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Abstract

In the present study different concepts for the development of bifunctional oxygen reduction
reaction / oxygen evolution reaction (ORR / OER) electrocatalysts are explored and compared.
Bifunctional ORR / OER catalysts are often suggested to improve the stability during startup and
shutdown of fuel cells. Furthermore, they have been proposed for 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 PtxIry alloy nanoparticles (NPs) with
Pt — IrO2 NP composites (hanocomposites), both immobilized onto a commercial carbon support.
The Pt — IrO2 nanocomposites thereby consist of a mixture of Pt NPs and 1rO2 NPs. By probing
the electrocatalytic performance before and after exposing the electrocatalysts to accelerated
degradation tests (ADTS) it is shown that the Pt — IrO2 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 due to an interparticle effect, their
performance is less affected by the ADTs. However, all tested catalysts experience a decline of the

Ir / Pt ratio upon the ADTs treatment, highlighting the limiting value of Ir as OER catalyst for



startup-shutdown protection in fuel cells as well as the challenging stability requirements for

URFCs.
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1. Introduction

Electrochemical energy conversion is one of the main applications of electrocatalysis.' The most
studied technologies and reactions are the electrochemical water splitting to produce hydrogen as
an energy carrier as well as the re-conversion of such “green hydrogen” (provided the electricity
is based on renewable sources such as wind or solar power) in fuel cells to deliver electricity on
demand.*7 In addition, a number of new reactions such as electrochemical carbon dioxide
reduction®® or the production of valuable chemicals!®* recently received increasing attention.
While the main application of fuel cells is often seen in the mobile automotive sector'? with a
recent focus shift to larger trucks,'® also a great potential exists for applications such as power

backup,'* 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.l” 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 (Oad, OHad, OOHag) on Pt and thus the ORR rate.?%2! However, also other Pt-based
bimetallic electrocatalysts are investigated for PEMFCs like PtIr.? Ir is equally scarce and recently
even more expensive than Pt.2® The motivation behind developing Ptir catalysts is not necessarily
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the optimization of the binding energy of reaction intermediates but rather the fact that Ir-oxide is
an active catalyst for the oxygen evolution reaction (OER).?*?® Bifunctional ORR / OER
electrocatalysts are suggested to improve the stability of PEMFCs cathode catalysts since under
high potential excursions reached during startup and shutdown, the OER competes with and thus
mitigates the oxidation of the carbon support to carbon dioxide, the latter being extremely
detrimental to the catalyst stability. Furthermore, bifunctional ORR / OER electrocatalysts were
suggested for so-called unitized regenerative fuel cells (URFCs). URFCs are a concept for a closed
loop system that can use hydrogen fuel to produce electricity as well as re-generate the hydrogen
fuel when connected to an external energy source.?®?¢ URFCs allow 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.?® In the CG configuration, the
URFC consists of an oxygen electrode to sustain the ORR and OER and a hydrogen electrode for
the hydrogen oxidation and the 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 IrO2. Thereby different types
have been investigated ranging from simple mixtures of Pt and IrO2%° to Ptylry alloys,® Pt NPs
deposited onto IrO, black®, nickel-platinum/cobalt-iridium two-dimensional (2D) nanoframes,?
or IrO2 deposited onto Pt black.3® More recently also composite materials are discussed.3* One of
the main challenges for employing URFCs are 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®-3° to compare different
concepts for bifunctional ORR / OER electrocatalysts. PtxIry alloy NPs as well as composites
consisting of separated Pt and IrO2 NPs (Pt — IrO2 nanocomposites) are investigated; both systems
in immobilized form using a commercial carbon support. Carbon supported monometallic Pt NPs
serve as a reference system. The electrocatalysts are probed for their electrocatalytic performance
for the ORR and OER. Furthermore, accelerated degradation tests (ADTSs) are performed exposing
the electrocatalysts repeatedly to a series of reductive and oxidative currents. The influence of
these ADTs treatments is examined with respect to the type of catalysts (alloys vs.
nanocomposites), electrochemically active Pt surface area (Pt ECSA) loss as well as ORR and

OER activity. In addition, the influence of ADTSs treatments on the catalyst composition is probed.

