"+ 10"+
o 1074 o 10°4 o 1004
z z z
0 w w
5 1074 5 1074 I 1074
= £ E
1024 1024 102
10° ; 10° ‘ 10# ;
2x10% 10?2 107 2x107 5x10°1 2x102 10?2 10! 2x107 501071 2x102 5x102 107 2x107" 5x107
q/A" qlA? g/A-
d) e) f)
10" 10 1074
s 107 s 100 2 qgo]
= o -1
S 107 S 107 5 10
= £ £
-2
102 102 o
2]
102 . X 102 : : 10 .
2x102 51027 107 2x107 5x107 2x102 5102 107 2x107" 5x107 2102 Ex102 107 2x10" Sl
. ,
q/A q/At q/A

Figure S3. SAXS data and fits for the conditions before (a, b and c¢) and after (d, e and f) applying
the degradation test. (a, d) monometallic Pt/C NPs, (b, e) Pt-IrO2/C nanocomposite and (c, f) Pt-
Au/C nanocomposite.

Table S1. Parameters of SAXS data fits and size analysis.

Samples Power law 1% population 27 population Size and distribution
Average Stal?de?rd
. Deviation | Volume | Volume

Ax10° | n R C e c D [ o | Dy | o | DR op ; ;

(,&) O] 1 (’&) 02 2 1 1 2 2 D (nm) fractionl fraction2
G (hm)

PUC As prepared 180 3.25 8.0 0.30 | 0.008 1.7 | 05 1.7 0.5 1 0
EOT 7 3.80 18.0 0.13 | 0.008 | 26.0 0.30 0.008 36 | 04 5.4 1.7 4.0 0.6 0.74 0.26
PLIFO,/C As prepared 0 2.30 6.1 0.17 | 0.015 14.0 0.50 0.005 12 | 02 32 1.7 1.3 0.2 0.98 0.02

EOT 300 2.30 18.0 0.18 | 0.015 371 0.7 3.7 0.7 1 0
PLAW/C As prepared 0 3.20 8.0 0.40 | 0.004 | 45.0 0.30 0.035 1.7 1 0.7 9.4 29 3.8 1.0 0.73 0.27
EOT 20 3.00 16.0 025 | 0.003 | 48.0 0.30 0.038 33108 100 | 3.0 7.0 1.7 0.45 0.55

S3




Table S2. Particle size of the investigated catalysts before and after electrochemical measurements
derived from the SAXS analysis. The standard deviation is determined from three independent
measurements. BOT: before test, EOT: end of test.

Pt/C Pt-Au/C Pt-1rO,/C
Pt Pt Au Mean Pt Ir Mean
size (nm) size (nm)
Particle | BOT | 1.7£0.5 | 1.7£0.7 | 94429 | 38+10 | 3.2+1.7 | 1.2+02 | 1.3+0.2
size (nm) | EOT | 41+0.6 | 3.3+0.8 | 10.0+3.0 | 7.0+ 1.7 - - 3.7+£0.7

The SAXS data were recorded directly from the GDEs made from the respective catalyst by

vacuum filtration. Unlike in RDE measurements no catalyst collection from multiple

measurements is required as shown in our previous work®.
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Figure S4. Representative CO stripping curves (black line) and the subsequent CVs (red line) of
the monometallic Pt/C catalyst (a, d), the Pt-IrO/C nanocomposite (b, €) and the Pt-Au/C
nanocomposite (c, f) from both RDE (a, b, ¢) and GDE (d, e, f) measurement approaches. The scan
rate is 50 mV st The insert averaged ECSA value is obtained from three independent
measurements from both measurement approaches. All measurements were recorded at room
temperature in HCIO4 aqueous electrolyte.
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The single CO oxidation peak can be taken as an indication that no Pt NP agglomeration is apparent
in the as-prepared catalysts. The Pt surface area of the corresponding catalysts measured by the
GDE approach is slightly lower than that determined by the RDE approach (Figure S4), we assume
that the Nafion in catalyst ink for the GDE measurements is mainly responsible for this difference
(Nafion is not added to the catalyst ink for the RDE measurement) as a portion of Pt active sites
might be blocked by Nafion and the specific adsorption of sulphonate groups from Nafion on the
Pt surface must also be taken into account®3. The difference, however, is small. The largest

determined difference in Pt area between RDE and GDE measurements is 6% (20 wt.% Pt/C).

a) b)
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—— 20 wt % PYC
00014 pt+oie
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O o
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Figure S5. Comparison of linear sweep voltammograms (positive scans) of the investigated
catalysts (a) and the Tafel plots extracted from the linear sweep voltammograms (b). The
measurements were conducted in O saturated 0.1 M HCIO4 aqueous electrolyte with a scan rate
of 50 mV s at room temperature. The obtained linear sweep voltammograms were corrected by
Ar background and solution resistance.

The averaged polarization curves from three independent measurements are displayed in Figure
S5a, these polarization curves are obtained from positive scan direction in O saturated 0.1 M
HCIO4 and after Ar background correction. We can see that the current density increases in the

order of Pt-1rO,/C to Pt/C to Pt-Au/C in the mixed of kinetic-diffusion controlled region (0.75-
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1.00 Vrue) Which is normally used to determine ORR performance. Tafel plots are extracted from
these polarization curves and depicted in Figure S5b, we can see that the Tafel plots are basically

parallel to each other.

Table S3. ORR performance of the investigated catalysts from RDE and GDE approach. The ORR
activity is determined at the potential of 0.85 Vrre and from negative scan direction of the
respective polarization curve from RDE approach. The standard deviation is determined from three
independent measurements.

Pt/C Pt-IrO,/C Pt-Au/C
(iAgéfv-Z) 915+ 58 416+ 16 1280 + 102
RDE YTV
s g“_ﬂ; 750 + 63 307 £ 26 1060 = 71
Pt
(iAgéfV_z) 81.8+7.8 231428 107+8.7
GDE YTV
(A;.s_sl; 63.7+6.9 17.2+3.1 85.1+£6.2
Pt

As seen, the absolute ORR activity in the RDE measurements is higher than the one determined in
the GDE measurements (Table S3). This difference is related to several factors: i) a different
catalyst ink composition (the ink for the GDE measurements contains Nafion while the one for the
RDE measurement does not Nafion). This is also consistent with the lower ECSA obtained from
the GDE measurements as compared to the RDE measurements. Nafion is known to partially block
Pt active sites, and therefore insufficient Pt utilization is observed.® According to previous reports,
an increase in the Nafion content improved the catalyst performance up to a Nafion weight
percentage of 20% by Xu et al*, while a decreased performance can be observed when the Nafion
content is above 20 wt.%, same phenomenon was reported by Kim et al®, who found 25 wt.% of
Nafion content yielded the best performance in ORR activity. In our case, the Nafion content is in
a range between 36 wt.% and 44 wt.% (the weight ration of Nafion/carbon is 1 in each catalyst),

excess Nafion is possible to result in a suboptimal performance of the investigated catalysts in
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ORR activity if referring to the above results. ii) even if ORR activity evaluation from RDE is
selected from negative scan polarization curve, it is still possible to overestimate the ORR activity
as a partial transient activity might contribute to the overall ORR rate evaluation from RDE
measurement. iii) the configuration of the cell body from RDE and GDE approach are completely

different, which can also be a source for activity deviation.

Table S4. ECSA obtained from CO stripping measurement before and after degradation test and
the corresponding ECSA loss from both RDE and GDE measurement approach. Four different
degradation protocols were applied for stability determination in RDE measurement while a mixed
degradation protocol was applied in GDE measurement. The measurement results of Pt/C and Pt-
IrO2/C based on current mode protocol are resued from reference °. The standard deviation is

determined from three independent measurements. BOT: before test, EOT: end of test.

Catalysts

Stability Pt/C Pt-IrO,/C Pt-Au/C
06V-1.6V | 85.6+3.0 |77.5+29| 86.1+19

10V-15V | 817+1.6 | 79412 | 82.5+4.1

_ + + +

sor | 04V-14V | 848205 | 766+4.1| 827445
RDE Currentmode | 83.1+3.6 | 77426 | 845+17
ECSA (m’ gp) 06V-1.6V | 531413 |492+20| 548+123

1O0V-15V | 584413 | 652408 | 66+27
EOT 04V-14V | 299+18 |327+23]| 27224
Current mode 51.5+34 | 619+3.6| 64.4+4.8

0.6 V-1.6 V 379407 |365+08| 364405

10V-15V 285+1.0 | 175+0.6| 19.9+25

Loss %

04V-14V 647421 | 574416 672+ 1.1
Current mode 38114 | 196413 | 23.7+46
GDE BOT 779453 | 745+44| 792+ 14
ECSA (m® ge') EOT 523416 | 518420 602+3.7

Loss % 320439 |305+43| 24422
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Figure S6. Normalized Pt Ls-edge XANES spectra of the supported monometallic Pt NPs and
nanocomposite of Pt-Au/C and Pt-1rO,/C.
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Figure S7. TEM micrographs recorded at the same magnification of the degraded catalysts with
RDE approach. (a, b, c and d) Nanocomposite of Pt-IrO/C, (e, f, g and h) Supported monometallic
Pt NPs and (i, j, k and I) Nanocomposite of Pt-Au/C. (a, e and i) are the degraded catalysts after
subject to the degradation protocol as schemed in Figure S2a, (b, f and j) are the degraded catalysts
after subject to the degradation protocol as schemed in Figure S2b, (c, g and k) are the degraded
catalysts after subject to the degradation protocol as schemed in Figure S2c and (d, h and I) are the
degraded catalysts after subject to the degradation protocol as schemed in Figure S2d. The scale
bar for given in (a) is the same for all micrographs and is 20 nm.
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Table S5. Weight compositions of Ir, Au and Pt that determined from TEM-EDX (RDE) and
SEM-EDX (GDE). The calculated weight ratio before and after ADTs of each supported
nanocomposite is obtained from five independent measurements. BOT: before test, EOT: end of

test.

