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A B S T R A C T   

Liquid fuels are considered a promising alternative to hydrogen in proton exchange membrane fuel cells. In 
particular, isopropanol, which can be selectively oxidised to acetone and further hydrogenated back to iso-
propanol using electrochemical and heterogeneous catalysis routes, respectively, opens the possibility of zero- 
emission fuel cell operation without complex management of molecular H2. However, the maximum electric 
power of such fuel cells is still relatively low, which is attributed to the poisoning of state-of-the-art Pt-Ru 
electrocatalysts by adsorbed acetone and/or Ru oxide/hydroxide. Here, in order to mitigate Pt-Ru poisoning at 
higher anodic potentials during isopropanol oxidation in acidic media, the effect of the addition of Ir, a less 
oxophilic element than Ru, on the activity and stability during dynamic experiments of Pt-Ru is systematically 
investigated. To identify the most active compositions, Pt-Ru-Ir thin-film material libraries are prepared using 
magnetron co-sputtering. The electrocatalytic activity of the libraries is screened using a high-throughput 
scanning flow cell setup. Catalysts with the highest activity are further synthesised in the form of carbon- 
supported nanoparticles. Comparing the two systems, similar trends are observed, highlighting the model ma-
terial libraries being an excellent starting point for novel catalyst development. Besides electrocatalytic activity, 
catalyst shelf-life and dissolution stability are studied. While significant ageing in the air is found, partial 
reactivation is possible using a reductive treatment. The dissolution of the most promising nanoparticulate 
electrocatalyst is evaluated using online inductively coupled plasma mass spectrometry to assess the effect of Ir 
addition on Pt and Ru stability. No significant stabilising role of Ir, however, is observed. Hence, further opti-
misation of Pt-Ru or Pt-Ru-Ir is still needed to improve isopropanol fuel cell performance.   

1. Introduction 

Transportation belongs to one of the largest energy-demanding sec-
tors worldwide. Currently, it is also one of the largest greenhouse gas 
emitters [1]. Shifting towards sustainable mobility, meaning the energy 
comes only from renewable resources, would be crucial in reaching the 
21st-century energy and climate goals. Together with batteries, green 
hydrogen serves as an alternative energy carrier in transportation, as 

evidenced by successful implementations of fuel cell technologies in 
cars. However, considering current dependencies on liquid fuels and an 
existent infrastructure for their transport and storage, green hydrogen 
would reach its limitations due to its gaseous nature [2]. Fuels benefiting 
from the existing infrastructure would be alcohols. Namely, isopropanol 
is particularly interesting due to a recently introduced option of 
coupling the direct isopropanol fuel cell (DIFC) to a hydrogenation unit 
with liquid organic hydrogen carriers (LOHC). This allows the 
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subsequent hydrogenation of the oxidation product, acetone, resulting 
in a thermo-neutral process [3]. Compared to regular direct alcohol fuel 
cells, where the main oxidation product is CO2, isopropanol oxidation is 
almost 100% selective towards acetone, which opens up an option for 
acetone recycling leading to a carbon-neutral process [3]. 

Commonly used anode catalysts for an alcohol electro-oxidation re-
action in acidic media are materials based on Pt, such as Pt-Ru [4–6], 
Pt-Pd [7,8], or Pt-Sn [9–11]. It was observed that adding a second (or 
third) metal to Pt can lead to increased activity and decreased catalyst 
poisoning by tuning the adsorption energy of intermediates [12–18]. 
The state-of-the-art binary anode catalyst for proton exchange mem-
brane (PEM) alcohol fuel cells up till now is Pt-Ru [19]. It was also 
predominantly tested for the case of isopropanol oxidation [3,20–22]. 
Comparing different alcohols in PEM fuel cells using Pt-Ru catalysts, 
isopropanol was oxidised at the lowest overpotential (0.15 V) [20], 
yielding a higher open circuit voltage (OCV) and power output of PEM 
fuel cells [23]. Contrary to advantageous low overpotentials attributed 
to Ru active sites, the attained currents also reached low maximum 
values due to poisoning of the active sites by acetone (or carbon-based 
intermediates) and/or oxidation of Ru, which both led to subsequent 
activity loss of the catalyst [20,22]. Here, the appearance of the addi-
tional peak in secondary alcohols was recently attributed to stabilisation 
by the presence of Ru of an O-bonded intermediate that lowers the onset 
potential of the reaction [21]. 