2. Experimental:

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 (1V) acid hexahydrate (H2PtCls-6H20, 99.9%, Alfa Aesar), iridium (I11) chloride
(IrCl3-xH20, Sigma Aldrich, >99.8%), 30% hydrochloric acid (HCI, Suprapur, Merck), 65% nitric
acid (HNOs, Suprapur, Merck) and acetone (99.5+%, Alfa Aesar). Commercial carbon black,
Vulcan XC72R was employed as carbon support in the catalyst synthesis. Ultrapure water
(resistivity>18.2 MQ-cm, total organic carbon (TOC) <5 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 (HCIO4, Suprapur, Merck),

potassium hydroxide hydrate (KOH-H20, Suprapur, Merck) were used for the catalyst ink
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formulation and electrolyte preparation. The following gases from Air Liquide were used for

electrochemical measurements: Ar (99.999%), O2 (99.999%), and CO (99.97%).
Synthesis of supported monometallic Pt NPs, PtIry alloy NPs and Pt — IrO. nanocomposites

Bifunctional electrocatalysts were synthesized via the toolbox method we previously reported.3¢-
3 The synthesis approach consists of two main steps: NPs were first 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 5 mL NaOH EG
solution (0.4 M) with 5 mL H2PtCle-6H20 or IrCl3-xH20 EG solution (0.04 M) in a microwave
reaction vessel and heating the mixture to 160 °C for 3 minutes in the microwave reactor to obtain
colloidal Pt or Ir NPs in EG with a concentration of 3.9 get L™ and 3.85 gir L%, respectively. Ptxlry
alloy NPs were synthesized according to a previously reported method,* for Ptir alloy NPs, 2.5
mL HPtCls-6H2,0 EG solution (0.04 M) and 2.54 mL IrCl3-xH20 EG solution (0.04 M) were
mixed with 5.04 mL NaOH EG solution (0.4 M), the mixture was heated to 160 °C for 3 minutes
in the microwave reactor to obtain alloyed colloidal Ptlr NPs in EG with a concentration of 1.936
getLtand 1.936 gi L. For the preparation of Ptir; alloy NPs, the synthesis procedure was similar
but with different Pt and Ir precursor contents, i.e. 1.5 mL H2PtCls-6H20 EG solution (0.04 M)
and 3.05 mL IrClz-xH20 EG solution (0.04 M) were mixed with 4.55 mL NaOH EG solution (0.4
M) followed by heating the mixture to 160 °C for 3 minutes in the microwave reactor to obtain
colloidal Ptlrz alloy NPs in EG with a concentration of 1.288 get L™ and 2.576 gir L™X. 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
(VHci: Vnps = 3: 1) inducing particle flocculation. The mixture was thereafter centrifuged at 5000
rpm for 10 minutes once, the supernatant was discarded, and the floc was re-dispersed in acetone
to obtain NPs acetone solution with the same concentration as before the flocculation in EG. To
immobilize the monometallic Pt NPs, 5.5 mg carbon (Vulcan XC72R) was dispersed in 10 mL
acetone, the carbon suspension was sonicated with a horn sonicator (QSONICA sonicator, 500 W,
50 kHz, with alternation of 1 s sonication and 1 s resting) until it showed stable dispersion (~3
minutes), then Pt NPs acetone solution of 352 pL or 940 pL was added and further sonicated for
10 minutes (during which the vial was immersed in ice water to avoid overheating of the
dispersion), finally, the acetone was evaporated from the mixture with the help of a rotary
evaporator (r.t., 200 mbar) until the catalyst was completely dried and the respective 20 wt. % Pt/C
or 40 wt. % Pt/C were obtained. The same procedure was employed to obtain immobilized Ptxlry
alloy NPs. In brief, the same amount (5.5 mg) of carbon was dispersed in 10 mL acetone, after
sonication, the Ptlr alloy NPs dispersed in 710 pL acetone or the Ptlrz alloy NPs dispersed in 1068
pL acetone were added, further sonicated for 10 minutes, and the solvent evaporated in a rotary
evaporator, obtaining the Ptir alloy/C or Ptir; alloy/C catalysts. Concerning the supported Pt — IrO2
nanocomposites, Pt NPs acetone solution and Ir NPs acetone solution were added to the sonicated
carbon acetone suspension (5.5 mg in 10 mL acetone) one by one: first 352 uL Pt NPs acetone
solution, then 357 pL or 714 pL Ir NPs acetone solution, respectively, the mixture was further
sonicated and the solvent evaporated, obtaining nanocomposites with Pt to Ir NP ratio of 1 : 1 and
1 : 2 based on metal weight. The Pt weight loading on the carbon support thereby is fixed to 20

wt. %.