Iror ;Au Pt wt. % Ir/Pt or Au/Pt
wt. %
BOT 67.0+0.7 33.0+0.7 2.03
0.6-1.6V 34.0+6.7 66.0 £ 6.7 0.52
Pt-IrO./C 1.0V-15V 49.0+ 18.7 51.0+18.7 0.96
04V-14V 40.0+10.0 60.0+10.0 0.67
RDE Current mode | 32.0+17.0 68.0+17.0 0.47
BOT 66.0+1.3 340+1.3 1.95
0.6 V-1.6 V 63.0+2.8 37.0+2.8 1.70
Pt-Au/C 1.0V-15V 69.0+13.8 31.0+13.8 2.23
04V-14V 70.0+13.6 30.0+13.6 2.33
Current mode 66.0+4.2 340+4.2 1.94
BOT 67.4+2.0 326+2.0 2.10
GDE PEIr0,/C EOT 497+08 | 503+08 0.99
PLAWC BOT 65.5+0.6 345+0.6 1.90
EOT 64.6+0.7 354+0.7 1.80
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Figure S8. ORR performance before degradation test with GDE approach of supported
monometallic Pt NPs (a), nanocomposite of Pt-Au/C (b) and Pt-IrO./C (c). Three independent
measurement results are displayed in the corresponding figure, the recorded dots with the same
color are from the same measurement. The current density is presented in logarithmic form. The

Tafel slope is estimated from the first three measurement results.
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ABSTRACT

Herein, we report a straightforward approach for the in situ preparation of Pt-Au alloy
nanoparticles from Pt + xAu/C nanocomposites using monometallic colloidal nanoparticles as
starting blocks. Four different compositions with fixed Pt content and varying Pt to Au mass ratio
from 1:1 up to 1.7 were prepared as formic acid oxidation reaction (FAOR) catalysts. The study
was carried out in a gas diffusion electrode (GDE) setup, a newly developed testing platform for
fuel cell catalysts. It is shown that the presence of Au in the nanocomposites substantially improves
the FAOR activity with respect to pure Pt/C which serves as a reference. The nanocomposite with
a mass ratio of 1:5 between Pt and Au displays the best performance during potentiodynamic tests,
with the electrooxidation rates, overpotential, and poisoning resistance being improved
simultaneously. By comparison, the nanocomposites with too low or too high Au contributions

lead to an unbalanced performance in the FAOR. Operando small-angle X-ray scattering (SAXS),

1



scanning transmission electron microscopy (STEM) elemental mapping, and wide-angle X-ray
scattering (WAXS) reveal that a conversion between Pt and Au from separate nanoparticles to
alloy nanoparticles occurred during continuous potential cycling of the catalyst with 1:5 mass ratio.
By comparison, the nanocomposites with lower Au contents, e.g., 1:2, exhibit less Pt and Au in
situ alloying, and the concomitant performance improvement is less pronounced. Applying
identical location transmission electron microscopy (IL-TEM), it is revealed that the in situ
alloying is due to Pt dissolution and re-deposition onto Au as well as Pt migration and coalescence

with Au nanoparticles.

KEYWORDS

Nanocomposite electrocatalysts; formic acid oxidation reaction; gas diffusion electrode setup;

small-angle X-ray scattering; in situ alloying;

1. INTRODUCTION

Fuel cells, electrochemical devices that convert the chemical energy of a fuel into electrical energy,
are considered the most promising candidates for powering not only large automobile and heavy
duty electric trucks,* but also for smaller devices.* Therefore, fuel cells attract considerable
attention in both industrial and academic fields.>> The most common fuels are classified as gaseous,
e.g., hydrogen, and liquid, e.g., ethanol, methanol and formic acid (FA). Hydrogen-fed proton
exchange membrane fuel cells (PEMFCs) have been studied intensively.5” Well-known for their
cleanliness and high-power density, they have been, for instance, applied in cars, busses, and trucks.
However, intrinsic restrictions such as a lack of a widespread hydrogen distribution network still
exist.>” Alternative fuel cells using liquid fuels are the so-called direct methanol, ethanol, and

formic acid fuel cells (DMFCs, DEFCs, and DFAFCs). The DFAFCs exhibit a lower crossover of



FA through the polymer membrane® and a smaller onset overpotential® compared with alcohol-

based fuel cells, which makes the DFAFC promising as a power source for portable electronics.*

Pt is one of the most commonly used electrocatalyst materials in FAOR studies. However, Pt is
prone to be poisoned by COaq, which in literature is linked to a dehydration or disproportionation
pathway of FAO and which reduces the efficiency of a fuel cell.**2 To alleviate poisoning and to
improve the FAOQ electrocatalytic activity, combining Pt with a foreign metal to form Pt-based
bimetallic catalysts is regarded as an effective strategy.**> Pt-M bimetallic (M = Bi, Pd, Au, etc.)
catalysts have been developed and display improvements in FAOR catalytic performance.®
Among the different bimetallic Pt-M catalysts, Pt-Au exhibits a high resistance of Au dissolution
in acidic media*®* as well as a boosted FAO activity.?*?* Various structures of Pt-Au bimetallic
materials, such as PtAu alloys,?% PtAu core-shell particles,? % Pt deposited onto Au,?*?” etc. have
been synthesized. The observed improved performance is ascribed to either a modified electronic
structure®®? or an ensemble effect.3*3* Organic surfactants are typically needed to form a specific
nanostructure. These additives are likely to block surface sites of the active phase. Removing
surfactants from nanomaterials typically requires a post cleaning step to the catalyst surface that
may cause adverse effects on the catalytic performance.*® However, Guay and co-authors reported
a laser ablation method to prepare surfactant-free Pt-Au bimetallic catalysts, avoiding a surfactant-
removal process, and the obtained Pt-Au mixed and Pt-Au alloyed nanoparticles are used for FAO

study.?

In the present study, we use our previously introduced nanocomposite concept,*3* to prepare Pt +
xAu/C bimetallic nanocomposites with tunable compositions. Surfactant-free, metallic Pt and Au
nanoparticles serve as starting blocks. Pt/C serves as a reference catalyst. The FAOR is probed for

the different electrocatalysts in a GDE setup, a newly developed fuel cell catalyst testing platform

3



that was recently used to benchmark the commercial Pt/C and Pd/C for electrooxidation of small
organic compounds.®> Operando SAXS is combined to monitor the particle size distribution during
FAOR potentiodynamic tests. The results indicate that electrochemical potentiodynamic
conditions lead to in situ alloy formation of the initial Pt and Au composite with separate Pt and
Au nanoparticles. The alloyed nanoparticles lead to a substantial improvement in FAO

performance compared with the reference catalyst.

2. RESULTS AND DISCUSSION
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Figure 1. TEM micrographs and size distributions retrieved from TEM (bar diagrams, left axis)
and SAXS (blue curves, right axis) of pristine Pt + Au/C (a), Pt + 3Au/C (b), Pt + 5 Au/C (c) and
Pt + 7Au/C (d). STEM micrographs of Pt + 5Au/C with inserted EDX elemental map of Pt (red)
and Au (green) (e). STEM micrographs of the selected large bright spot (green square) from Pt +
5AuU/C (f) and the corresponding EDX elemental spectrum (h), as well as the selected small bright
spots (green square) from Pt + 5Au/C (g) and corresponding EDX elemental spectrum (i). Copper
TEM grids were used. The histograms for particle size distribution evaluation are based on an
evaluation of ~300 randomly chosen nanoparticles in the TEM micrographs of the respective as-
prepared catalysts. The probability density of the particle size is plotted volume weighted and
obtained from analysis of the SAXS data.



2.1 Characterization of the as-prepared Electrocatalysts

Pt-Au/C nanocomposites with varying ratios of Au and Pt nanoparticles distributed over the carbon
support (the number of Pt nanoparticles, expressed as mass loading in wt.%, is kept constant) were
prepared from identical colloidal stock suspensions. The particle sizes of the Pt and Au colloids
were chosen differently, i.e., around 2 and 10 nm respectively, to allow distinction. The obtained
compositions were evaluated with ICP-MS and SEM-EDX (Table S1). In the following, the name
Pt + XAu/C indicates the determined mass ratio of Pt to Au metal loadings. TEM and SAXS were
used for evaluating the particle size distribution on the carbon support and one can observe that all
as-prepared samples exhibit two well-distinguishable size distributions (Figure 1a-d, the physical
characterization of the Pt/C reference can be seen in Figure S1). Furthermore, the Pt and Au
nanoparticles are clearly separated and uniformly distributed on the carbon support. Only at high
Au content, a slight aggregation of Au nanoparticles in the nanocomposites is indicated (Figure
1c-d, Table S2). In all nanocomposites, the smaller Pt nanoparticles are clearly discernable, and
their particle sizes are not affected by the Au loading (Table S2). STEM EDX elemental mapping
on Pt + 5Au/C allows in-depth characterization of the nanocomposites, i.e., the large bright spots
relate to the Au NPs (Figure 1f, Figure 1h) while the smaller spots are related to Pt NPs (Figure
19, Figure 1i). No element mixture is observed, which confirms that Pt and Au nanoparticles are
immobilized separately on the carbon support of the pristine samples. Due to the very small size
of the Pt nanoparticles in the nanocomposites (Figure 1a-d), the XRD diffractograms only display
clear Au Bragg peaks (Figure S2). The structural characterization of the nanocomposites is
completed by total X-ray scattering.*® As illustrated in Figure 2, the pair distribution functions
(PDFs) obtained from the four samples could all be described by a two-phase Au/Pt model, where

smaller fcc-structured Pt nanoparticles (refined crystallite size ca. 2 nm) are identified along with



larger fcc-structured Au nanoparticles (refined crystallite size ca. 5-6 nm). Note, however, that the
similarities between the structure and scattering power of Pt and Au make it difficult to distinguish
clearly between the two phases in the PDF, and which leads to a large correlation between the
refined parameter for the two phases. However, the existence of nanoparticles of two distinct
crystallite sizes in the PDF is clear (Table S3), and the results are thus consistent with that from
the SAXS and TEM analyses (Figure 1). In conclusion, Pt + xAu/C nanocomposites with variable

compositions could be obtained with a monometallic nanoparticle preparation strategy.

Pt+Au/C ~ EXp.
Calc.

—— difference|

5 10 15 20 25 30 35
r(A)

Figure 2. Fits to the PDF of the investigated pristine Pt + xAu/C nanocomposites. The fits are
based on a two-phase model using both Pt and Au fcc structures. The blue circles show the
experimental PDFs, the red lines are simulated PDFs and the green lines are the difference curves
of the two. Refined parameters are given in Table S3.
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Figure 3. CVs of FAOR of the investigated catalysts in GDE setup. The bubbler is filled up with
5.0 M formic acid and the upper cell body is filled up with 1.0 M HCIO4. The CVs are all recorded
from the second scan in potentiodynamic tests. A scanning speed of 50 mV s is applied for all

measurements.