Alloying Pt-Ru with another metal could mitigate the poisoning ef-
fect and increase the activity of the catalyst (by facilitating CO oxidation 
or desorption) and is a common strategy in methanol oxidation. 
Therefore, many different third metal alloys with Pt-Ru, such as Au, Cu, 
Fe, Ag, Pd, W, Mo, Co, Ni, Sn, Os, Rh, Pb, Bi, and Ir, were already tested 
[24–35]. In particular, the addition of Ir, a less noble metal than Pt but 
also less oxophilic than Ru (potentially resulting in suppressed 
poisoning), seems like a viable option [36]. The literature reports on 
Pt-Ru-Ir in electrocatalysis are dominant for certain reactions, but the 
opposite is true for the oxidation of secondary alcohols. For instance, the 
incorporation of Ir in Pt-Ru nanoparticles resulted in increased activity 
for oxygen evolution and reduction reactions (OER and ORR) [37–39]. 
More importantly, it was also observed that adding Ir to Pt-Ru/C 
nanoparticles can lead to better dispersion of metallic compounds, 
where OH groups can likely be stabilised at the metallic Ir surface, thus 
assisting in the oxidation of adsorbed intermediates in methanol 
oxidation [30]. Similarly, it was reported that crystallinity could play a 
role in increasing activity towards methanol oxidation and mitigation of 
CO poisoning [40]. The dependence of methanol oxidation activity on 
the amount of Ir for Pt1Ru1Irx/C nanoparticles was also studied. The 
results revealed a higher activity and better catalyst durability with 
increasing Ir content by Ir suppressing the dissolution of Ru [36,41]. 
Clear evidence of enhanced activity of OER, ORR, and methanol 
oxidation suggests that ternary Pt-Ru-Ir could also be a better catalyst 
for the anode oxidation of isopropanol. Based on all mentioned above, 
we could expect further stabilisation of the O-bounded intermediate by 
lowering the onset potential increasing the reaction rate and promoting 
the desorption of acetone. 

When considering the activity of a particular alloy towards any re-
action, the ratio of metals has to be taken into account as not every 
combination is active (e.g. the bifunctional role between Pt and Ru can 
be enhanced but also lost by adding Ir). Magnetron sputtered thin-film 
material libraries, in combination with the scanning flow cell (SFC) 
[41,42], allow high-throughput activity screening with spatial resolu-
tion. For instance, in recent works with binary alloys, the study of ORR 
on a Pt-Cu thin-films library led to the conclusion that Cu content is only 
beneficial from 20 atomic percent (at%) to 57 at% [43]. Similarly, the 
activity of isopropanol oxidation using a Pt-Ir library showed the most 
active composition to be around 3.4 at% Ir, the latter being necessary to 
achieve a higher oxidation current compared to pure Pt. When Ir content 
reached 30 at%, a new peak appeared (similarly to Pt-Ru), although 
currents obtained at these lower overpotentials were negligible 

compared to Pt-Ru [44]. Together with the mentioned findings from 
alcohol oxidation, this is another reason to explore a combination of 
these three elements for isopropanol oxidation. As ternary alloys offer 
more options of possible compositions than binary alloys, the need for 
rapid activity screening of a multitude of compositions is indispensable. 

In this work, we systematically study the composition dependence of 
Pt-Ru-Ir catalyst activity of isopropanol oxidation using magnetron- 
sputtered thin-films. We identified the most active composition and 
synthesised carbon-supported Pt1Ru1Irx alloy nanostructures with 
various Ir content. We evaluated the transferability of the observed ac-
tivity trends attained from the sputtered thin-film material library, 
serving as a model system, to carbon-supported nanoparticles (syn-
thesised in-house) that can be used in applications. To evaluate whether 
the addition of Ir also plays a role in stabilising Pt and Ru in the most 
active catalyst composition, we conducted ICP-MS measurements 
coupled with SFC to identify the onset potential of dissolution of each 
element. This technique also allowed tracking activity in a high 
throughput manner, especially for thin-film samples [45]. 

