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ABSTRACT: A multifunctional electrocatalytic composite
was synthesized for use as a generic catalytic material in the
polymer electrolyte membrane (PEM) type reactors, working
in either fuel cell, direct methanol fuel cell, or electrolyzer
mode. It is constructed from graphene sheets evenly covered
with TiON, on which PtCu, Ir, and Ru nanoparticles are
immobilized. It enables high performances for oxygen
reduction, hydrogen and methanol oxidation, and also
hydrogen and oxygen evolution. Its activity is either higher
or comparable to the monofunctional benchmark catalysts,
namely, Pt, PtRu, and Ir nanoparticles. An important part of

Multifunctional
electrocatalyst

® -Ir i
) - PtCu
. -Ru
- TION,
$3$3- Graphene

this study is the advanced electrochemical degradation investigation. With the use of an electrochemical flow cell coupled to
ICP-MS and combining these results with identical location electron microscopy, we reveal not only potential shortcomings but
also opportunities for our material. As a result, we also put forward general guidelines for the appropriate use of multifunctional

electrocatalysts.

KEYWORDS: electrocatalysis, bifunctional electrocatalysts, oxygen evolution reaction, oxygen reduction reaction, IL-TEM, IL-SEM,

EFC-ICP-MS

1. INTRODUCTION

Electrochemistry is an important part of society and industry
with multiple applications, and in recent decades, the field has
grown with the increasing interest in new storage and
conversion devices such as batteries, fuel cells, and electro-
lyzers.' > The major challenge is to switch from fossil fuels to
sun-based sustainable energy. Because of the intermittency of
these renewable energy sources, either from wind farms or
solar panels, effective energy storage and efficient conversion
processes must be developed and optimized.*” An electrolyzer
is a practical way to split water into hydrogen and oxygen when
there is a surplus of energy. By contrast, a fuel cell converts this
chemically stored energy (as hydrogen) back to electricity,
heat, and water. The unitized regenerative (or reversible) fuel
cell (URFC) presents a fundamentally interesting and practical
way to do both in one device. Indeed, an URFC can operate in
two different modes: the fuel cell mode, where electrical energy
is produced; and the electrolyzer mode, where water is
split.g_10 However, in addition to the same issues that are
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present in monofunctional catalyst devices (fuel cell and
electrolyzer), namely, sluggish oxygen reduction (ORR) and
oxygen evolution (OER) reactions, respectively, URFC
catalysts suffer also from significant stability problems.”*"'
Thus, there is a great need for fundamental and applied studies
on an efficient bifunctional catalyst for both oxygen-involved
reactions.'” The straightforward approaches to obtain a
bifunctional catalyst are (i) physical mixing of Pt and Ir
oxide catalysts,"*~" (ii) deposition of Pt on Ir or Ir-oxide'®™**
and (iii) deposition of Ir/Ir-oxide on Pt.”*"*° However, since
Pt and Ir are rare, scarce, and expensive materials,”’” their (i)
utilization and (ii) performance has to be optimized. The first
point can be addressed by dispersing noble metals in the form
of nanoparticles on high-surface-area electrically conductive
support.”** In addition to the effective dispersion, a synergy
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effect could be expected, for example, the strong metal—
support interaction (SMSI).>”*" Some groups have obtained
promising results for OER with a carbon support.””~**
However, we note that the use of carbon is not recommended
as it is neither thermodynamically nor kinetically stable at
acidic OER conditions when in contact with noble metal
catalytic nanoparticles.*® Carbon is usually used in a composite
with Pt nanoparticles for ORR where stability becomes a
serious issue at elevated temperatures.’®*” Other supports have
also been investigated, for instance, carbides®® or oxides;***°
however, they still have not reached a commercial level.
Recently, TiO, was presented as a stable and high-surface-area
support for IrO, during OER.*' However, as TiO, is
semiconductive, high loading of Ir was necessary to obtain a
sufficient electrical conductivity. This support was also used for
a Pt-based ORR catalyst.*”* To address the conductivity
issue, one could use a high surface area titanium oxynitride
(TiON,) support.***> Second, it is known that Pt alloys are
currently the most active ORR catalyst®*® and that IrO, or
IrRuO, present the state-of-the-art OER catalysts.”*"**
Therefore, there is still much room for improvement of the
noble metal utilization and performance compared with the
state-of-the-art Pt—Ir powder URFC bifunctional catalyst.'”**

Furthermore, an ideal URFC device would not be limited to
the oxygen reduction and evolution reactions but could run
multiple reactions. The most practical way would be to have
one material that could catalyze the most frequent low-
temperature fuel cell and electrolyzer reactions. This way, the
production of membrane electrode assemblies (MEA) would
become straightforward as the same catalyst would be used to
produce a cathode and an anode. Multifunctionality of the
materials would be shown by also catalyzing other reactions
besides ORR and OER, which are hydrogen and methanol
oxidation (HOR, MOR) and hydrogen evolution reaction
(HER). While hydrogen oxidation and evolution rely on Pt,"
methanol oxidation requires the presence of Ru.’’ In this
study, we present the synthesis and advanced electrochemical
characterization of multifunctional nanocomposite materials
that effectively catalyze all of the mentioned reactions.
Importantly, we also provide an advanced in-depth stability
study that reveals the shortcomings and opportunities for
multifunctional type electrocatalysts.

2. EXPERIMENTAL METHODS

Synthesis. A three-step synthesis was developed in order to
obtain the present multifunctional catalyst with nanoparticles
of different metals. The full synthesis method can be found in
the SI. Briefly, in the first step, TiO, nanoparticles embedded
in graphene oxide were prepared by mixing Ti isopropoxide
(Aldrich, 97%) with some graphene oxide (modified from
Marcano’s synthesis,”' see procedure in SI) in a propanol-
water (70/30) solvent (Honeywell, 99,8% - Milli-Q water 18,2
MQ.cm). The mixture is then annealed at 800 °C for 6 h in
NH; atmosphere to obtain TiON, embedded on graphene.

The second step of the synthesis is the addition of Pt
(Pt(NH,),(NOs;),, Alfa Aesar), Cu (Cu(NO;),-3H,0, Sigma-
Aldrich, 98%), and Ru (RuCl;*H,0, Apollo Scientific) to the
support in a molar ratio of 0.4:1:04, respectively. The catalyst
was annealed at 800 °C in NH; for 1 h. The addition of Pt and
Ru precursors during the same annealing step was necessary to
obtain nanoparticles of Pt-alloy and Ru next to each other.