2.2 Electrooxidation of FA on the Investigated Catalysts under Potentiodynamic Conditions

The electrooxidation of FA on the investigated electrocatalysts is carried out in a GDE setup cell,
an electrochemical testing platform using a Nafion membrane to mimic fuel cell operating
conditions.?”%3% FA is introduced to the GDE setup via FA saturated Ar gas stream. The CVs from
the potentiodynamic tests (Figure 3) provide fundamental information concerning the FAOR
activity. According to literature, several important characteristics can be used to describe the
FAOR activity, i.e., peak currents, peak potentials and hysteresis, see Table 1 for summary of the
key performance characteristics of the different Pt + xAu/C nanocomposites (the characteristics’
values are extracted from Figure S3).%° High peak currents indicate high oxidation rates, low peak

potentials or high currents at a low potential are a sign of a low overpotential. A small hysteresis,



i.e., the difference between the positive and negative-going polarization curve, indicates limited
poisoning and a preferential direct oxidation pathway. A “good” catalyst, therefore, exhibits high
peak currents, especially in the forward-going scan, low peak potentials, and a small hysteresis
between positive and negative-going scan. The well-established features of a single Pt reference
catalyst for FAOR can clearly be seen in Figure 3a.2*' The peak in the forward-going scan
corresponding to the electrooxidation of FA to CO> through the direct pathway (dehydrogenation)
exhibits a weak intensity (Pi). The peak with strong intensity (Py) in the positive-going scan is
associated with CO oxidation, which occurs via the indirect pathway (dehydration) and poisons
Pt-based catalysts. Therefore, in new catalyst design, we aim to increase the direct pathway (Pi)
and suppress the indirect path (Pn) to avoid catalyst poisoning. By comparison, the current from
pure Au/C is significantly smaller (Figure 3f) and pure Au seems to be inert to FAOR. However,
in the case of the Pt + XAu/C nanocomposites, it is seen that the FAOR proceeds more pronounced
through the direct pathway (Figure 3c-e, Pt + Au/C behaves rather similar to Pt/C as indicated in
Figure 3b). The peak currents at low potential (Pi, as indicated on pure Pt/C) are boosted towards
higher current densities with the introduction of Au nanoparticles, while the peak currents at high
potential (Pn, as indicated on pure Pt/C) behave oppositely, i.e., the Py currents are decreased
(except for Pt + Au/C) and almost disappear on Pt + 5Au/C and Pt + 7Au/C. The accumulated
FAOQ intermediates are oxidized at a high potential excursion, therefore, the peak currents indicated
as Pii on pure Pt/C in the negative-going scan reflect the intrinsic activity of a “clean catalyst”
towards FAOR.** One can see that as a result of the introduction of Au nanoparticles, the currents
of Puy are enlarged as well, which implies that the electrooxidation rates of FA are improved in
comparison to monometallic Pt/C. In addition, a reduced hysteresis in peak current (based on P,

and Py current) between both scan directions is observed on Pt + 3Au/C and Pt + 5Au/C (Figure



3c-d) reflecting the improved poisoning resistance. However, the hysteresis for Pt + Au/C (Figure
3b) and Pt + 7Au/C (Figure 3e) are rather similar to that of the Pt/C reference catalyst. All of these
observations indicate that the performance of FAOR can be improved by the introduced Au
nanoparticles. The Au content of the nanocomposites thereby plays a significant role. Therefore,
it is necessary to evaluate and compare the performance of FAOR quantitatively and systematically

for the different Au contents.

2.3 Performance Comparison of FA Electrooxidation on the Investigated Catalysts

Table 1. FAOR characteristics of the investigated catalysts. The currents are evaluated and
compared to each other at 0.3 Vrye and at the peak positions Py and Py (as indicated in Figure 3a)
from the positive-going and negative-going scans, respectively. Furthermore, the peak potentials
(of Py and Py) are compared and the hysteresis is calculated from the peak currents or peak
potential (Py and Pui) of three different individual measurements determining the average value.
The indicated errors are the standard deviation obtained from three independent measurements.

Catalysts Pt/C Pt + Au/C Pt + 3Au/C Pt + 5Au/C Pt + 7Au/C
Current at
4154 48.8+ 4.1 9462 4+9, 48+5.
0.3 Ve (A goi') 3545 8.8 50.9+6 984+95 | 648%59
Forward Py current 97.0+4.1 | 1520484 | 1812+62 | 286.6+235 | 250.9+255
scan (A g
Pi ?‘r);\e/”)“a' 546.0+17 | 5623+23 | 5430446 | 5160+62 | 621.3+17.2
P current 16054259 | 3224+10.0 | 2280+133 | 287.2+34.0 | 452.5+28.1
Backward (Ageh
scan P E’g\e/')“'a' 7867+59 | 831.0+16.8 | 8073+29 | 780.3+51 | 758.3+215
Hysteresis
(from the current of P, and Pu o) | 39.0%6.9 529+14 | 20.1+86 52424 424461
Hysteresis
(from the potental of Py and Pu, %) | 306 %07 323+12 | 327+08 | 339+11 | 180+21

We scrutinize the FAOR performance based on the Pt mass-weighted currents, as Pt is the active
phase for the FAOR (the actual metal mass on the GDL is displayed in Table S1). The values of
different characteristics are summarized in Table 1. A clear activity trend in peak current (Py) is

seen from the positive-going scan. The electrooxidation rate of FAOR of Pt/C is only 97.0 £ 4.1



A gecl. This value is gradually enlarged with the introduction of Au nanoparticles, until a
maximum of 286.6 + 23.5 A gei?, a value that is ~three times higher than the one from Pt/C, is
observed for Pt + 5Au/C. Further increasing the Au content (Pt + 7Au/C) does not lead to an
improvement, however, instead, a maximum in activity from the backward scan (Pi) is reached.
A similar activity trend can also be observed at 0.3 Vrre, an anodic working potential in direct
formic acid fuel cells (DFAFCs),* in the forward-going scan. Apparently, the combination Pt +
5AuU/C stands out, which is consistent with the lowest peak potential, i.e., in comparison to the
reference catalyst, the value is ~30 mV shifted to lower potentials. In addition, the current
hysteresis of both directions, which reflects the poisoning resistance of a catalyst in FAOR, is
compared. The hysteresis from pure Pt/C is ~39%, whereas on Pt + 5Au/C it is reduced to only
~5.2%, which indicates significantly improved poisoning resistance and a preferential
dehydrogenation path in the FAOR. By comparison, the nanocomposites with much lower Au
content (Pt + Au/C) or a higher Au content (Pt + 7Au/C) lead to a higher current in the forward
scan but also to higher peak potentials and a higher or similar (Pt + 7Au/C) hysteresis. Taking into
account the boosted electrocatalytic performance in the FAOR in respect to the Au loading, the
mass ratio of 1.5 (Pt:Au) displays the balanced performance improvement, we analyzed the Pt +

5AU/C catalyst further in operando SAXS, WAXS and IL-TEM studies.
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2.4 Insights into the Improved FA Electrooxidation Performance on Pt + xAu/C Nanocomposites
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Figure 4. Size distributions of Pt + 5Au/C obtained from the analysis of operando SAXS data.
The displayed size distribution functions are selected as a function of the duration of FAOR
potentiodynamic tests. The first column shows the data before (indicated as initial) and after
subjecting the catalyst to the electrolyte (HCIO4), after applying a cleaning procedure, and after
subjecting the catalyst to formic acid (FA). The next columns show the influence of the activation
procedure and the potential cycling. In the FAO potentiodynamic test, potential was swept between
-0.0417 and 1.0083 Vag/agcl With a scan rate of 50 mV s, Potential was held at 0.2683 Vagiagci
for 30 min to achieve catalyst activation. See experimental part for more details.
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Figure 5. IL-TEM (a-d) and STEM micrographs (e), STEM-EDX mapping (f) and STEM-EDX
elemental analysis (g) of the Pt + 5Au/C nanocomposite. The IL-TEM micrographs were obtained
from the pristine Pt + 5Au/C sample (a, c), and the same sample exposed to the 50" scan in the
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FAOR potentiodynamic test (b, d). Red solid cycles indicate a shrink of Pt nanoparticles due to
dissolution; blue solid cycles indicate areas of suspected Pt nanoparticle migration and coalescence
with Au islands, blue dashed cycles evidence Au nanoparticle migration and coalescence with Au
nanoparticles (e), STEM-EDX elemental mapping (f) of Pt (red) and Au (green), and the
corresponding EDX elemental spectrum (g) were collected after 50 CVs in the FAOR
potentiodynamic test. The samples for STEM analysis were prepared by scraping catalyst powder
from GDL after the potentiodynamic test, followed by dispersing into ethanol and dropping onto
a copper grid.

It has been documented that catalyst surfaces restructure under continuous potential cycling, e.g.,
via metal dissolution and re-deposition, metal particle migration and coalescence, etc.***
Therefore, it is suspected that continuous potential cycling, as typically done in catalytic testing,
could trigger the formation of Pt-Au alloys from the pristine nanocomposites. This hypothesis is
tested based on the Pt + 5Au/C nanocomposite by combining operando SAXS, IL-TEM, STEM-
EDX elemental mapping, and WAXS. The operando SAXS data were recorded during continuous
FAOR measurements in potentiodynamic mode. While the analysis of the relative ratio between
Pt and Au is challenging,® clearly the data indicate non-static behavior. It is seen that the
probability density associated with Pt NPs decreases in intensity and increases in size, indicating
a gradual convergence of the two size populations associated with Pt and Au, respectively (Figure
4 and Figure S4). The observed behavior would be in line with Pt dissolution and re-deposition
onto Au islands as well as Pt NP migration and coalescence with Au nanoparticles during the
continuous potential cycling. To support our assumption IL-TEM is used. An Au grid deposited
with Pt + 5AuU/C is exposed to the same FAOR potentiodynamic conditions used in the GDE setup.
In Figure 5a-d the representative IL-TEM micrographs before and after potentiodynamic test are
displayed. As seen, IL-TEM indeed indicates signs of Pt nanoparticle migration and coalescence
with Au nanoparticles as marked by the blue solid cycles. Pt dissolution is evident by particle