2. Experimental section 

2.1. Materials 

Pt1Ru1/C commercial nanoparticles (details on the catalyst charac-
teristics are summarised in our previous work [20]) were provided by 
Tanaka. HClO4 (70%, Suprapur®), isopropanol (ACS, 99.5+%, VWR), 
and ionomer solution (5 wt.% Nafion, Sigma-Aldrich) were purchased 
from Merck and used without further purification. Ar (99.999%) and H2 
(99.999%) were purchased from Air Liquide Deutschland GmbH. Solu-
tions were prepared using ultrapure water (18.2 MΩ, TOC < 3 ppb) 
provided by a Merck Millipore MilliQ system. 

2.2. Combinatorial synthesis of Pt-Ru-Ir and Ru-Ir thin-film material 
libraries 

Two thin-film libraries, Pt-Ru-Ir and Ru-Ir, were fabricated using 
combinatorial magnetron co-sputtering from elemental targets. The 
deposition was performed at room temperature using Ir (purity 
99.99%), Pt (purity 99.99%), and Ru (purity 99.99%) metallic targets 
(4-inch diameter). As substrates, Si/SiO2 wafers with 100 mm diameter 
were used. A 15 nm thick Ti adhesion layer was coated on the substrate 
prior to the deposition of the materials libraries. To obtain a continuous 
compositional gradient, the substrate was kept stationary, and each 
target was inclined with an angle of 45◦ with respect to the substrate. 
Prior to the deposition, the chamber vacuum was on the order of 10− 8 

Torr. The material libraries were deposited at a pressure of 20 mTorr 
with an Ar flow of 80 sccm. Table 1 lists the process parameters used to 
fabricate the material libraries. 

The obtained material libraries comprise 342 regions of interest 
(ROIs). Each ROI has a size of 4.5 mm x 4.5 mm. All ROIs experience the 
same experimental treatment, which enables us to systematically 
investigate correlations between composition and properties, increasing 
throughput and substantially decreasing errors related to sample-to- 
sample variation. 

2.2.1. High-throughput characterisation of the material libraries 
Compositions and phase constitution for all 342 ROIs in the as- 

deposited Pt-Ru-Ir material library were investigated using automated, 
high-throughput characterisation techniques. The elemental 

Table 1 
Sputtering parameters for the materials libraries Pt-Ru-Ir and Ru-Ir, respectively.  

Materials library Ir [W] PtRF [W] RuDC [W] Deposition time [s] 

Pt-Ru-Ir 56 (DC) 169 66 800 
Ru-Ir 245 (RF.) – 140 800  
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compositions were determined using automated energy dispersive X-ray 
spectroscopy (EDXS) conducted on a JEOL 5800 scanning electron mi-
croscope (SEM). 20 kV accelerating voltage, a spot size of 50 µm, and a 
10 mm working distance with acquisition times of 60 s for each ROI 
were used during the measurement. The excited X-ray energy lines for 
constituent elements are Ir Lα (9.174 keV), Pt Lα (9.441 keV), and Ru Kα 
(19.233 keV). The analysis of EDXS data was performed based on the 
standard ZAF-correction process provided by the INCA Energy software 
(Oxford Instruments). The software was calibrated for quantification 
using a Co standard. High-throughput phase analysis was done using X- 
ray diffraction (XRD) (Bruker D8 Discover, equipped with a VANTEC- 
500 area detector, Cu Kα radiation, with a sample-to-detector distance 
of 149 mm). The X-ray beam size is collimated to 1 mm (collimator 
diameter = 1 mm with a divergence of below 0.007◦). An area detector 
was used to collect the diffraction data, and three frames were collected 
for each measured area. These frames were integrated into one- 
dimensional data sets by using DIFFRAC.EVA software was provided 
by Bruker and was then used for phase identification. The phases were 
identified by comparing the measured patterns with references from the 
Inorganic Crystal Structure Database (ICSD). 