The final step is the addition of Ir (IrBry-H,O, Alfa Aesar
minimum 35.9% of Ir) with the previously obtained composite

and the thermal treatment of this new mixture at 450 °C in
NHj; for 1 h. The addition of Ir precursor in a third separated
step helped to obtain smaller nanoparticles not alloyed with
any other metals.

X-ray Diffraction (XRD). XRD studies were carried out
with a Siemens D5000 instrument with a Cu Ka1 radiation (4
= 1.5406 A) in the 20 range from 10° (20°) to 60° (90°) with
the 0.04° step per 1 s. Samples were prepared on zero-
background Si holder. The software X’pert HighScore plus was
used to analyze the spectrum.

Electrochemical Characterization. The electrochemical
properties of the material were analyzed in a two-compartment
electrochemical cell with a conventional three-electrode system
controlled by a potentiostat (Potentiostat ECI-200, Nordic
electrochemistry). Ag/AgCl was used as a reference and a Pt
wire as a counter electrode. However, during degradation
studies, a graphite rod was used as the counter electrode to
avoid any dissolution and redeposition of Pt on the catalyst.
The working electrode was a glassy carbon with an area of
0.196 cm* embedded in PTFE(Pine). To avoid any CI~ ion
contamination, the reference electrode was separated from the
rest of the cell. Prior to each experiment, the electrochemical
cell was boiled in Milli-Q water (18.2 MQcm). All the
potentials are given versus the reversible hydrogen electrode
(RHE) which was determined in an H,-saturated environment
for each experiment. Every measurement was iR corrected. The
resistance of the electrolyte was recorded by impedance
spectroscopy as described in ref 52. The catalyst ink was
prepared by mixing 1 mg of catalyst in 1 mL of Milli-Q water.
A droplet of 20 uL (20 ug of catalyst) was dropped on the
working electrode after ultrasonication to ensure the
homogeneity of the suspension. After the suspension was
dried, S uL of Nafion:isopropanol solution (1:50) was added
on top of the catalyst layer to stabilize the film. The activity for
oxygen reduction was tested in 0.1 M HCIO, (Merck,
Suprapur, 70%) electrolyte under O, saturated atmosphere
between 0.05 and 1 V vs RHE at 20 mV s™' and 1600
revolutions per minute (rpm). The rotation rate and the
scanning speed were kept constant for all activity investigation.
The potential window and the gas atmosphere were changed
appropriately to the reaction studied. Afterward, the activity for
oxygen evolution was investigated between 0.05 and 1.6 V vs
RHE in deoxygenated 0.1 M HCIO,. New films were used to
study hydrogen evolution, from 0.1 to 0.6 V vs RHE under H,,
and methanol oxidation, from 0.2 to 1.2 V vs RHE in 0.1 M
HCIO, and 1 M CH;OH (J.T.Baker) electrolyte. Prior to
activity measurements, the catalyst was electrochemically
activated for 200 cycles between 0.05 and 1.2 V vs RHE at
300 mV s~ ! under Ar. During activation, Cu leaches out of the
PtCu particles®>™>° improving the activity for ORR compared
to pure Pt. After activity measurements, the materials were
degraded for 10 000 cycles within variable potential windows
(0.4 to 1.0 V vs RHE for “ORR degradation”, 1.0 to 1.2 V vs
RHE for “OER degradation” and 0.4 to 1.6 V vs RHE for
“ORR & OER or ALL degradation”) under Ar at 1 Vs™'. The
thin film on the electrode was dispersed in 0.5 mL of
isopropanol in an ultrasound bath for S s and later dropped on
a TEM grid for ex situ measurement. The anodic scan is shown
for all the electrochemical experiments.

Electrochemical Flow Cell-Inductively Coupled Plas-
ma—Mass Spectrometry. An electrochemical flow cell
(EFC) was coupled with an ICP-MS detector, namely Agilent
7500ce ICP-MS instrument (Agilent Technologies, Palo Alto,
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Figure 1. (a) STEM ADF image. (b) EDX mapping of carbon (red), (c) titanium (purple), (d) nitrogen (green), (e) platinum (yellow), (f)
ruthenium (red), (g) iridium (blue), and (h) overlay of platinum, ruthenium, iridium, and titanium from the composite TION-RuPtCu-Ir.

CA), equipped with a MicroMist glass concentric nebulizer
and a Peltier cooled Scott-type double-pass quartz spray
chamber. A forward radio frequency power of 1500 W was
used with Ar gas flows: carrier, 0.85 L min~}; makeup, 0.28 L
min~'; plasma, 1 L min™'; and cooling, 15 L min~". Signals of
the five metals (Ti, Cu, Ru, Ir, and Pt) were recorded. In order
to convert the measured ICP-MS signal from EC experiments
(number of counts) to concentration (ppb), seven standard
solutions were measured: 1, 2, 5, 10, 20, 50, and 100 ppb of
each metal. The EFC was custom-made of PEEK housing. The
design mimicked that of a commercial cross-flow metallic cell
(cross-flow cell, BASi). The working and counter electrode
were glassy carbon discs (3 mm diameter) embedded into
PEEK material (ALS dual type electrode for cross-flow cell, 25
X 25 mm). The inlet of the electrolyte flow was at the counter
electrode and the outlet leading to the ICP-MS detector was at
the working electrode side. The reference electrode (Ag/AgCl,
MW-2030, BASi) was placed into the reference retainer that
was connected to the main cell compartment through a small
hole, with the opening centered between the working and
counter electrode. The potential of the reference electrode was
determined prior to flow experiments in a separate cell setup
versus RHE. The volume of the main cell compartment was
established with a homemade silicon gasket that was 1.0 mm
thick and had an oval-shaped opening of 1.5 cm’ The
electrolyte (0.1 M HCIO,) was pumped through the cell at a
constant flow of 400 uL min~". Initially, Milli-Q water was
pumped through the cell and switched to 0.1 M HCIO,
solution cca. 10 min prior to electrochemical experiments in
order to record dissolution of metals into acid at open-circuit
potential (OCP). A diagonal 4-way flow valve (V-100D, Idex,
from PEEK) was used to switch the flow from water to acid,
and two syringe pumps (sp100i, WPI and 11 plus, Harvard
Apparatus) were used to pump both liquids at constant flow to
ensure immediate transition without notable flow or pressure
changes. Electrochemical control of the cell was established