shrinking as demonstrated by the red solid cycles, which is consistent with ICP-MS analysis —
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small amounts of Pt are detected in the electrolyte after potentiodynamic tests (Table S4), which
might re-deposit onto the Au nanoparticles. Both processes lead to an in situ alloying of Pt and Au.
This statement is further supported by STEM-EDX and WAXS. In STEM-EDX, alloy formation
on the Au nanoparticles is difficult to distinguish from migration-coalescence (i.e. alloying versus
deposition of Pt on Au, Figure 5e-g), however, the WAXS data clearly indicate a small shift in the
Bragg peak positions towards larger diffraction angles after the potentiodynamic test, see Figure
6b. Given that the Bragg peak positions from carbon (as indicated by the black vertical line) stay
constant, i.e., serves as an internal standard, the small shift in peak position indicates that Pt and
Au form an alloy. According to the work of Guay et al.*? studying Pt-Au alloy nanoparticles the
optimal (surface) composition of Pt-Au bimetallic catalysts for the FAO is ~50% Pt. The optimal
nanocomposite composition in this study is Pt + 5Au/C, i.e., the mass contribution of Pt is roughly
five times less than Au. This indicates surface enrichment of Pt, i.e., that a surface alloy of Pt and
Au is formed on the Au NPs for our case. Due to the similarity of Pt and Au, Rietveld refinement
did not allow to unambiguous quantification of the formed alloy. However, applying Vegard’s
law,*4 a fraction of ~10% of alloying can be estimated. Taking into account that applying
Vegard’s law only results in a rough estimation and does not account for surface alloying, one can
assume an even higher degree of surface alloying. For comparison, for the nanocomposite with
less Au content (Pt + 2Au/C, the corresponding CV in the potentiodynamic test in displayed in
Figure S5) was investigated with operando SAXS under the same conditions. The still well-
distinguishable size populations (Figure S6) and minor changes in peak intensity ratio (Figure S7)
at the end of the potentiodynamic tests indicate that in situ alloying of Pt and Au is substantially
inhibited. This might be a simple consequence of a too low amount of Au, rendering the alloying

less likely. This is further evidenced by analyzing the 50" CV of the potentiodynamic
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measurements. It is seen that the nanocomposites with low Au content still keep a similar feature
of FAOR behavior, while a “more Pt-Au alloy” feature for the FAOR (an absence of Py and a
comparable peak current (P, Pii) from both directions) arises,? especially on Pt + 5Au/C (Figure
S8). Electronic and ensemble effects are normally predominant causes to lead to an improvement
in FAO performance in Pt-Au bimetallic system.20484° However, by discussing the correlation
between CO oxidation peak positions and Au contents (Figure S9) in the supporting information,
one can conclude that the introduced Au does not allow faster removal of CO intermediate and
thus electronic effect is not a main cause for the improvement of FAO performance. Therefore, the
increased FAO activity of Pt + 5Au/C surface alloy nanoparticle is achieved by facilitating direct
path of FAO, which is related to ensemble effect, i.e., Pt domains are interrupted by Au
(neighboring Pt atoms are required for the formation of adsorbed CO)? and thus suppresses CO

adsorption on Pt surface.
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Figure 6. Profiles of WAXS diffractograms of Pt + 5Au/C (a, b) and Pt + 7Au/C (c, d). (b, d)
represent the respective amplified diffraction patterns in the g range of 2.5-3.3 A. 50 CVs were
applied in the potentiodynamic test for Pt + 5Au/C and Pt + 7Au/C.

2.5 Electrooxidation of FA on the Investigated Catalysts under Potentiostatic Tests

Last but not least, the catalysts were also exposed to potentiostatic tests at 0.3 Vrne, Which can be
considered simulating a steady state DFAFC application. In these tests, a slightly different picture
arises with respect to the relative performance of the catalysts (Figure 7). For all investigated
catalysts, a substantial inhibition can be observed in the first 600 s. Pt + 5Au/C, which was the

most suitable catalyst towards FAOR in the potentiodynamic tests, exhibits a much longer
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inhibition time than the reference Pt/C catalysts or the samples with lower Au content. However,
in the long-term, the sample suffers from the same performance inhibition. By comparison, the Pt
+ 7Au/C catalyst exhibits the best long-term performance stability. Analog to the potentiodynamic
measurements, it can be assumed that in situ alloying of Pt and Au nanoparticles takes place under
FAOR potentiostatic conditions. This indicates that the mechanisms accounted for the in situ
alloying are more pronounced in potentiodynamic treatments than in potentiostatic ones. Therefore,
under potentiostatic conditions a higher Au loading is required for the optimal result. This
conclusion is supported by the particle size distributions obtained for Pt + 7Au/C from ex situ
SAXS after the potentiostatic tests (Figure S11), which show signs of alloying of Pt and Au as
well. Furthermore, also the Bragg peaks shift slightly in position (Figure 6d) as discussed before.
By comparison, these changes are substantially less pronounced for the data of the Pt + 5Au/C
catalyst, which display in the sample exposed to the potentiostatic tests similar peak positions as

for the pristine sample (Figure 6b).
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Figure 7. Potentiostatic measurements of FAOR by holding potential at 0.3 Vrre for 1 hour, the
inset is the magnified view of catalytic activity at steady state.

3. CONCLUSIONS

We present a concept of Pt + XAu/C nanocomposites with variable Au loadings for the FAOR. Ex
situ and operando SAXS, WAXS, TEM, STEM-EDX, and PDF combined indicate that the
separate deposition of Pt and Au nanoparticles onto a carbon support can be used to in situ form
Pt-Au surface alloys with variable composition. Varying the Pt to Au ratio is easy and
straightforward and requires only the preparation of two colloidal nanoparticle stocks. This is a
significant advantage over the preparation of series of alloy nanoparticles with varying
composition. In our work, it is demonstrated how this nanocomposite approach can be used to
optimize the FAOR performance. This optimization not only on the Pt to Au ratio in the
nanocomposite but also from the electrochemical conditioning. While in potentiodynamic tests Pt
+ 5AU/C is the optimal nanocomposite, steady state conditioning indicates improved long-term
activity for Pt + 7Au/C. Although the exact amount of surface alloying is difficult to differentiate
for the Pt-Au system, the results indicate that as compared to alloy nanoparticles, the
nanocomposite concept does not only allow for an easier preparation and optimization, it might
also show a way to optimize the use of precious and critical raw materials by surface alloying, in

our case Pt onto Au nanoparticles.
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4. EXPERIMENTAL

4.1 Chemicals and Materials

The following chemicals were used for platinum nanoparticles (Pt NPs) synthesis and flocculation:
hexa-chloroplatinic (IV) acid hexahydrate (H2PtCls-6H20, 99.9%, Alfa Aesar), ethylene glycol
(EG, 99%, Alfa Aesar), sodium hydroxide (NaOH, 99.99%, Merck), 37% hydrochloric acid (HCI,
Suprapur, Merck) and acetone (for HPLC, VWR Chemicals BDH). Carbon black of Vulcan
XCT72R was employed as support for metal nanoparticle deposition. 37% hydrochloric acid (HCI,
Suprapur, Merck) and 65% nitric acid (HNOgz, Suprapur, Merck) were used for metal nanoparticles
dissolution for inductively coupled plasma mass spectrometry analysis. Isopropanol (IPA, for
HPLC, VWR Chemicals BDH), Milli-Q water (resistivity>18.2 MQ-cm, total organic carbon
(TOC) <5 ppb) and Nafion (D1021, 10 wt.%, Fuel Cell Store) were used for catalyst ink
preparation. 70% perchloric acid (HCIO4, Suprapur, Merck) and formic acid (FA, >95%, Sigma
Aldrich) were used for electrolyte and reactant during the electrochemical measurements. Gas
diffusion layer (GDL) with microporous layer (H23C8, Freudenberg) and without microporous
layer (H23, Freudenberg) and Nafion membrane (Nafion 117, Fuel Cell Store) were used for
catalyst layer assembly. Ar (99.999%, Air Liquide) and CO (99.97%, Air Liquide) were used for

electrochemical measurements.

4.2 Synthesis of Supported Pt/C and Pt + xAu/C Nanocomposite Catalysts

The supported catalysts synthesis method includes two steps: the colloidal metal NPs preparation
and the following supporting onto carbon black. A laser-based approach was applied to prepare
colloidal Au NPs (solution in water). The specific method was detailed in previous studies.>*>
Concerning the Pt NPs, a surfactant-free colloidal approach was applied®? and cited by our recent

work.3334 Briefly, the same volumes of NaOH EG solution (400 mM) and H2PtCle-6H20 EG
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solution (40 mM) were mixed in a microwave reactor, the mixture was heated to 160 °C and kept
under such temperature for three minutes to obtain colloidal Pt in EG with a concentration of 3.90
get L2, In order to support Pt NPs on carbon, the Pt colloid in EG is flocculated with 1 M HCI, and
centrifuged, whereafter the Pt NPs can be separated from the EG and re-dispersed in acetone (3.90
get L), Then, a carbon support (Vulcan XC72R) acetone suspension was mixed with a specific
amount of Pt NPs acetone solution and homogenized by a horn sonicator for five minutes, acetone
was evaporated with a rotary evaporator, and 10 wt.% Pt/C (nominal loading) catalyst powder was
obtained. To prepare supported Pt + xAu/C nanocomposite catalysts, Pt NPs acetone solution (the
Pt content is the same as pure Pt/C) and Au NPs water solution (0.075 gau L™) were added to the
carbon acetone suspension as simultaneously as possible, under vigorous stirring, the mixture was
left in the fume hood overnight under mild stirring for solvent evaporation and a dried catalyst was
obtained. A similar preparation approach was applied for all Pt + xAu/C nanocomposite catalysts
synthesis, during which procedure the nominal Pt content was kept as a constant, while the Au

content was changeable according to experimental demand.

4.3 Electrochemical Measurements in Gas Diffusion Electrode (GDE) Setup

All electrochemical measurements were performed in a three-electrode system with a computer
controlled potentiostat (ECi-200, Nordic Electrochemistry ApS) at room temperature. An in-house
GDE setup is detailed in the previous studies.’”:33° Briefly, the GDE (working electrode) was
placed on the top of the lower cell body, which is made of polytetrafluoroethylene (PTFE), on
which top the upper cell body formed by PTFE was assembled. A Pt mesh used as a counter
electrode (CE) and a reversible hydrogen electrode (RHE) used as a reference electrode (RE) were

placed in the upper cell body, 1 M HCIOg in the upper cell part served as electrolyte. A bubbler
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filled up with 5 M FA was used to bring in the reactant, from which the Ar gas was introduced to

FA and the FA stream was then evaporated to the GDE surface for further electrocatalytic reaction.

Concerning GDE fabrication, the catalyst (200 pge: cm2geo is the nominal loading for all catalysts)
was pre-filtered on GDL (H23C8) via vacuum filtration.>* @ 3 mm of the filtered catalyst layer
was punched and inserted to a @ 2 cm GDL (H23C8) with a hole in the center, the Nafion

membrane (Nafion 117) of 1.5 cm in diameter was pressed on top of GDL.

Prior to electrochemical measurements, the catalyst surface was cleaned by potential cycling in a
region of 0.15-1.20 Vrue with the scanning speed of 500 mV s?, until a stable cyclic
voltammogram (CV) could be detected (normally 20-30 cycles), during which procedure, the
bubbler was filled up with Milli-Q water and the Ar gas was continuously introduced into the
bubbler. The CO stripping measurement was then conducted on each investigated catalyst to
determine the Pt accessible surface area (ECSA). After which, the Milli-Q water in the bubbler
was replaced by 5 M FA and Ar was flushed for 10 minutes (we tested 5 M FA in bubbler could
be more rational compared with 2 M and 10 M FA, see Figure S13), followed by potential holding
at 0.46 Vrue for 30 minutes for catalyst activation and potentiodynamic tests (potential cycling in
the region of 0.15- 1.20 Vrwre for ~50 cycles with a scanning speed of 50 mV s) to collect the

most repetitive CV (normally a stable CV could be reached within the first 20 cycles).