Transmission electron microscopy (TEM) and energy dispersive X-ray spectroscopy (EDX)



For the TEM analysis, a Jeol 2100 transmission electron microscope operated at 200 kV equipped
with an 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, 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 (ICP-MS)

The Pt loading 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 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 HCI as well as the Ir NPs remaining in the re-dispersing solvent acetone were
determined by ICP-MS after dissolution in aqua regia (volume ratio of HCI : HNO3z = 3 : 1). The
volume was adjusted to 20 mL with milli-Q water. The ICP-MS was equipped with a cyclonic
spray chamber and a PFA-nebulizer. The RF 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 amount of each catalyst ink on GC to lead
the same loading of Pt (10 pug cm?) and drying in air) was used as the working electrode (WE) and
a platinum wire as counter electrode (CE). All potentials were measured with respect to a reversible
hydrogen electrode (RHE). The electrolyte was 0.1 M HCIO4 prepared by diluting 70% HCIO4
with milli-Q water. The effective solution resistance was compensated to below 3 Q via an analog
positive feedback scheme. Prior to all electrochemical measurements and accelerated degradation
tests (ADTS), the electrolyte was de-aerated by purging with Ar, the supported monometallic Pt
NPs were cleaned by potential cycling between 0.05 Vrre and 1.20 VrHe at a scan rate of 500 mV
s’ until a stable cyclic voltammograms (CVs) could be observed, the supported Ptylry alloy NPs
and Pt — IrO2 nanocomposites were cleaned by potential cycling between 0.10 Vr1e and 0.30 VrHE
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 macro-script of the potentiostat software: CO stripping, Ir activation, CO
stripping, ORR activity determination, OER activity determination, ADT treatment, ORR activity
determination, OER activity determination, CO stripping. The activities are determined with
respect to the metal mass (mass activity (MA)) as well as with respect to the electrochemically

active surface area (specific activity (SA)).

Ir activation was performed by holding the potential at 1.60 Vrue for 8 minutes followed by cycling
the electrode potential between 0.05 Vrye and 1.20 Vrue 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 Vrue in a CO-saturated electrolyte for 2 minutes. Thereafter the electrolyte was
saturated with Ar to replace the excess CO in the electrolyte. The adsorbed CO monolayer was
oxidized to CO2 by scanning the potential from 0.15to 1.10 Vrxe and 1.40 Vrhe, respectively, for
Pt/C and the different bifunctional Ptir catalysts. The scan rate of 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 Vrue. To calculate the Pt ECSA a
reference monolayer oxidation charge value of 396 pC cmei2 was used** and for Ir 358 pC cmyr
2% 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 PtIr catalysts, which even
slightly succeeds the ECSA of Ir nanoparticles deposited onto a planar support.*? The thus
determined nominal Ir surface area might be slightly over-estimated due to 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 in 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 underestimation 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 O saturated electrolyte
at a scan rate of 50 mV s and a rotation speed of 1600 rpm.*® The polarization curves were
corrected by background subtraction (CVs recorded in Ar saturated electrolyte at the identical scan
rate). The specific activity was analyzed and compared at 0.90 Vrne from positive going scan
direction on polarization curve normalized by Pt area. The mass activity was analyzed and

compared at 0.90 Vrye normalized by Pt content and total metal content, respectively.

In order to determine the OER activity, the potential was scanned between 1.00 Vrre and 1.70
VRHe 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 Vrre during the positive going scan direction normalized by
the total surface area, while for the mass activity the current at 1.50 Vrre Was normalized by Pt

content (Pt/C catalysts), Ir content and total metal content, respectively (Ptlr bimetallic catalysts).
Accelerated Degradation Tests (ADTS) protocol

The stability of the catalysts was scrutinized employing ADTs with a current control protocol. The
protocol was developed based on the simulation of load cycling and is 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 previous work of Dahn

and co-workers.*” The degradation test was conducted in the Oj-saturated HCIO4 electrolyte
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maintaining a rotation of 1600 rpm. The current was stepped between 0 and -5 MA cMgeo?, Which
is roughly the diffusion limited current 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 one second. The above procedure was regarded as a basic unit and this unit was repeated for
300 times, as schematized in Figure 1. The ECSA, ORR activity 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.
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Figure 1. Scheme of the ADTs protocol applying steps between different current density. All
measurements are performed in oxygen saturated 0.1 M HCIO4 solution at room temperature
applying a rotation rate of 1600 rpm.