with a BioLogic SP-300 potentiostat, equipped with an analog
ramp generator. The electrochemical experiments included an
electrochemical activation protocol (cyclic voltammetry, scan
rate 300 mV s~’, potential range 0.05 to 1.2 V, 200 cycles) and
subsequent slow potential cycling (analog cyclic voltammetry,
scan rate 20 mV s™') in varying potential ranges. Five potential
cycles were repeated in each range. The start of the first cycle
and the end of the fifth cycle was at OCP. The potential limits
of the intermediate cycles were as follows: 0.4 to 1.0 V vs RHE;
1.2 to 1.6 V vs RHE; 0.4 to 1.6 V vs RHE; 0.0 to 1.6 V vs RHE
and —0.1 to 1.0 V vs RHE. Between each set of five potential
cycles, 3 min of OCP were implemented. The experiments
were performed in a standard three-electrode setup, with 100
UV voltage resolution, 1 mA current range, and 160 kHz
bandwidth. No ohmic drop compensation method was used as
the currents were relatively low due to slow potentials sweeps.
Scanning Electron Microscopy and Energy Disper-
sion X-ray Spectrometry. Scanning electron microscopy
(SEM) was carried out using a Zeiss Supra TM 35 VP
microscope equipped with an energy dispersive X-ray
spectrometer (EDX, Oxford Instruments, Model Inca 400).
The operational voltage was set to 7 kV, and the distance
between the gun and the sample is 4.5 mm. Three areas were
analyzed for statistical relevance. In order to perform identical
location - SEM (IL-SEM), S uL of the catalyst ink was
deposited on a carbon rod as a working electrode.
Transmission Electron Microscopy and Energy Dis-
persion X-ray Spectrometry. In order to investigate the
modifications undergone in the catalyst during activation,
activity measurement and degradation, (identical location)
transmission electron microscopy (IL-) TEM, and EDX were
carried out using a Cs-corrected microscope CF-ARM Jeol 200
equipped with a SSD Jeol EDX spectrometer. The operational
voltage employed was 200 kV. The catalyst suspension was
sonicated for 15 min and then diluted 10 times (100 uL of
suspension with 900 yL of Milli-Q water). One drop (S uL) of
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the new, diluted suspension was dropped on a TEM gold grid
after 5 additional minutes of sonication. The grid was
inspected under TEM (“as prepared” sample) before any
experiment. After the inspection, the grid was mounted on a
glassy carbon disc embedded in Teflon. The same setup as for
the electrochemical measurements was used. The Au-grid was
rinsed with Milli-Q water, dried and examined by TEM after
each step, namely, activation, activity, and degradation.

3. RESULTS AND DISCUSSION

a. Physical Characterization. Synthesis. As-synthesized
titanium oxynitride (TiON,) on graphene shows characteristic
diffractions (see Figure Sla and additional information in SI).
A detailed analysis showed that pure TiON,, phase without the
presence of TiO, phase was obtained. After the addition of Ru,
Pt, Cu, and Ir, all characteristic peaks appear relatively wide—
implying the presence of small nanoparticles (Figure S1b and
S2).

Our goal was to cover the micrometer-sized graphene flakes
with a layer of TiON, in order to physically separate the
catalytic nanoparticles from the carbon support and thus
prevent carbon corrosion during electrochemical operation.
Ideally, all of the carbon would be covered with a layer of
TiON,. The actual coverage was investigated using a Scanning
(S)TEM-EDX mapping. As can be seen in Figure S3, the
titanium EDX signal is superimposed with O and N signals.
This confirms that the coverage of TiON, is close to ideal.
This was more or less expected as Ti and graphene have a
strong interaction.”®”” The overlapping chemical mapping
image of the titanium and different metals confirms that there
is almost no direct contact between catalytic metals and carbon
(Figure 1).

The catalytic nanoparticles exhibit different shapes and sizes
depending on their nature (Figures la and 2). Three kinds of

Figure 2. STEM bright-field (BF) and annular dark field (ADF)
images of micrometer-sized graphene flakes covered with TiONx and
decorated with PtCu, Ru, and Ir nanoparticles. The yellow square
marks the location of EDX maps in Figure 1a).

particles can be distinguished, and interestingly, none are
spherical. First, the small irregularly shaped particles (around $
nm) are pure iridium. The absence of mixing with other metals
is in accordance with the phase diagrams.>® The small sizes can
be explained by the intimate interaction with Ti-based support,
known from dimensionally stable anodes,”” and the fact that Ir
was deposited separately in the last and separate step of the
synthesis. Among the bigger particles (above 10 nm), some are
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irregularly shaped and exhibit porosity while some have a
round shape and do not exhibit visible porosity. The latter
were identified as pure Ru, as demonstrated in Figures 2 and
S4. As regards the irregular and porous ones, the chemical
mapping indicates an alloy between Pt and Cu, as seen in
Figure S4. Given the present temperature range of synthesis,
the formation of a PtCu alloy is expected and in accordance
with a previous synthesis of PtCu-based nanoparticles on
carbon.® Interestingly, no alloying between Ru and PtCu is
detected. This can also be expected from the phase diagrams
and was already observed in our previous study, where Ru did
not alloy with Pt or Cu even at the temperature of 800 °C.%'
Interestingly, Ru particles are still in direct physical contact
with PtCu particles,”> which is important for the methanol
oxidation reaction, as explained in continuation.

The exact amount of each metal in the catalyst was obtained
by ICP-MS, and the results are presented in Table 1.
Altogether, the precious metals represent only approximately
one-fifth of the total mass of the catalyst.