A similar measurement procedure was performed in potentiostatic tests, i.e., catalyst surface
cleaning, CO stripping measurement, catalyst activation. The potentiostatic tests were then
conducted at a static potential of 0.30 Vrwe for 1 hour, the corresponding current versus time was

recorded to evaluate the poisoning resistance of the investigated catalysts.
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4.4 Characterization

4.4.1 Small-Angle X-ray Scattering (SAXS) and Wide-Angle X-ray Scattering (WAXS)

The ex situ measurements were performed at the Niels Bohr Institute of the University of
Copenhagen, using a Nano-inXider instrument from Xenocs (Grenoble, France) using a Cu Ka
source with a 1.54 A wavelength and a two-detector setup for simultaneous SAXS/WAXS
measurements. Both detectors are Pilatus3 hybrid pixel detectors from Dectris. Using a 0.8 mm
beam size the system provides a combined g-range from 0.01 A to 4 At with a flux on the sample
of ca. 60Mph/s. Samples were measured for 30 minutes. The samples with metal NPs on GDL
were placed between two mica windows in dedicated sandwich cells and the background was
measured on a same GDL plus carbon black (without metal NPs). All the data fitting was
conducted with a home written MATLAB code assuming log-normal size distributions. The size
distribution is shown as total volume weighted probability density. The specific expressions used
in the MATLAB code are detailed in previous reports.>* All the values obtained for the free
parameters in the model and the corresponding fits are shown in Table S2 and Figure S14,

respectively.

4.4.2 Operando Small Angle X-ray Scattering (SAXS)

The measurements were carried out at cSAXS beamline at SLS, PSI (Villigen, Switzerland). The
operando cell was adapted from Binninger et al.>* and is detailed in our previous studies.>> In
contrast to the GDE setup, the electrolyte is directly in contact to the liquid electrolyte. A GDL
(H23CS8; Freudenberg) served as CE, Ag/AgCl served as RE, pre-filtered catalyst layer (punched
a circle piece of 5 mm in diameter) inserted in a GDL stripe (a hole of 5 mm in diameter in the
middle) served as WE. Both CE and WE were fixed on a Kapton tape with MPL side facing

electrolyte (0.1 M HCIO4 or 0.1 M HCIO4 + 0.1 M FA). The electrolyte was automatically pumped
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into the cell with a syringe pump (KD Scientific) throughout the measurement, the flow rate of
electrolyte was kept 1 mL min®. The electrochemistry measurements were conducted in the
following sequence: HCIO4 introduction, potential sweeping for catalyst surface cleaning (-
0.0417- 1.0083 Vag/agci With a scan speed of 500 mV s, 25 cycles), HCIO4 + FA introduction,
potential cycling (-0.0417- 1.0083 Vagagci With a scan speed of 50 mV s, 10 repeats), catalyst
activation (holding potential at 0.2683 V ag/agci for 30 min ) and potentiodynamic test with potential
cycling (-0.0417- 1.0083 Vagagcl With a scan rate of 50 mV s, 10 cycles is a set, 18 and 10 sets
in total for Pt + 5Au/C and Pt + 2Au/C, respectively). The pristine sample prior to any
measurements was evaluated with operando SAXS, then after each electrochemistry step,
operando SAXS was conducted to monitor the change in particle size distribution. During FAOR
potentiodynamic test, after each set of potential cycling the operando SAXS measurements were
collected. As schemed in Figure S15, four different spots on GDL were monitored in operando
SAXS for background correction and two spots on catalyst layer for sample analysis. Sample and
background spots were measured in sequence by shifting between the x-y stage of each collected
scattering data in each run, then the corresponding background contribution was subtracted from
SAXS analysis. It is necessary to point out that the background experiences the same
electrochemical treatment as the sample in each run and a pure GDL without carbon support serves
as background could lead to a wider distribution towards large particle size direction, as the carbon
nanoparticles of ~30 nm®® are included in sample analysis. All electrochemistry measurements

were done with unpurged electrolyte solutions.

A home-written program was used for operando SAXS analysis. All SAXS fittings were
conducted using Monte Carlo mode without introducing subjective factors. Before SAXS fitting,

the data from two different spots for catalyst measurements and the data from the corresponding
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spots for background measurements are respectively averaged in the program. The following
parameters were applied for operando SAXS analysis: error weighing of q (for Pt + 5Au/C) and
o (for Pt + 2Au/C), smoothing of no weight, norm after iteration of 1000, and number of

smoothings of 50, the particle sizes were logarithmically scaled.

4.4.3 Transmission Electron Microscopy (TEM) and Identical Location Transmission Electron
Microscopy (IL-TEM)

The TEM analysis was conducted at the Anatomy Institute at the University of Bern. All the
measurements were operated at 80 kV and equipped with an Olympus-SIS Veleta CCD Camera
for micrographs recording. The as-prepared catalyst samples were prepared by dispersing catalyst
powder in ethanol and dropping the catalyst solution onto TEM copper grids. The samples after
electrochemical measurements and potentiostatic tests were collected by scraping the catalysts off
the GDLs and dispersed in ethanol. TEM micrographs were collected from five independently

selected areas for each analyzed sample.

The same equipment and a gold finder grid were applied for IL-TEM analysis. Concerning sample
preparation, the Pt + 5Au/C catalyst powder was dissolved in the mixture of IPA and H20 (Vipa:
Vheo = 3: 1), 7 pl of Nafion was added to lead to the weight ratio between Nafion and carbon
support of 1: 1. The catalyst ink was diluted by a factor of 10, 10 ul of the diluted ink was pipetted
onto Au grid for IL-TEM analysis before electrochemistry. Afterwards, the same Au grid was
placed between a Nafion membrane and GDL in GDE setup, after FAOR potentiodynamic test,

the Au grid was analyzed with IL-TEM.

4.4.4 Scanning Electron Microscope (SEM)
The composition of the filtered Pt + xAu/C nanocomposites on GDL was determined by SEM-

EDX. The @ 3 mm GDL stuck on the carbon tape was placed on a metal holder for SEM analysis.
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The analysis was performed on a Zeiss Gemini 450 SEM, which is equipped with an Oxford
Instruments UltimMax 65 EDX detector, a voltage of 25 kV was used for all SEM measurements.
Five random areas on the GDL were determined for each catalyst. A software of AZtec 4.2 was

used to acquire the EDX spectra and to analyze the catalyst composition.

4.4.5 Scanning Transmission Electron Microscopy (STEM)

STEM imaging in combination with EDX analysis was carried out by using a 3000F JEOL
transmission electron microscope equipped with a scan unit for STEM and an Oxford instruments
SiLi-detector. An analytical probe with a nominal size of 1 nm and a 70 pum condenser aperture
was used to maximize the EDS signal. A high-angle annular dark-field (HAADF) detector was

used for imaging.

4.4.6 Pair Distribution Function (PDF)

X-ray total scattering data for Pair Distribution Function analysis were collected at the 11-ID-B
beamline at the Advanced Photon Source, Argonne National Laboratory, Argonne, USA. All data
were collected at room temperature using a wavelength of 0.2113 A. The samples were measured

in between two layers of Kapton films.

The detector distance and geometrical parameters were obtained from calibration in Fit2D*” and
the 2D patterns were integrated using pyFAI in Dioptas®®* The scattering signal from the carbon
background was subtracted from the total scattering data before obtaining PDFs. The total
scattering data were Fourier transformed to obtain the PDF using PDFgetX3¢ and modelled using
PDFgui.t* The following parameters were used in PDFgetX3: Qmin = 0.1 A1, Qmax = 18 A1,

Qmaxinst = 25 A1, and rpoly = 0.9 A,
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The PDF was modelled with a two-phase model using the Pt fcc and Au fcc structures. The
refinements were done in the r-range 1.5-60 A. In the refinement of the model to the PDF from the
Pt + Au/C sample, the scale factor, unit cell parameter, and crystallite size for each of the two
phases were refined. An isotropic atomic displacement parameter and a parameter describing
correlated motion (delta2) were furthermore refined, however, these were constrained to take the
same value for the two phases due to high correlation. For the rest of the Pt + xAu/C nanocomposite
samples, where Pt is the minority phase, the refinement was done in a similar way, except the unit
cell parameter for Pt was kept fixed at the value obtained for the Pt + Au/C sample. Crystallite
sizes of each sample were obtained from real-space Rietveld refinement by taking into account

instrumental broadening. The refined parameters can be found in Table S3.

4.4.7 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

The actual metal contents after vacuum filtration on GDL were determined by ICP-MS (NexION
2000 ICP-MS), which is equipped with a cyclonic spray chamber and a PFA-nebulizer. The
samples were prepared by immersing the @ 3 mm circle GDL with filtered catalyst into aqua regia
(volume ratio of HCI: HNOs = 3: 1) overnight, the solution was then diluted to 200 mL with Milli-

Q water for ICP-MS analysis.
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Figure S1. TEM micrographs and size distribution of the Pt/C reference. The histograms for
particle size distribution evaluation are based on a statistical analysis of 200 Pt particles of the as-
prepared Pt/C catalysts from TEM micrograph and the volume weighted probability density of the
particle size is derived from SAXS measurement.

Table S1. The actual metal loading on GDL after vacuum filtration and the respective mass ratio
between Au and Pt of the investigated electrocatalysts. The actual Pt and Au loading on GDL are
determined by ICP-MS, the mass ratio of Au:Pt is checked by SEM-EDX and calculated from
ICP-MS results, respectively.

Pt masson | Au masson Au:Pt Au:Pt
GDL (ug) GDL (ug) (ICP-MS) (SEM-EDX)
Pt/C 8.8 - - -
Pt + Au/C 5.6 5.8 1.04 1.10
Pt + 3Au/C 8.3 21.9 2.64 3.03
Pt + 5Au/C 8.3 39.3 4,73 5.33
Pt + 7Au/C 7.1 52.1 7.34 6.82
Au/C - 6.0 - -
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Table S2. Parameters of SAXS data fits and size analysis of the pristine samples.