3. Results and discussion

As outlined in the introduction the aim of this study is to utilize our colloidal toolbox approach®-
39 to compare the performance and stability of two different concepts for bifunctional ORR / OER
catalysts, i.e. Ptxlry alloy NPs and nanocomposites composed of a mixture of monometallic Pt and

Ir NPs. The catalysts were investigated after supporting on commercial high surface area carbon
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support (Vulcan XC72R). For both approaches, two nominal weight compositions were prepared,
i.e. Pt:Ir=1:1andPt:Ir=1:2 (due to the very similar molecular weights of Pt and Ir, i.e.
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 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 PtxlIry alloy NPs that follow the same composition and metal
weight as the nanocomposites. Monometallic Pt NPs with 20 and 40 wt. % loading served as
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.

a)20 % 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 Ptir alloy and Ptir, alloy
NPs with the same metal loading as the nanocomposites.
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We start the discussion with the physical characterization of the as prepared catalysts. In Figure 2
representative TEM 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 Ptxlry 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. An EDX analysis
of the nanocomposite catalysts further indicates that nominal (Pt: Irof 1:1and 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 Ptxlry 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. %; Ptlro/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 in Figure 2. However, the Pt ECSA is not largely
affected by these agglomerates, see Table S2, while the overall metal area before the formation of

the Ir-oxide phase is lower on the Ptlro/C than on the Pt + 21r/C catalyst (the ratio between Pt and
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Ir and their loading on the electrode are the same), 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 nanocomposite approach than in an alloying approach.
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Figure 3. Comparison of the electrochemical activity of supported monometallic Pt NPs, Ptxlry
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 50 mV s and 1600 rpm applying
a potential range of 0.05 - 1.10 Vrne, While the OER activity is determined with a scan rate of 10
mV st and 1600 rpm applying a potential range of 1.00 - 1.70 Vrue. 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.

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
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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 if 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 due to direct contact between Pt and Ir-oxide particles®*22° or by
reducing the interparticle distance to very small distances.**! As an example of the former, it has
been that the deposition of Pt nanoparticles onto an IrOyx support leads to a lattice contraction and
an inhibition of the Hupa region of Pt.31°2 The fact that no Hupg region is observed points to particle
— particle interactions due to the particle proximity effect . This phenomenon so far was only
observed for monometallic Pt clusters and NPs. In these cases a decrease in the interparticle
distance lead to the enhancement of the ORR due to a reduced oxophilicity as well as a 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, i.e.
886 + 50 PA cmpr2 vs. 679 + 132 A cmpr? (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, i.e. 774.5 + 745 A gel and 564.5 + 109.4 A gperl, 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
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due to Pt— IrO- particle — particle interactions. For the Pt + 21r/C nanocomposite a specific activity
of 338 + 9 pA cmp? and a mass activity of 249 + 18.3 A ger* were determined, see Table S1,

which is only half the activity of the monometallic 20 % Pt/C catalyst.

It should be noted that the Ptxlry 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 Vrye in linear scan voltammetry (LSV)
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 (IrO2). Among the investigated catalysts, the Pt + 2Ir/C
shows the highest specific activity for the OER, which in a URFC may compensate the lower
activity of this catalyst for the ORR. For the other three catalysts, only a small difference in specific
activity between the supported PtxIry alloy NPs and the Pt — IrO2. nanocomposites is seen. The same
trend is observed for the mass activity normalized to the total metal 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 Ptlr/C catalyst, 272 + 28.4 A g}
becomes almost the same as the mass activity for the Pt + 21r/C sample, 283 + 29.2 A g (Table

s1).
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Figure 4. Comparison of the loss in electrochemically available Pt surface area for the supported
monometallic Pt NPs, PtxlIry 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.