Table 1. Weight and Atomic Percent of Catalytic Metals As
Determined by ICP-MS in TiON-RuPtCu-Ir

elements weight (%) atomic % ratio (atomic)
Cu 6.74 1.06 2.5
Pt 7.68 0.39 0.925
Ru 2.81 0.28 0.65
Ir 3.5 0.18 0.425
total 20.73 191

b. Electrochemical Characterization. An overview of the
electrochemical activity for oxygen reduction and oxygen
evolution, as the most relevant URFC reactions, is shown in
Figure 3a. The cyclic voltammograms (CV) were recorded in
oxygen saturated 0.1 M HCIO, solution in the potential range
from 0.4 to 1.6 V vs RHE. For comparison purposes, the CVs
of Ir-black and Pt/C are also included. It should be noted that
the real electrochemical surface area (ECSA) of the present
catalysts was not undoubtedly determined. Indeed, the usual
methods such as CO-stripping or HUPD are either not
applicable or have a limited reliability in the case if Ir-based
metal oxide.”’ The only effective technique seems to be the
highly toxic mercury underpotential deposition. BET measure-
ments, on the other hand, are not relevant in the case of a
supported catalyst. Still, one can carry out normalization by
mass of precious metals, which provides rough information
about potential industrial relevance of a catalyst.

For both reactions, the onset potentials are comparable to
the benchmarks, Pt (Tanaka) and Ir black for ORR and OER,
respectively. However, we must note that the amount of
precious metal in the present bifunctional catalyst is 1 order of
magnitude smaller than in the benchmarks. Therefore, the
mass activity is also 1 order of magnitude greater than for both
Pt/C (ORR) and Ir black (OER) (see Supporting Information
for mass-normalized graphs, Figures SS and S6). Exact
performance data are listed in Table 2. The common way to
evaluate an ORR catalyst is to extract the mass-transport-
corrected (Koutecky—Levich equation) current density at 0.9
V.** The mass-normalized current density of the present
multifunctional electrocatalytic composite is almost 3 times
higher than that of the benchmarks. For OER typically the
current density at 1.55 V vs RHE is taken for activity
comparisons. At this potential, the current density of the
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Figure 3. (a) Comparison of our catayst with the benchmarks for ORR and OER. Two violet vertical lines indicate the current densities where
activity can be extracted. (b) Comparison between different Graphene/TiON,-based catalysts loaded with different metals for oxygen reduction
and oxygen evolution reactions. The polarization curves were recorded at 20 mV s™%, in 0.1 M HCIO,, 1600 rpm, under O, atmosphere.

Table 2. Performance of Our Catalyst, Monofunctional Benchmarks Catalysts for ORR and OER and Bifunctional Catalysts

from Literature

ORR at 0.85 V* or 0.9 V vs RHE

OER at 1.55 V vs RHE

ORR at 1 mA cm™ OER at 10 mA cm > AE

jm /mA mgpf_1 or

j /mA cm™? mgpicy j /mA cm™?
Pt/C 1.710 36.03 1.591
Ir black 0.2401 n.d. 12.711
TiON-RuPtCu-Ir 1.348 91.61 (20.19) 8.586
Pt/1r0,*° 15.1¢
Pt-Ir/1rO,-Pt0,° 27.4°
Pt/1r0,” 7.1
Pt/IrO, 1:9** 10.1¢
Pt/IrO, 3:7° 8.87
Pt/IrO, 1:1** 7.5¢
Pt/IrO,'° 9.8°
Pt/1rO,"¢ 35.1¢
Pt/1rO, 1:9"7 107.4%
Pt/IrO, 3:7"7 44.7°
Pt/1rO, 1:1"7 35.7¢
Pt-Ir/rGO_P600™
Pt-Ir/TiC** 164
Ptlr/Ti,0,"
Ptyolr,o/TiO, "
Ptgolr,o/TiO, ™
Ptyolrs,/ TiO, "

jm /mA mg_If_1 or

Mg g, E /V vs RHE E /V vs RHE
n.d. 0917 n.d.
124.56 0.665 1.537
1333.27 0911 1.563 0.651
142.5"
207.3"
34.8
58.9
58.5
61.3
60.4 0.86 1.54 0.68°
24.5 0.9 1.58 0.68°
25.0 0.87 1.56 0.69°
20.3 0.89 1.575 0.685°
18.8 0.9 1.585 0.685°¢
0.89 1.58 0.69°
18.4 0.955 1.635 0.68°
0.905 1.63 0.725¢
0.856 1.54 0.684°
0.848 1.55 0.702°¢
0.836 1.59 0.754

“Values obtained at 0.85 V vs RHE. "Values obtained at1.6 V vs RHE. “Values extracted from graphs.

bifunctional catalyst reaches 1333 mA mgg,'. This is 10
times higher than the corresponding current density of Ir black.
In comparison with the usual mixed of Pt and Ir used as state-
of-the art catalyst, our material also presents good activity with
the same order of magnitude for ORR current density and 2
orders of magnitude improvement of OER current density,
which is likely due to the presence of Ru. It should be noted
that ORR performance for the bifunctional catalysts are
evaluated at 0.85 V vs RHE and not 0.9 V due to the usual
poorer performance compared to monofunctional catalyst. An
alternative methodology for estimation of OER activity has
been suggested, namely the potential at which the current
density reaches the value of 10 mA cmgeo_z.65 This method is
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frequently used in the evaluation of bifunctional catalysts. The
difference between the potential at which ORR reaches 1 mA
cmgeo_2 and the potential where the current reaches 10 mA
cmy,,~ for OER (violet vertical lines in Figure 3a), AE, can be
taken as a measure of the performance quality of a bifunctional
catalyst.°”®” As expected, Pt/C and Ir black show poor
bifunctional performance. Ir black has a AE of 0.872 V while a
current of 10 mA cm™* was not reached at 1.6 V vs RHE for
Pt/C. The overpotential difference of the present multifunc-
tional catalyst is 0.651 V, which is better than the values
obtained for mixed Pt/Ir catalysts, which are between 0.67 to
over 0.75 V as seen in Table 2.
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Figure 4. (a) HOR/HER polarization curve at 20 mV s™', in 0.1 M HCIO,, 1600 rpm, under H, atmosphere. (b) MOR polarization curve in 1 M
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To understand the interplay and the potential benefits of
each metal, different variations of catalysts were synthesized
using the same TiON, support as in the case of TiON,-
RuPtCu-Ir. The synthesis was adapted to the selected
combinations of metals. TiON, with Pt, Ir, PtCulr, or RuPtCu
were obtained. A comparison with our bifunctional catalyst can
be seen in Figure 3b. One should keep in mind that these
catalysts have not been optimized, so their maximum activities
could be higher than shown in this work. For the case of ORR,
the catalysts with PtCu present a superior activity compared to
pure Pt or Ir. The effect of alloying Pt to improve the ORR
activity is well-known and has been extensively reported in our
previous studies.”” > Analyzing the results of Figure 3b, one
finds that the best performance is achieved by the TiON-
RuPtCu-Ir, both for ORR and ORR. Looking separately at
OER, one finds that the presence of Ru has a clear beneficial
impact on activity. The better activity of Ru over Ir for OER
was already shown before.”® The catalyst with both Ir and Ru
exhibits a better OER activity than if only one of the metals is
added (Figure 3b). It seems that a beneficial interplay occurs
when both metals are used simultaneously, similarly, as shown
previously for the Ru-PtCu OER catalyst.””