Power 1 population 214 population Size and distribution
law pop pop Smaller NPs ‘Pt’ Larger NPs ‘Au’ Overall
o 1 Overall
Catalysts Volume Volume . vera Standard
A . . Diameter L.
« n R, C R, c D, It fraction D, o fraction D Deviation
6 (R) o1 ! A) 02 2 (mm) | (nm) . (nm) (nm) 2 of D
10 (nm)
o (nm)
Pt/C 25 | 3.5 (9.0 | 020 | 0.0055 | 27.0 | 0.30 0 1.8 0.4 1.00 - - 0 1.8 0.4
Pt + Au/C 23 351 9.0 [ 020 | 0.0020 | 40.0 | 0.25 | 0.01 1.8 0.4 0.81 8.3 2.1 0.19 3.0 0.4
Pt + 3Au/C 50 | 3.8 1 9.5 | 0.15 | 0.0022 | 44.0 | 0.25 | 0.05 1.9 0.3 0.53 9.1 23 0.47 53 1.1
Pt + 5Au/C 35 |1 40 | 95| 0.15 7E-4 | 49.0 | 0.25 | 0.05 1.9 0.3 0.31 10.1 2.6 0.69 7.6 1.8
Pt+7Au/C 50 | 40 | 85 | 0.10 TE-4 48.0 | 0.25 | 0.05 1.7 0.2 0.36 9.9 2.5 0.64 6.9 1.6
—— Pt+ 7AUC
— Pt + BAu/C
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Figure S2. XRD diffractograms of the pristine Pt + xAu/C nanocomposites. The results are based
on the total scattering data the PDFs were obtained from.

Table S3. Results from PDF refinements.

Catalysts Auunit | Ptunit | Au/Pt | Au/Pt Au Pt Au mass Pt mass Rw (%)
cell (A) | cell (A) Uiso delta2 | crystallite | crystallite fraction fraction
(A? A) size (A) size (A)

Pt + Au/C 4.09 3.97 0.010 4.3 50 17 0.65 0.35 26.4
Pt + 3Au/C 4.10 3.97 0.010 45 50 20 0.75 0.25 18.2
Pt+5 Au/C 4.10 3.97 0.009 43 62 21 0.85 0.15 13.3
Pt + 7Au/C 4.11 3.97 0.010 48 63 17 0.72 0.28 125
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Figure S3. FAOR performance comparison of the investigated electrocatalysts with oxidation
current recorded at (a) peak position (P, for forward scanning and Py for backward scanning, as
displayed in Figure 3 in main text) and (b) potential of 0.3 Vrue from both scanning directions.
The standard deviation is obtained from at least three independent measurements for each
investigated catalyst.
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Figure S4. Particle characteristics of Pt + SAU/C extracted from operando SAXS analysis. The
corresponding particle size distributions are displayed in Figure 4 in the main text. The particle
diameters of both populations reported here are based on the respective peak positions of
maximum probability (mode) retrieved from the distribution functions presented in Figure 4. The
h1/h, ratios are calculated from the relative peak intensities at the mode for the small and big size
populations on distribution functions.

S4



Table S4. Pt and Au mass in 1.0 M HCIO; electrolyte determined by ICP-MS. The electrolyte is
filled in upper cell body of GDE setup. 5 mL of electrolyte in upper cell body is used for ICP-MS

test before and after potentiodynamic test, respectively.

Pt + 5Au/C Pt mass in electrolyte (ug) Au mass in electrolyte (ug)
Before potentiodynamic test 0.0080 0.0000
After potentiodynamic test 0.1470 0.0009
30
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Figure S5. CV of FAOR potentiodynamic test of Pt + 2Au/C nanocomposite in GDE setup. The
bubbler is filled up with 5.0 M formic acid and the upper cell body is filled up with 1.0 M HCIOa.

A scanning speed of 50 mV s is applied for measurements.

S5



Initial

0.10 -

0.05 -
0.00 . gy
——HCIO, + FA

— 0.12 -

—— After the 1510 cycles

3?8- ' —— After the last 10 cycles
0.05 4
0.00 — S —

1 10

Diameter (nm)

Figure S6. Size distributions of Pt + 2Au/C from operando SAXS analysis. The displayed size
distribution functions are selected after a certain step of FAOR potentiodynamic test and in an
order of top to the bottom as proceeding sequential measurement steps. A pure GDL serves as
background for each background subtraction. Background and sample data are respectively
averaged before SAXS fitting.
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Figure S7. Particle characteristics of Pt + 2Au/C extracted from operando SAXS analysis. The
corresponding particle size distributions are displayed in Figure S6. The particle diameters of both
populations reported here are based on the respective peak positions of maximum probability
(mode) retrieved from the distribution functions presented in Figure S6. The hi/h, ratios are
calculated from the relative peak intensities at the mode for the small and big size populations on
distribution functions.

It is necessary to point out that less cycles were done in potentiodynamic test on Pt + 2Au/C. Ten
times of potential cycling in each repeat and ten repeats in total. The last 10 cycles is corresponded
to the 10" 10 cycles on Pt + 2Au/C. It is seen that the ratio value of hi/h; is decreased from 1.82
the initial value to 1.09 after potentiodynamic test, by comparison, hi/h> value is decreased from

1.85 to 0.66 after the 10" 10 potential sweeping on Pt + 5Au/C.
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Figure S8. Comparison of CVs recorded from the pristine sample and the samples experience 50
times of potential sweeping in the FAOR potentiodynamic test in GDE setup. The bubbler is filled
up with 5.0 M formic acid and the upper cell body is filled up with 1.0 M HCIO4. A scanning speed
of 50 mV s is applied for all measurements.
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Figure S9. CO stripping curves and the subsequent CVs of the studied catalysts recorded in GDE
measurements. The CO stripping curves of Pt-based catalysts are compared in Figure S9f.
Scanning speed of 50 mV s and 1.0 M HCIO: serves as electrolyte in the upper cell body are
applied for the measurements.

One can clearly observe the difference of CO stripping curves of the investigated catalysts. The
catalysts with low Au content (one and three times higher of Au mass than Pt in composition)
basically display the same feature as pure Pt/C, however, with Au loading increases to five (Figure
S9d) and seven times (Figure S9e) higher than Pt, the CO oxidation peak seems to be incomplete
in the standard potential window (0.15-1.10 Vrne), therefore, an extended upper potential to 1.40
Vrhe IS applied for these two catalysts and the CO stripping curves are exhibited in Figure S10,

one can see a complete CO oxidation peak and thus only used to determine the ECSA of Pt +
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5Au/C and Pt + 7Au/C. In addition, one can clearly observe that CO oxidation peaks are positively
shifted with Au content (Figure S9f), as more Pt atoms are in direct contact with Au and thus the
electronic modification is more pronounced. That is also the reason the standard potential window

(0.15-1.10 VRrre) is not sufficient for Pt + 5Au/C and Pt + 7Au/C in the CO stripping measurement.

a) b)
20 20
Pt + SAWC Pt + TAWC
151 CO stripping = CO stripping
——ArBG —ArBG
~  10- ~ 101
o5 ad
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: :
> o = o
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Figure S10. CO stripping curves and the subsequent CVs of the supported Pt + xAu/C
nanocomposites (five and seven times higher than Pt composition in mass) with extended upper
potential to 1.40 Vrue in GDE setup. The scanning speed is 50 mV s* and the measurements are
conducted with 1.0 M HCIOg4 serves as electrolyte in the upper cell body in room temperature. The
samples for the measurements are “one time” with no additional FAO measurements, to avoid pre-

alloy of Pt and Au.

S10



Table S5. The actual Pt loading (via ICP-MS) on GDL after vacuum filtration and the
electrochemically Pt surface area (ECSA) of the investigated electrocatalysts. The ECSA values
are normalized by the actual Pt mass on GDL. The upper potential in CO stripping measurements
for ECSA determination is 1.10 Vrne for Pt/C, Pt + Au/C and Pt + 3Au/C (Figure S9a-c), while
an extended upper potential of 1.40 Vrue is applied for Pt + 5Au/C and Pt + 7Au/C (Figure S10)
to obtain a complete CO oxidation peak. Three independent CO stripping measurements are
performed to add the standard deviations.

Pt/C Pt + Au/C Pt + 3Au/C | Pt+5Au/C | Pt + 7Au/C
Pt mass on GDL (ug) 8.8 5.6 8.3 8.3 7.1
ECSA (m2 gpt'l) 110.8+6.6 | 116.4+8.6 123.0+2.0 | 104.4+58 | 1048+ 7.6
a) 0.9 C) 1.0 e)
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Figure S11. Size distribution comparison of the studied catalysts before and after potentiostatic
test. All black curves represent the size distributions of each pristine sample, while all red curves
are for the catalysts after potentiostatic test. The probability density of the particle size is derived
from SAXS analysis with volume weighted.
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Figure S12. IL-TEM of Pt + 5Au/C before (pristine sample) and after (after 50 CVs in the
potentiodynamic test) electrochemical treatment in GDE setup. The bubbler is filled with various
organic solvent to differentiate measurement environment, and the evaporated liquid is carried by
the purged Ar to reach catalyst layer for further reactions. A sweeping rate of 50 mV s is applied
for all measurements.
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Figure S13. CVs of FAOR potentiodynamic test with different FA concentration in bubbler in
GDE setup. The measurement is conducted on 2Pt + 4Au/C nanocomposite (the nominal Pt loading

S12



is 20% in weight, all the rest nanocomposites in the study with a nominal Pt loading of 10% in
weight). The upper cell body is filled up with 1.0 M HCIO4. A scanning speed of 50 mV s is
applied for all measurements.
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Figure S14. SAXS data and fits of the investigated pristine catalysts.
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Figure S15. Sketch of WE inserted in a GDL stripe and fixed on the Kapton tape for operando
SAXS measurements.
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ABSTRACT

Herein, we report metal dissolution studies to scrutinize the degradation of bifunctional
electrocatalysts used for mitigating cell reversal damages in the anode of proton exchange
membrane fuel cells (PEMFCs). During cell reversal, substantial carbon corrosion occurs that can
be mitigated by adding an 1rO2 oxygen evolution reaction (OER) catalyst to the anode. The OER
catalyst will selectively promote the water oxidation rather than the carbon oxidation reaction
(COR). For the concept to be implementable the stability of IrO2 is essential, but previous reports
suggest limited resistance to degradation. In the presented work, it is shown with the help of carbon
supported bifunctional Pt-Ir/C and Pt-IrO»/C nanocomposite catalysts that depending on the
applied conditions, Ir/lrO2 dissolution is substantially more pronounced than Pt dissolution.
Thereby a hydrogen atmosphere, that was proposed to trigger a reduction of 1rO> to Ir prior to
dissolution, is not essential. While the demonstrated dissolution of 1rO. and Ir limits the
applicability of functional anode catalysts for cell reversal mitigation, it is shown here that

electrochemistry provides a promising and much-needed pathway for selective Ir recycling of



catalyst coated membranes (CCMs). In particular, it is demonstrated that current based protocols

can be used that enable simple two electrode setups in recycling.
KEYWORDS

Nanocomposite electrocatalysts; Ir/IrO> dissolution; Pt dissolution; Ir/IrO; recycling;