2.2.2. Laser profilometry 
Surface roughness was measured by a laser scanning microscope 

(LSM), Keyence VK-X100K. This method was used to establish the 
roughness of the thin-film material library. The area of the measurement 
was chosen to be the same for each surface measurement throughout the 
library. 

2.3. Synthesis and characterisation of nanoparticles 

2.3.1. Synthesis 
The synthesis of Pt1Ru1Irx (x = 0.25, 0.5, 1.0, and 1.5) nanoparticles 

supported on carbon particles (Pt1Ru1Irx/C) was carried out as follows: 
The exact loading of each metal can be found in Table S1. First, 97.5 mg 
of Pt/C (40 wt% Pt, Hispec) was added to a spherical glass, and then 1 ml 
H2O was added to wet the catalysts. Subsequently, 20 mL isopropanol 
was added, followed by a sonication step for 10 min to disperse the Pt/C 
precursor. The solution was stirred for 1 h at 75 ◦C. A salt precursor 
solution was prepared by dissolving the hydrated RuCl3 and IrCl3 in 1 
mL water by sonication for 2 min. Next, 1 mL aqueous solution con-
taining 50.5 mg hydrated RuCl3 (38–42 wt% Ru, Sigma Aldrich) and a 
predetermined amount (according to Ir content, x) of IrCl3 (53.66 wt% 
Ir) was added to the reaction solution under stirring. Deposition of Ru 
and Ir on Pt nanoparticles took place in the reaction solution by 
continuous stirring at 600 rpm for 3 h at 75 ◦C. The reaction solution was 
then filtered and rinsed with copious amounts of H2O using a filtration 
system and freeze-dried for six h. An annealing step was applied in a 
reductive gas mixture of 10% H2 in Ar at 350 ◦C for 2 h. 

2.3.2. Transmission electron microscopy 
Samples for transmission electron microscopy (TEM) were prepared 

by dip-coating TEM grids with suspensions of Pt1Ru1Irx/C powder in 
isopropanol and water, followed by drying in the air and remote air 
plasma cleaning for 1 min utilising a Tergeo EM plasma cleaner (PIE 
Scientific). Conventional and high-resolution TEM, high-angle annular 
dark field (HAADF) scanning TEM (STEM), and spectrum images using 
EDXS were acquired using a Talos F200i (Thermo Fisher Scientific, 
former FEI). The microscope, equipped with a Schottky emitter and two 
Bruker XFlash 6T-100 EDS detectors, was operated at an acceleration 
voltage of 200 kV. Data evaluation was performed using Velox. 

2.3.3. XPS measurements 
The XPS measurements were performed using an EnviroESCA system 

(SPECS Surface Nano Analysis, GmbH Germany) with a monochromated 
Al Kα X-ray source (1486.6 eV). The analyser Specs PHOIBOS hemi-
spherical energy is kept under ultra-high vacuum conditions (10− 9 

mbar). The samples were stuck to the stainless-steel sample holder using 
carbon tape, and the spot size was about 200 μm. During XPS mea-
surements, the core-level spectra of Pt 4f, Ir 4f, Ru 3d, Ru 3p, C 1s, O 1s, 
and F 1s were recorded with a pass energy of 20 eV, step size of 0.1 eV 
and dwell time of 0.3 s. The measured XPS spectra were processed using 
the KolXPD software (Kolibrik.net, Czech Republic). 

2.3.4. SEM-EDXS measurements 
The samples for SEM-EDXS composition analysis were prepared by 

drop-casting the nanoparticle catalyst dispersion onto silicon wafers, 
followed by drying on a hotplate. The catalyst dispersion was prepared 
by dispersing the catalyst powder in an isopropanol-water (1:1) mixture 
with ultrasonication for 2 min. 

The compositional analysis of the catalyst powder was performed 
using a Crossbeam 540, Zeiss, SEM with an EDXS-detector (X-Max 150 
silicon drift detector, Oxford Instruments). The energy dispersive 
spectra were obtained when applying a voltage of 20 kV. 