Platinum group metal-based nanoparticles are known to be
the catalysts of choice for different electrochemical reactions.
Specifically, Pt is known to be a good catalyst for ORR and Ir
for OER. Along these lines, we expected that the present
multicomponent (RuPtCu-Ir) catalyst would not be limited to
these two reactions only. Accordingly, we also tested it for the
hydrogen-involved reactions (HOR and HER). It is known
that these reactions are efficiently catalyzed already by a low
amount of Pt. Therefore, it is not surprising that, at low current
densities, the activity of the present catalyst is comparable to
the activity of the industrial benchmark,®’° as seen in Figure
4a. However, we note again that the Pt loading of our catalyst
is merely 7.68%—compared with almost 50% in the bench-
mark, at the same catalyst loading on the RDE.

The second reaction investigated was the methanol
oxidation reaction (MOR), which is utilized at the anode of
a direct methanol fuel cell (DMFC). A combination of Pt and
Ru (alloyed or unalloyed) is usually a catalyst of choice for
MOR. The reason why both elements are needed is the
Langmuir—Hilshenwood mechanism of MOR where active
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sites for both OH formation (Ru) and also for oxidation of
methanol to CO are needed (Pt).”" It was shown by our group
that a catalyst with PtCu alloy with the addition of Ru showed
an excellent activity for MOR.®>”* As demonstrated in Figure
4b, the performance of the present multicomponent catalyst is
comparable to that of the PtRu benchmark (note that in this
case, the comparison to pure Pt catalyst is not relevant).

c. Stability Studies. c.1. Protocols. The electrochemical
stability of the present multicomponent and multifunctional
TiON-RuPtCu-Ir catalyst studied under different conditions
and using different electrochemical techniques such as RDE,
IL-SEM, IL-STEM, and EFC-ICP-MS. In terms of corrosion,
the EFC-ICP-MS setup is highly sensitive and thus capable of
providing extremely accurate potential- and time-resolved
dissolution profiles.”* Five different protocols were used to
cover the wide URFC operation potential window of the
present multifunctional catalyst. Three of the protocols
covered the oxygen-involving reactions, namely ORR (0.4 to
1.0 Vvs RHE), OER (1.2 to 1.6 V vs RHE), and both ORR &
OER (0.4 to 1.6 V vs RHE). The first two protocols simulate
the evaluation of ORR and OER in URFC while the third
(ORR & OER) simulates the switch from FC mode to WE
mode. Indeed, during MEA durability, a constant current of 0.5
A/cm?2 is chosen for FC mode and WE mode, which is usually
reached at 0.7 and 1.6 V vs RHE, respectively.">'”** An
additional protocol was used to investigate the effect of a wide
potential window during ORR & OER (0.4 to 1.6 V vs RHE).
The last protocol examined the stability at the reductive
potentials simulating HER conditions (—0.1 to 1.0 V vs RHE).
Further discussion about protocol setups is provided in the
Supporting Information. In addition to the protocols
investigating the potential windows of the studied reactions,
the metal dissolution was also measured during the initial 200
activation cycles. All protocols except the activation (200
cycles at 300 mV s™'), involved S cycles at 20 mV s~ in order
to obtain time- and potential-resolved dissolution profiles
which allowed for significant insight into the ongoing
degradation mechanisms. The full protocol is shown in Figure
S7. In parallel to the ICP-MS results, the electrochemical
activities before and after 10 000 cycles in the different
potential windows for oxygen-involving reactions were
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analyzed (0.4—1.0 V, 1.2—1.6 V vs RHE, and 04—1.6 V vs
RHE) with RDE.

Before and in between each of the electrochemical steps, the
catalyst was investigated in a separate ex situ experiment for
local nanoscale compositional, morphological and structural
changes at the same location under SEM and STEM. The so-
called identical location (IL) electron microscopy is a unique
technique that allows observations of the changes at the same
location during different electrochemical biasing like activation,
activity measurements, accelerated stress test, and so on* It
provides a clear advantage compared with commonly used
microscopy characterization with the assurance that the same
location is tracked throughout the history of the studied
sample (e.g., same nanoparticle). By contrast, the conventional
microscopy of random post-mortem locations provides general
statistical insights that are only plausible if numerous locations
are evaluated.

c.2. Activation Cycling between 0.05 and 1.2 V vs RHE;
Activation Protocol. As noted previously, the electrochemical
activation is primordial to reach a good ORR activity in the
case of Pt alloy.”” The shapes of activation dissolution profiles
are different for all five metals in the sample (Figure S). As
expected, Cu aggressively dissolves already at the beginning of
the potocol, reaching almost 200 ppb. This phenomenon is
usually called dealloying, where Cu is getting selectively
leached from the Pt alloy surface and also from the bulk.”> The
resulting structure is a few layers of Pt on top of copper
platinum alloy, which enables the so-called ligand and/or strain
effect that is enhancing ORR.**>°”"® Dealloying can also result
in the formation of a porous structure. However, the Pt-surface
still exhibits enhanced ORR activity because of the Cu
underneath. All of the noble metals present in the catalyst
exhibit dissolution, however with 1 order of magnitude lower
rate than Cu. Of course, this slower dissolution is expected as
noble metals are known for superior resistance to corrosion.
Still, under the present conditions, their dissolution rate is
considerably higher than usually observed. This higher rate is
mostly due to the so-called transient dissolution mechanism
that occurs upon reduction or formation of noble metals
oxide.”” It is known that noble metals (with the exception of
gold) form native oxides when exposed to air and they dissolve
during the electrochemical reduction.® For this reason, Pt and
Ir exhibit a huge dissolution peak during the first cycles before
reaching/trending in the direction of a steady state of low

dissolution. This is in agreement with the dissolution due to
the reduction of the native oxides in addition to classical
transient dissolution in this potential window. Interestingly, in
the case of Ru, the dissolution is slower but starts to increase
with the number of cycles. This could be explained by the fact
that the potential of 1.2 V vs RHE is enough to produce Ru-
oxide, which is increasing with the number of cycles.SI For that
reason, the transient dissolution during oxide reduction
increases. During the activation, some Ti is also dissolving.
We note that this amount is quite low given that TiON, is the
support (mass ratio of 43.67% of the catalyst) and presents less
than 3% (2.4%) of the initial Ti in the catalyst. The dissolution
of all the metals for each protocol can be found in the
Supporting Information (Table S1). We hypothesize that most
of the Ti is stabilized in the support and the unstable
superficial Ti is removed during the activation.