One of the main challenges that hinders the widespread commercialization of electrochemical
energy conversion devices such as fuel cells and water electrolysis cells is meeting long-term
durability targets*®. In PEMFCs, one of the conditions limiting the lifetime of the catalyst is cell
reversal which can occur due to undersupply of hydrogen fuel at the anode during transient
operation. This leads to a temporarily rise in anode potential to values well above the one of the
cathode (> 1 Vrue) and thus substantial carbon corrosion as well as Pt dissolution at the anode
catalyst®. To mitigate this effect, bifunctional Pt — IrO catalysts, also called co-catalysts, have
been introduced to catalyze the oxygen evolution reaction (OER) instead of the COR during cell
reversal. Even though IrO: is the most stable OER catalyst, it has been reported that the H> gas at
the PEMFC anode can chemically reduce a few outer monolayers of the surface of IrO;
nanoparticles to metallic Ir which then is more prone to dissolution®. Furthermore, bifunctional Pt-
IrO> catalysts have been proposed for the use of so-called unitized regenerative fuel cells (URFCs)
that would allow a closed loop system to use and produce hydrogen on demand. Similarly, as for
mitigating cell reversal, in URFCs the electrocatalyst needs to accommodate different reaction
conditions to produce electricity as well as to re-generate the hydrogen fuel when connected to an
external energy source®. Two different concepts exist, the constant-gas (CG) and the constant-
electrode (CE) configuration®, i.e., either an oxygen electrode needs to sustain the oxygen
reduction reaction (ORR) and OER and a hydrogen electrode for the hydrogen oxidation and the
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hydrogen evolution reactions (HOR/HER), or the two electrodes are a HOR/OER and an
ORR/HER electrode. However, these different reaction conditions challenge the stability of the
catalysts” similar as mitigation of cell reversal effects. In PEMWEs, IrO> is the most promising
anode catalyst for the OER. It demonstrates a slightly lower OER activity in comparison to Ru but
that is compensated by the much higher stability against corrosion®. However, although Ir(1V)-
based catalysts are stable in water, the OER is dominated by the transition of Ir(\V) to Ir (111) at
lower potentials, which, inevitably leads to iridium dissolution®. In addition, PEMWES may have
to be overloaded when coupled with renewable energy sources, which means 1rO. anode catalyst
should maintain stability at least for short intervals at higher potentials, e.g., a potential is above
2.0 Vrue®®. However, a change in valence of Ir from Ir(V) to Ir (VI) at higher potentials triggers
even more significant Ir transient dissolution®. All these discussions suggest that the stability of Ir
largely limits the long-term durability of PEMWES and thus inhibiting their entry into a mature

market.

In the acidic conditions of a PEM electrochemical device, Pt and Pt-alloys are the state-of-the-art
catalysts for the HOR, HER, and ORR!2 whereas IrO; is the best compromise between activity
and stability for the OER>™3. In the presented work, we use the concept of nanocomposites
combining different nanoparticles on the same catalyst support to study Ir, IrO2 and Pt dissolution
in Ar and air saturated electrolyte. The inert/air atmosphere and Ir as well as IrO2 were chosen to
distinguish dissolution via a reduction of IrO> to Ir pathway under hydrogen atmosphere (HOR

conditions) or a more direct IrO> dissolution pathway.

Results
We start the investigations comparing the metal dissolution of a standard Pt/C and Pt-Ir/C

nanocomposite catalysts with a fixed respective metal loading and similar particle size of Pt and
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Ir’. We apply thin catalyst films in a scanning flow cell with inductively coupled plasma mass
spectrometry analytics in the downstream (SFC-ICP-MS measurements)**. A mild degradation
protocol is chosen, i.e., potential steps between 0.8 and 1.1 V vs. RHE to avoid Ir activation and
the formation of an IrO; phase. It is seen (Figure 1) that upon establishing potential contact an
initial metal dissolution occurs. Interestingly, in the bifunctional Pt-Ir/C catalyst, the dissolution
of Ir is substantially more pronounced than the dissolution of Pt. However, starting the degradation
protocol, Ir and Pt dissolution occurs at similar rates in the Pt-1r/C catalyst. A comparison to the
standard Pt/C catalyst indicates an inhibition of Pt dissolution by the presence of Ir. That indicates
bifunctional Pt-Ir/C catalysts can indeed mitigate the dissolution of the active HOR catalyst (not

that in this work we did not study the COR of the support that should be mitigated as well).
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Figure 1. Mass-specific Pt dissolution rates of 20 wt.% Pt/C (a) and the respective metal
dissolution rate of Ir (red curve) and Pt (blue curve) of 20 wt.% Pt + 20 wt.% Ir/C (Pt-1r/C)
nanocomposite (b). Applied potential control protocol is plotted at the same time scale, the applied
potential steps between 0.8 Vrue and 1.1 Vrue With a rest time of 60 s on each potential, the total
treatment is repeated for 7 times.

Nevertheless, our findings are in line with previous studies showing that the introduction of
bifunctional or co-catalysts to enhance the OER during cell reversal conditions can lead to

substantial performance limitations due to the dissolution of metallic Ir®. Dissolved Ir ions can



diffuse through the proton exchange membrane from the anode to the cathode where they lead to
a reduction of the ORR activity®. In the mechanism proposed by the authors of the previous study?,
the reduction of IrOz to Ir in the hydrogen atmosphere of a PEMFC anode plays an essential role
for the Ir dissolution. Therefore, we tested if Ir dissolution is limited to metallic Ir formed under
highly reductive conditions or if IrO2 is prone to dissolution as well. For this the Pt-1r/C catalyst
was activated to form a Pt-1rO»/C nanocomposite active for the OER”*>¢ before subjecting it to a
treatment triggering dissolution. The results presented in Figure 2 indicate that Ir dissolution is not
restricted to a reductive hydrogen atmosphere, but that during potential excursions from typical
anode potentials, i.e., 0 V vs. RHE, to very high potentials, i.e., 2 V vs. RHE as occurring during
cell reversal, a pronounced Ir dissolution takes place even without a reducing gas atmosphere.
Independent if Ir or activated IrO> is present in the catalyst, our results show that the protection of
the Pt anode catalyst and the carbon support during cell reversal by introducing bifunctional
catalysts is at the expense of substantial Ir dissolution limiting long-term stability and performance.
Therefore, avoiding or minimizing the reduction of IrO2 to Ir in a hydrogen atmosphere as
suggested previously® is unlikely to mitigate the IrO- stability problem which seems more intrinsic

to the applied potential.

However, the results presented in Figure 2 also reveal an interesting selectivity of Ir dissolution.
Similar to the contact dissolution but in contrast to the potential steps shown for the case of metallic
Ir (Figure 1), applying a degradation protocol to the Pt-1rO./C catalyst, the relative amount of
dissolved Ir as compared to dissolved Pt is substantially higher. In other words, the potential
excursions lead to an almost selective Ir dissolution whereas the Pt nanoparticles remain relatively
stable. While this phenomenon does not alleviate the limitations of bifunctional catalysts to

mitigate the COR during cell reversal, in the following we focus on developing an electrochemical



pathway for Ir recycling that utilizes the observed selectivity. Ir recycling is an essential process
for re-using the Ir containing CCMs of electrolysis cells!”*8 and other electrocatalysts based on
Ir'®. For example, a water electrolysis cell contains a CCM with an IrO2 anode and a Pt based
cathode. In a first step, the precious metals need to be removed from the CCM and thereafter
selectively recovered. If the removal from the CCM can be achieved selectively, the selective

recovery of Ir and Pt would not be required.
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Figure 2. Mass-specific Pt dissolution rate of 20 wt.% Pt/C (a) and Pt (blue curves) and Ir (red
curves) dissolution rates of 20 wt.% Pt + 20 wt.% Ir/C (Pt-IrO2/C) nanocomposites (b). Applied
electrochemical measurement protocols and metal dissolution rates are plotted at the same time
scale. The measurements are started with catalyst surface cleaning as indicated at ~400 s, potential
cycling between 0.1 Vrue and 0.3 Vree at a scan rate of 100 mV s for 30 cycles is applied as
displayed by the black curves in both figures, followed by Ir activation of Pt-1rO>/C nanocomposite
by holding potential at 1.6 VVrre for 8 min and subsequently sweeping potential between 0.05 Vrre
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and 1.1 Vree at a scan rate of 500 mV s for 20 cycles to stabilize the catalyst. Afterwards, the
measurement protocols are switched to current control mode with current stepping between -1 mA
cm?and 1 mA cm?, for each current the holding time is 60 s and 7 repeats in total, as shown from
the purple curves in both figures.

We therefore investigated if the observed selectivity in Ir dissolution from the Pt-1rO,/C catalyst
can be observed also for Pt-Ir/C catalyst. Changing the upper potential limit from 1.1 (shown in
Figure 1b) to 0.9 V vs RHE to avoid the formation of Pt-oxide, which is prone to dissolution during
its reduction®?!, does not improve the selectivity of Ir dissolution substantially, see Figure 3a.
However, when changing the lower limit in the degradation protocol from 0.8 to 0.05 V vs RHE
has a significant influence on the Ir dissolution. The highest selectivity in Ir dissolution could be
observed in potential jumps between 0.9 to 0.05 V vs RHE. The upper potential limit avoids the
formation of Pt-oxide, while at such lower potential limit, the selective Ir dissolution process is

almost continuous as demonstrated for the extended hold time (900 s) shown in Figure 3b.
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Figure 3. Mass-specific metal dissolution rate of Ir (red curve) and Pt (blue curve) of 20 wt.% Pt
+ 20 wt.% Ir/C (Pt-1r/C) nanocomposite exposed to different potential control protocols. (a) the
applied potential steps between 0.9 Vrue and 0.8 Vrue With 60 s of each holding time, the treatment
is lasted for 7 repeats and (b) the applied potential steps between 0.9 VrHe and 0.05 Vrre, On each
applied potential the rest time is 300 s.