Overall, the differences in pristine OER activity between the catalysts are relatively small and no
specific bifunctional catalyst stands out as most promising and preferred candidate for future
deployment. A different conclusion is reached when the stability and resulting changes in
performance are considered. The stability of the catalysts was evaluated by employing an ADT
based on a current control protocol, i.e. 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 electrochemically available Pt
surface area determined by CO stripping is summarized in Figure 4. Representative CO stripping

curves for all catalysts before test (BOT) and end of test (EOT) are shown in Figure S2. In FigureS5
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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 Ptxlry 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, i.e. 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 Ar saturated electrolyte before and after subjecting the
catalyst to the ADTSs, see Figure S3. After the degradation test, both the Hupa potential region
(underpotentially deposited hydrogen, 0.05 — 0.40 Vrne) and the Pt redox potential region (ca. 0.60
— 1.10 VRrHe) “shrink” as compared with the CVs of the pristine catalyst. The TEM micrographs
of the degraded Pt/C catalysts (see Figure S5) clearly indicate particle growth which can be 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 PtxIry alloy NPs experience particle growth as well, whereas the
Pt — IrO2 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 nanocomposites. This

becomes even more evident considering the EOT activities.
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Figure 5. Comparison of the electrochemical mass activity of supported PtxIry 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 VRrue, 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 VrHe. As error, the standard deviation from three
measurements on different catalyst films is given.

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 ADTSs, 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 ADTSs reported
in Figure 3a where the supported Ptxlry alloy NPs displayed higher mass activities than the
supported Pt — IrO2 nanocomposites. Regarding OER mass activity, the influence of the ADTSs is
even more pronounced. While the Pt ECSA loss is similar for the supported Ptxlry alloy NPs and
the Pt — IrO2 nanocomposites, a significant difference is detected in OER activity, see Figure 5b.
In agreement with the TEM micrographs in Figure S5, the Pt — IrO2 nanocomposites exhibit a
significantly higher mass activity than the supported PtxlIry alloy NPs. The difference between alloy
NPs and nanocomposites is most pronounced for the Pt + Ir/C catalyst. After the ADTSs, it exhibits

the highest OER even though the pristine nanocomposite had a lower OER mass activity than the

19



supported Ptylry alloy NPs. The mass activity values after ADTs are 83.6 + 0.9 A g and 41.8 +
0.4 A gir+pc’t, respectively, whereas the mass activity values for the supported Ptlr alloy NPs are
only 28.4 +5.7 A gitand 14.2 + 2.9 A gi+et*. 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 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 valence state
between 3+ and 4+ in a potential range ~0.80 — 1.00 Vrre.>? A change in 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 Ptxlry 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 Ptxlry
alloy NPs systems, Pt and Ir are incorporated in the same particle, i.e. once IrO> is subjected to
degradation inevitably Pt is as well. In the Pt — IrO2 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 IrO2, 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
IrO2 comes at least in part from the change in valence state between 3+ and 4+, which requires a

charge, but also triggers Ir dissolution.*
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To substantiate this hypothesis, we analyzed the compositional changes of the catalysts upon
applying the ADTs with EDX. As mentioned above, in the pristine Pt — IrO2 nanocomposites and
the PtIr/C, the determined metal composition is close to the nominal value. We confirmed the
results also by ICP-MS measurements, see Table S5. Although, the ICP-MS measurements have
limitations as discussed in detail in the experimental part Inductively Coupled Plasma Mass
Spectrometry (ICP-MS), 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 Ptlr2/C, however, deviates from the nominal one (the Ir / Pt is only 1.21).

The results show that after applying the ADTSs, the ratio between Ir and Pt substantially decreases
in all bifunctional catalysts. The changes of Ir / Pt before and after 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 IrO2 NPs in a nanocomposite allows 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
nanocomposite catalysts based on 20 wt. % Pt and 20 wt. % Ir. For this catalyst, minor particle
agglomeration is observed after applying ADTSs, see Figure S5, and the relative loss of Ir is lowest
(see TableS4). 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 ADT (Figure S6),

no significant differences between the catalysts were seen.
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Conclusion

Supported monometallic Pt NPs, PtxIry alloy NPs and Pt — 1rO2 nanocomposites were prepared and
measured to investigate ORR / OER performance and stability. The results indicate that the
monometallic Pt NPs exhibit the best ORR performance of the investigated catalysts, i.e. the ORR
performance is decreased by adding Ir to the catalyst. In 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. In 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 needs 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 — IrO2 nanocomposites allow careful optimization of ORR and OER properties and offer

advantages over the conventional approach of alloying Pt and Ir.

Supporting information

The supporting information contains additional experimental data. CVs, CO stripping curves,
tables of the specific and mass activities for ORR and OER, ECSA values at beginning and end of
the ADTs, a summary of the EDX and ICP-MS data as well as TEM micrographs of the degraded
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catalyst. In addition, a summary of Raman data from the catalysts at beginning and end of the
ADTSs is shown.
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