¢.3. Degradation Cycling between 0.4 and 1.0 V vs RHE;
ORR Protocol. The catalyst’s activity for ORR, OER, and HER
was investigated before and after 10 000 cycles of AST. The
stability was evaluated by cycling between 0.4 and 1.0 V vs
RHE. The comparison of the polarization curves before and
after the AST is presented in Figure 6a—c. The effect of AST is
different depending on the reaction. Interestingly, the catalyst
is more active for ORR after the degradation test and less
active for OER (Figure 6b). The onset for HER does not shift
in the degradation test. However, the slope of the reaction
decreases after AST (Figure 6¢).

The decrease in OER and HER and the increase in ORR
activity could be explained by the dissolution of Ir or Ru. In as-
synthesized catalysts, both, especially Ru, are covering to
significant extent the surface of PtCu nanoparticles (see
chemical mapping in Figure 2). This explains the relatively low
initial ORR. Later on, however, the superficial amount of Ru
and/or Ir decreases and a larger portion of Pt surface becomes
available for ORR. At the same time, the decreasing amount of
Ir and/or Ru, which are known to be the best OER
catalysts,***"** results in decreasing activity for OER, as
seen in Figure 6b.

The activity of HER also decreases with progressive cycling,
particularly at high overpotentials, as shown in Figure 6c. This
can be explained by the diminished catalytic contribution of Ru
and Ir because of their removal via dissolution. Namely, it has
been shown that nanocomposites of Ir on graphene®* and Ru
in contact with Pt are good catalysts for HER.*® Finally, the
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results of Figure 6 show that the HOR activity at low current
density is improved after the degradation protocol. This might
be ascribed to the same effect as in the case of the activity
trend at high current density, namely the dissolution of Ir and
Ru. More specifically, since Pt is a far better HOR catalyst than
Ru or Ir, exposing additional Pt surface at the expense of Ru
and Ir dissolution is expected to increase HOR activity at low
overpotentials.” >

In continuation, advanced electrochemical characterization
techniques IL-STEM and EFC-ICP-MS were used to follow
the morphological, structural, and compositional changes of
the electrocatalysts. The amount of dissolved metal during five
cycles between 0.4 and 1.0 V vs RHE is extremely low for all
the metals studied, as can be deduced from Figure 6d. In the
on-line dissolution ICP-MS, there is still some washing out of
the metals from the activation step before the cycling protocol.
This was most pronounced in the case of Ir: the “background”
before the first CV cycle (cca 0.17 ppb) was much higher than
the “background” just before the activation (cca 0.015 ppb).
This peak tailing might be due to the wash-out effect or it
might suggest that Ir is more prone to dissolution at OCP after
the activation step. Pt and Cu dissolution peaks occur at high
potentials (anodic), while the dissolution of Ir and Ru reaches
a maximum at low potentials (cathodic). This suggests that Ir
and Ru surfaces are covered with corresponding oxides and the
dissolution is caused by its reduction at low potentials, in
accordance with the literature.**' Moreover, the amount of Ir
dissolved decreases in each cycle, which indicates that less and
less of new iridium oxide is formed at this potential protocol.
More information about the processes of dissolution can be
found in the Supporting Information (Figure S8).

The EFC-ICP-MS results reveal the dissolution dynamics,
however, they do not provide local morphological and
structural insights. For that reason, IL-EDX and IL-STEM
were utilized. Micrographs of the same location of the as-
prepared catalyst after activation and after degradation in ORR
window are presented in Figure 7 and Figure 8. IL-EDX reveals
the nature of each nanostructure. No significant changes in the
composition through the degradation (Figure 7 and Figures
S12—S14) can be seen. The porosity formation of PtCu
nanoparticles can be observed after activation (Figure 8). More
figures revealing similar changes can be found in the

Figure 8. IL-STEM ADF and BF images of TiON-RuPtCu-Ir. (a,d)
As-prepared, (b,e) after activation (between 0.05 and 1.2 V vs RHE),
and (c,f) after ORR protocol (10 000 cycles between 0.4 and 1.0 V vs
RHE).

Supporting Information (Figures S9—11). The results are in
accordance with the detected loss of Cu during activation
(dealloying) and additionally confirm the known fact that Pt
alloys need to be activated in order to display a good ORR
activity.” It is unusual that some porosity is already present in
the as-synthesized catalyst. We presume that this is due to the
complex synthesis where the high standard redox potentials of
present noble metals could induce cathodic exchange and
oxidize Cu.* Interestingly, after degradation, no significant
change can be observed despite the fact that porous PtNi
nanoparticles were shown to coarsen at these conditions.®”
Obviously, in the present case, the formed porosity is stabilized
in a certain way. We hypothesize that the presence of Ir or
even Ru slows down the surface diffusion of Pt, which is
responsible for this particular degradation mechanism.’**