For an industrial recycling process, the use of an electrochemical three-electrode setup, as required
in the SFC-ICP-MS measurements is not favorable. It would be cost intensive and limit its
applicability. Two electrode processes are considerably less complex and do not require a
potentiostat but a simple power source (current or potential controlled). In the following, we
therefore optimized the electrochemical protocol for selective Ir dissolution further by introducing
a current control (galvanostatic) protocol instead of the typically applied potential protocol. In the
summary of Figure 4 it is demonstrated that with the help of a protocol switching the electrode
current between + 1 mA cm? and -1 mA cm it is possible to almost selectively dissolve all Ir
(96 %) from a Pt-1rO./C catalyst. Such a current-based protocol has furthermore the advantage of
being feasible in a simple two electrode configuration instead of a three-electrode configuration

that requires a potentiostat.
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Figure 4. The summary of total metal dissolution rates during measurements with different
treatment protocols. Pt-1r/C and Pt-IrO2/C are used to differentiate the metallic and the activated
Ir in the nanocomposites, respectively. Pt and Ir are introduced with a same weight ratio (20 wt.%,
respectively) to constitute the nanocomposites.

Certainly, a commercial protocol for the recycling of Ir from used water electrolysis CCMs would
require further optimization of the parameters. Here we settle with a simple proof of concept from
Pt-IrO2/C nanocomposite catalyst films deposited onto carbon gas diffusion layers (GDLS) at high
metal loading (200 pgeyir cm2) as compared to the SFC-ICP-MS measurements, see Table 1. The
measurements were performed in a simple jacketed H-cell type electrochemical cell and the
dissolution determined by ICP-MS analysis of the bulk electrolyte. Scanning electron microscopy
coupled to energy dispersive X-ray spectroscopy was used to determine the selectivity of the Ir

dissolution.



Tablel. The calculated Ir / Pt weight ratio via SEM-EDX analysis before and after treatment, the
change in Ir / Pt weight ratio and the dissolved Pt and Ir amount determined by ICP-MS during
treatment of 20 wt.% Pt + 20 wt.% Ir/C (Pt-IrO2/C). The averaged composition values in weight
fraction are calculated from five different areas of catalyst layers (200 pgewir cm2), the calculation
of Ir / Pt ratio change is based on the averaged Wt. Ir / Pt values before and after treatment. All
measurements are performed under 40 °C in air, and in a jacketed H-cell type electrochemical cell.
The error is the standard deviation of five independent measurements. 5 ml of electrolyte after
treatment is taken out and diluted to an ideal concentration for ICP-MS measurements. BOT:

before test, EOT: end of test.

Ptin Irin
BOT EOT Wt. Ir/Pt
electrolyte | electrolyte
WH. Ir/Pt WL. Ir/Pt | change (%)
(H9) (H9)
1.14 +0.07 | 0.44 +0.11 61.4 0.570 2.025
1 MHS0q 1.15+0.05 | 0.56 + 0.10 51.3 - -
1.16 £0.09 | 0.93 +0.06 19.8 0.105 0.255
1 M HCIO. 1.10 +0.08 | 0.86 +0.04 21.8 - -
1.15+0.18 | 0.63 + 0.07 45.2 - -
1 MHNG; 1.16 £0.12 | 0.58 + 0.02 50.0 0.555 1.755
1 M H,SO, + 1.19+0.03 | 0.36 + 0.03 69.7 - -
05MCH3OH | 1.20+0.06 | 0.42 +0.03 65.0 - -
1MH2S04+ | 0.87+0.04 | 0.49 +0.05 43.7 0.525 1.545
0.1 mM HCI
1MH2S04+ | 0.87+0.04 | 0.47 +0.02 46.0 0.520 1.800
0.01 mM HCI

It is seen that the chosen electrolyte has a pronounced effect on the selectivity of Ir dissolution.
Selective Ir dissolution occurs in all tested electrolyte media, however, a H.SO4-based aqueous

electrolyte shows best results. Adding trace amounts of Cl- by comparison decreases the selectively.
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Methods

Synthesis of supported metallic Pt and nanocomposite. The synthesis methods for supported
catalysts are detailed in previous studies’?2, which includes the microwave-assisted preparation of
metal (Pt and Ir) NPs and the post-immobilization of metal NPs onto carbon support (Vulcan
XCT72R). Pure Pt NPs solution, or Pt and Ir NPs solution were simultaneously added to carbon
suspension to differentiate the obtained catalyst was supported monometallic or nanocomposite
catalysts. The content of Pt NPs was kept 20% in weight throughout the prepared supported

catalysts.

Transmission electron microscopy (TEM). TEM was used for physical characterization of the
as-prepared catalysts. A Jeol 2100 transmission electron microscope operated at 200 kV was used
for TEM analysis. The catalyst dispersion diluted in ethanol was dropped on carbon coated copper
TEM grids (Quantifoil) for TEM sample preparation. Images were recorded at least three randomly
selected areas. The representative TEM micrographs of the studied catalysts are displayed in

Figure 5.

Small angle X-ray scattering (SAXS). The size distributions of the studied catalysts were
evaluated by SAXS and shhown in Figure 5. SAXS measurements and data analysis were

performed as detailed in the previous study?®. The scattering data are fitted to the expression:

I(@QQ=A-q7"+C- f P(q,R)V(R)D(R)dR
Where A - g~ is the power law in which A and n are free parameters, C is a scaling constant, P is
a sphere form factor, V is the particle volume, and D the log-normal size distribution, and the

scattering vector g = 4 - sin(0) /A, The sphere form factor is expressed as:
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_ (., sin(qR) —qR cos(qR))2
and the log-normal distribution is expressed as:

o)
1 202
DR) = oot

The fitting was conducted with a home written MATLAB code. The values obtained for free

parameters in the model are listed in Table 2.

Figure 5. TEM micrographs and size distributions of the studied 20 wt.% Pt/C (a) and 20 wt.% Pt
+ 20 wt.% Ir/C (Pt-Ir/C) (b). The SAXS data of 20 wt.% Pt were already reported in previous
study?® and shown here compared to the 20 wt.% Pt + 20 wt.% Ir/C (Pt-1r/C).

12



Table 2. Parameters of SAXS data fits and size analysis.

Samples Power law 1% population 2" population Size and distribution
Avera Standard
. crage Deviation | Volume | Volume
Parameters Ax 10° , Ry C R; C D D Diameter of D - -
(,&) (& 1 (A) G2 2 1 oy 2 Gy D (111’1’1) fractionl fraction2
6 (nm)
20 wt.% Pt/C 180 3.25 8.0 0.3 0.008 1.7 | 0.5 1.7 0.5 1 0
[) + 0,
20wt% flzt Ir2/0C;Vt 7 IriC 140 3.00 9.5 0.3 0.007 1.0 1.0 0.000 20 | 0.6 2.0 0.6 1 0

Scanning electron microscope (SEM)-based energy dispersive X-ray spectroscopy (EDX).
The compositions of nanocomposites before and after treatments were evaluated with SEM-EDX.
An equipment of Zeiss Gemini 450 SEM coupled with an Oxford Instruments UltimMax 65 EDX
detector was used and a voltage of 25 kV was applied for analysis. Before treatment, a @ 3 mm of
pre-filtered catalyst layer was punched and fixed on top of a sticky carbon tape, which was placed
on the metallic sample holder. The catalyst layer after composition analysis served as working
electrode and used for electrochemical treatment. Afterwards, the @ 3 mm catalyst layer was
transferred again to SEM-EDX to determine the change of relative Pt / Ir weight ratio during
electrochemical treatment. Five independent spots of a catalyst layer were selected for analysis for

each studied sample.

Inductively coupled plasma mass spectrometry (ICP-MS). The contents of the dissolved Pt and
Ir in electrolyte after jacketed H-cell-based electrochemical treatment were evaluated with 1CP-
MS (NexION 2000 ICP-MS). The ICP-MS was equipped with a cyclonic spray chamber and a
PFA-nebulizer. 5 mL of electrolyte in cell after electrochemical treatment was taken and diluted

with milli-Q water to an ideal concentration for further ICP-MS analysis.

Preparation of working electrode (WE). The catalyst layer (nominal loading of 200 pgeyir cm’

2qe0) Was fabricated via vacuum filtration, which was detailed elsewhere?®. Afterwards, a
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rectangular GDL (1 cm x 3 cm, with MPL on the top) was applied for WE fixing, in which, a @ 3
mm of the pre-filtered catalyst layer was punched and placed on top of the rectangular GDL, which
was further fixed with Teflon tape wrapped surrounding to be sure the @ 3 mm WE was stabilized

and exposed to electrochemical treatments.

Electrochemical treatments. All electrochemical treatments based on the more realistic catalyst
loading (200 pgeuir CM2geo) Were performed in a three-electrode system connected with a
potentiostat (ECi-200, Nordic Electrochemistry ApS), which was controlled by a computer. A
jacketed H-cell type electrochemical cell with a hollow outer layer for water circulation for
temperature controlling, was used for electrochemical treatments. A carbon rod was used as
counter electrode (CE), the WE was detailed in the last section. All potentials were determined
with respect to a reversible hydrogen electrode (RHE), which was prepared prior to each
measurement. All electrochemical treatments were performed in air under 40 °C, which was
controlled by the circulated water in the outer layer of jacketed cell, ten more minutes was waited
after the set temperature was reached, to confirm the temperature of electrolyte in the inner space
of jacket cell was correct. Different electrolyte (1 M H2SO4, 1 M HCIO4, 1 M HNO3, 1 M H2SO4
+ 0.5 M CH30H, 1 M H2SO4 + 0.1 mM HCl and 1 M H2SO4 + 0.01 mM HCI) was used for
electrochemical treatments. The following procedures were implemented sequentially in
treatments: catalyst surface cleaning, catalyst activation (only for nanocomposite), and degradation.
For supported monometallic Pt/C, continuously swept potential between 0.05 Vrye and 1.10 VrHe
at a scan rate of 500 mV s served as a typical protocol for catalyst surface cleaning, ~30 repeats
were performed to obtain a stable cyclic voltammograms. For supported Pt-1r/C nanocomposite,
potentials were swept in a limited window of 0.10 VrHe - 0.30 Vrye to avoid Ir to be pre-oxidized,

a scanning speed of 100 mV s for ~20 cycles was employed for catalyst surface cleaning. The
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solution resistance was compensated to between 2 and 3 Q via an analog positive feedback scheme
during catalyst surface cleaning. An additional catalyst activation procedure by holding potential
at 1.60 Vrue for 8 minutes was needed for Pt-1r/C nanocomposites, during which the metallic Ir
was irreversibly oxidized to IrO,. Afterwards, sweeping potential between 0.05 Vrre and 1.10
Vree at a scan rate of 500 mV s to reach a stable cyclic voltammograms. Concerning degradation
test, a current control mode was employed, in which, the applied current was stepped between -1
mA and 1 mA with a rest time of 1 second at each current, the total treatment lasted for 1 hour.

After electrochemical treatments, 5 ml of electrolyte was preserved for ICP-MS analysis.
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