c.4. Degradation between 1.2 and 1.6 V vs RHE; OER
Protocol. The stability during OER operation potentials was
tested by cycling 10 000 times between 1.2 and 1.6 V vs RHE.
Figure 9a shows the activity for ORR before and after AST.
The ORR polarization curve after the degradation is slightly
shifted to higher potentials, which increases the activity by
around 9%. In the case of OER, Figure 9b, the activity
decreases after the stability test by about 61% (i.e., around 39%
of the initial activity is remaining, see Table S3 in SI) because
of the dissolution of Ru. At the same time, the activity for HER
improves, especially at high overpotentials. This is again
expected because at this high potential, Ru is intensively
dissolving.”" Less Ru results in a decreased OER and improved
ORR activity. Pt and Ir surface become exposed and more
active for ORR, respectively, as can be seen in Figure 9c. In
order to explain the HER performance trend, more effort is
needed. First, it should be noted that in this particular
protocol, the HER activity trends for low and high current
density region are reversed in comparison to the degradation
test carried out between 0.4 and 1.0 V vs RHE (see section 3¢
above). Namely, in the present case, the HER activity increases
at high current density and decreases at low current density
region after degradation. In the case of HOR, the activity at
low overpotentials is increased after the degradation protocol
(Figure 9¢). This is in line with Ru and Ir dissolution and
exposure of additional Pt surface area. As for the trend in HER,
the following is noticed; the activity is increased also after
degradation. At a first glance, this is unexpected and difficult to
understand. More specifically, after degradation testing
between 1.2 and 1.6 V vs RHE agglomeration of nanoparticles
is expected. This causes a decrease of the average particle
separation distance—hence a change in the local pH, which
slows the reaction.

The dissolution dynamics of all five metals was inspected by
EFC-ICP-MS (Figure 9d,e). Ru is completely unstable in this
potential region®" and would most likely be completely washed
from the sample in a few additional cycles. In five cycles, about
36.5% of total Ru was dissolved. Only anodic peaks are
distinguishable, which is in accordance with the Ru OER
mechanism that includes the formation of unstable RuO,.*'
The dissolution of Ru is in good agreement with the loss of
activity for OER. There is still noticeable OER activity after
degradation since Ir, which is a catalyst used in real PEM
electrolyzers, is still present. Nevertheless, Ir is exhibiting some
dissolution at high potentials, contrary to the ORR protocol
where dissolution is seen only at reductive potentials. Ir is
getting oxidized during the anodic potential sweep up to the
OER potential range, and thus, in addition to an OER-
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Figure 9. (a) ORR polarization curves before and after degradation — OER protocol. (b) OER polarization curves before and after degradation —
OER protocol. (c) HOR/HER polarization curves before and after degradation — OER protocol. (d) The dissolution profile of the precious metal
during five cycles from 1.2 to 1.6 V vs RHE. (e) Enlarged view of Pt and Ir dissolution profiles. The curves were obtained at 20 mV s™, in 0.1 M

HCIO,, 1600 rpm, under O, (a and b) or H, (c) atmosphere.

Figure 10. IL-STEM ADF and BF images of TiON-RuPtCu-Ir. (a—e) As-prepared. (b—f) After activation. (c—g) After 10 cycles OER protocol.

(d—h) After 10 000 cycles OER protocol.

mediated dissolution, transient dissolution is also taking
place.*”*"*” The decrease during progressive cycling is
probably due to the fact that more and more of Ir is getting
irreversibly oxidized. Interestingly, Pt exhibits a similar
behavior as Ir. It is getting oxidized, however, and its oxide
is not active for OER and is not even sufficiently electrically
conductive. Therefore, the dissolution mechanism is not
related to OER but in our opinion only to a classical transient
dissolution. The dissolution of Cu is mechanistically tightly
connected with the dissolution of Pt. Whenever Pt is removed
from the surface (when it is being dissolved), it uncovers the
copper underneath that instantly dissolves as it is unstable at
these potentials. Ti, in our opinion, follows the dissolution of
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other metals because the latter uncover fresh support surface
area (Figure S15).

The IL-STEM and IL-EDX results confirm the massive
dissolution of Ru as most of the particles are not present
anymore after the degradation (Figures 10 and 11, Figures
§16—S21). It can be seen from Figure 10 that Ru already
dissolved after only 10 cycles between 1.2 and 1.6 V vs
RHE (red circles). The dissolution of Ru also increases the
surface area of PtCu as the nanoparticles were in contact
before. This can, to a certain degree, explain the increases in
HER and ORR activity even with a low Pt dissolution that
should decrease the activity. Formation of Pt oxide at high
potentials is passivating and thus effectively protecting Pt from

.80 ) )
corrosion.” However, noticeable morphological changes are
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profile of the precious metal during five cycles from 1.2 to 1.6 V vs RHE. The curves were obtained at 20 mV s™', in 0.1 M HCIO,, 1600 rpm, under
O, (a and b) or H, (c) atmosphere.

observed under IL-STEM imaging (Figures 10 and S16—S18).

contact to the support and start migrating toward new stable
After the OER degradation protocol, Pt nanoparticles change

positions on the support.

size and shape. This is probably due to the fact that since Ru is
getting removed, the remaining Pt particles progressively lose

¢.5. Degradation between 0.4 and 1.6 V vs RHE: ORR &
OER Protocol. After cycling between 0.4—1.6 V vs RHE, the
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Figure 13. IL-SEM pictures of TiON-RuPtCu-Ir. (a,)b) As-prepared. (c,d) After activation. (e,f) After ORR & OER degradation. (a,c,e) Secondary

and (b,d,f) in-lens detector.

catalyst’s activity severely decreases for all reactions, as seen in
Figure 12. The polarization curve for ORR does not present
the usual characteristics of a Pt-based catalyst for ORR (e.g.,
reaching a current of around 1 mA at 0.8 V vs RHE; Figure
12a). Similarly, after the degradation, the activity for HER
diminishes almost to zero (Figure 12c). The significant
decrease in the activity for these two reactions can be
correlated to the almost complete corrosion of PtCu
nanoparticles. This is confirmed by the post-mortem STEM
EDX chemical mapping micrograph (Figures S23—526) where
a limited number of PtCu particles can be found compared to
the “as prepared” or “activated” samples. It is known that Pt
exhibits severe transient dissolution when repetitively oxidized
and completely reduced, that is cycled between 0.4 and 1.6 V
vs RHE.”>?*?" However, the decrease of activity could also be
due to the degradation of the support as can be observed in the
IL-SEM in Figure 13 (and Figure S27). The IL-SEM pictures
were taken with two different detectors, which allowed us to
observe more effectively the phenomena happening on the
surface (InLens detector, Figure 13b,d,f), and inside the
catalyst surface structure (secondary electron detector, Figure
13a,ce).

Pt has a typical dissolution profile with low anodic and high
cathodic peaks. The cathodic peaks increase when the potential
is still decreasing. This is to be expected for a complete
reduction of the surface oxide. As Pt dissolves, the remaining
Cu dissolves accordingly. The EFC-ICP-MS dissolution profile
(Figure 12d) proves the link between the two phenomena by
the apparition of an anodic peak for Cu during the second

cycle, which it is not present in the first peak (scanning from
OCP to 1.6 V vs RHE) and is caused by the venture to
potentials lower than OCP (cca. 1 V). This peak is attributed
to the dissolution of the deposited Cu. Moreover, the highest
dissolution peaks for Cu are anodic peaks. After each anodic
peak, there is a small cathodic shoulder that gets more and
more blended into the anodic peak with each cycle. This is in
accordance with our recent study on a pure PtCu-based
catalyst.””

In the case of OER, the activity decreases by a factor of 6, as
can be extracted from Figure 12b. The complete dissolution of
Ru (no particles found in STEM imaging after degradation)
contributes to this decrease. It explains the activity decay after
this severe ADT.

The Ru dissolution is approximately 10 times faster than Ir
dissolution. It exhibits predominantly anodic dissolution, as in
the OER protocol—the main peaks are completely separated.
In the Ir dissolution profile, anodic and cathodic peaks are
well-defined. The cathodic dissolution is larger than the
anodic. As opposed to Ru, the concentration during cycling
does not fall to the background level—even the regions
between the peaks show significant dissolution. In the last cycle
that ends at OCP instead of 1.6 V, there is no anodic
dissolution. Cathodic dissolution is the most pronounced at
the lowest potential and there is no peak separation. This
suggests that the reduction of oxide species is not complete (as
it is in the case of Pt)—there is still iridium oxide present. At
prolonged exposure to low potentials, this cathodic dissolution
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might continue; however, it is known that at these conditions,
Ir electro-oxidation is not reversible.””

Ti dissolution is increased (compared with the background
level) during all five cycles. There are distinct anodic peaks and
smaller cathodic peaks in between (perhaps not totally
symmetrically placed between two anodic peaks). This could
explain the degradation of the support. We presume that the
dissolved Ti could be due to corrosion of other metals that
exposes new, fresh surface of Ti support. If Ti does not protect
the graphene anymore, the latter can be destroyed.

As noted before, the wide potential window causes that all
noble metals are exhibiting transient oxidation and reduction
during cycling. As shown by Cherevko et al, this process
induces transient dissolution of noble metals.”” The dissolution
profiles in Figure 12d are in accordance with that study. For
each metal, two or three peaks can be observed. Because of the
high scan rate (20 mV s7'), the resolution of the peak is not
appropriate to clearly define an onset potential, but anodic and
cathodic processes can still be distinguished for each metal.

EDX during IL-SEM was used to determine the atomic ratio
of the precious metal after different steps (as-prepared, after
activation, and after degradation) as seen in Table S2. This
confirms the faster dissolution of Ru and Cu compared with Pt
and Ir.

c.6. Resume: “Practical Guidelines for the Appropriate
Use or What Not to Do”. TiON-RuPtCu-Ir is a multifunc-
tional catalyst that can be used for many reactions such as
ORR, OER, HER, or MOR. However, the stability of the
different metals depends on the potential window used. Thus,
the utility of this material depends on how we plan to use it.
First of all, one must choose the appropriate activation
protocol not to damage the needed active sites. Indeed, the
catalyst is stable during ORR (and HER as seen in Figure 14,
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Figure 14. Dissolution profile of the various metals found in present
sample during 5 cycles from —0.1 to 1.0 V vs RHE.

where the dissolution of all metals is low) and semistable at
OER. OER was shown to dissolve Ru but interestingly does
not affect Pt (as a protective oxide layer is formed). However,
when the cycling is extended over the potential window of
both reactions (from 0.4 to 1.6 V vs RHE), the degradation is
severe for all metals. Also, if Ru is needed for the MOR, high
potentials should be avoided. A typical upper limit of 1 V vs
RHE should be considered. In contrast, if Ir needs to stay
intact, transitions between ORR potential window (0.4 to 1.0

V vs RHE) and OER potential window (1.2 to 1.6 V vs RHE)
should be avoided. Ir mostly dissolved during the ORR & OER
protocol. In the same way, this window is destructive for Pt.
Also, because of exposure of fresh sites of the support, the
usage of the same window also promotes the dissolution of
“unstable” Ti that did not dissolve during activation.
Interestingly, Ir and Ru also dissolve if preoxidized at HER
conditions (Figure 14). An overview of how the activity
changes for ORR, OER, and HER after the degradation in
different potential windows can be found in Table S3.

4. CONCLUSIONS

A highly active multifunctional catalyst consisting of PtCu
alloy, Ru, and Ir on graphene-based TiON, support was
successfully synthesized. The micrometer-sized graphene flakes
were evenly covered with a TiON, layer onto which the
respective noble metal nanoparticles were attached. The
multifunctional catalyst exhibited a 3 times higher mass
activity than the Pt/C benchmark for ORR and 10 times
higher mass activity than Ir black benchmark for OER. It also
has an overpotential window, AE, of 0.651 V, which is lower
than that of the physically mixed state-of-the-art Pt—Ir
bifunctional catalyst. Moreover, the catalyst also exhibits a
high activity for hydrogen evolution and oxidation reactions as
well as for MOR.

The stability of the catalyst with the different potential
windows was investigated with online-ICP-MS and IL-TEM.
Three different aging protocols were used to represent the
conditions of oxygen-involved reactions. After the ORR
protocol, the catalyst still showed high activities for all the
reactions. Even after a 45% loss of activity for OER, the mass
activity is around S times better than that of the fresh Ir black
benchmark. After the OER protocol, Ru was almost completely
dissolved. Interestingly, the activities for ORR and HER even
increased. The third protocol (i.e., cycling between 0.4 and 1.6
V vs RHE) had the most damaging effect on the catalyst.
Indeed, almost all the activity was lost after 10 000 cycles for
all the reactions. From a practical point, our study enlightens
the importance of the degradation effect of cycling between
ORR and OER regions. It may be expected that the results will
contribute to a better understanding of which cycling
treatment should be chosen in order to prevent the needed
active metals from dissolving and thus achieving the
appropriate catalyst activation.
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