2.4. Electrochemical measurements 

2.4.1. Electrocatalytic activity measurements 
All electrochemical measurements were performed in an acidic 

environment. A 0.1 M HClO4 solution was used for blank measurements. 
For experiments with isopropanol, the acid concentration was main-
tained, and the concentration of isopropanol was kept at 0.1 M. Mea-
surements were carried out in a custom-designed, home-built SFC [41]. 
The Pt-Ru-Ir thin-film material library or Pt1Ru1Irx/C nanoparticles 
were employed as the working electrode. Prior to electrochemical 
measurements, nanoparticulate catalysts were immobilised on a glassy 
carbon substrate as follows: The ink prepared by mixing 3 ml water/-
isopropanol (4/1 v/v%), 2 µL of Nafion, and the corresponding amounts 
of nanoparticles to obtain 20–25 µg/cm2 total metal loading was 
drop-casted (0.2 µL) onto polished glassy-carbon (GC). At the same time, 
a glassy-carbon rod (HTW, Sigradur G) was used as a counter electrode 
connected to the SFC on the electrolyte inlet side. An Ag/AgCl/3 M KCl 
electrode (Metrohm) was utilised as a reference electrode, which was 
connected to the SFC through a capillary channel on the outlet side, 
close to the working electrode surface. This configuration prevented the 
contamination of the electrolyte with Cl− ions [46]. The potential of the 
reversible hydrogen electrode was controlled by purging with H2 before 
activity measurements. The value obtained on the Pt disc electrode at 
OCV in the H2 atmosphere was used to convert the potentials measured 
at Ag/AgCl reference electrode to the reversible hydrogen electrode 
(RHE) scale. 

A Gamry Reference 600 potentiostat was used to carry out all elec-
trochemical protocols. The working electrode was connected with an 
XYZ translation stage (Physik Instrumente M-403), which allowed the 
rapid screening of each electrocatalyst composition by displacing the 
SFC onto the different spots previously drop-casted on the GC plate. A 
stable electrolyte flow was maintained using a peristaltic pump (Isma-
tec). All instruments (stages, peristaltic pump, and gas control box) were 
controlled via custom-designed LabView software. A potentiodynamic 
experiment was started for activity screening at each of the different 
regions of interest. The protocol consisted of 3 fast cyclic voltammetry 
curves (CVs) starting at 0.05 VRHE towards 1.5 VRHE as the upper po-
tential limit (UPL) with a scan rate of 200 mV s− 1 to clean the surface. 
Subsequently, a slower CV from 0.05 VRHE to 1.4 VRHE for thin-films and 
1 VRHE for nanoparticles was acquired, with a scan rate of 50 mV s− 1. 
These protocols were used to map the activity of Pt-Ru-Ir with various 
compositions toward the oxidation of isopropanol 

2.4.2. CO-stripping measurements 
The CO-stripping experiments were conducted in an RDE setup using 

a custom-made Teflon cell and a PINE MSR Electrode Rotator. PtRuIr/C 
nanoparticles were employed as the working electrode. Prior to elec-
trochemical measurements, nanoparticulate catalysts were immobilised 
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on a glassy-carbon RDE tip as follows: The tip was first polished using 
diamond paste and a polishing pad applying circular movement for 5 
min, then washed with ultrapure water. The ink was prepared by mixing 
3 ml water/isopropanol (4/1 v/v%), 2 µL of Nafion, and the corre-
sponding amounts of nanoparticles to obtain 25 µg/cm2 total metal 
loading was drop-casted (10 µL) onto the polished glassy-carbon tip. A 
glassy carbon rod was used as a counter electrode, and an Ag/AgCl/3 M 
KCl electrode (Metrohm) was utilised as a reference electrode. The value 
obtained on the Pt electrode at OCV in the H2 atmosphere was used to 
convert the potentials measured at Ag/AgCl reference electrode to the 
reversible hydrogen electrode (RHE) scale. Measurements were con-
ducted in an acidic environment (0.1 M HClO4). A Gamry (Reference 
600) potentiostat was used to carry out all electrochemical protocols. 
Before the CO-stripping experiment, the electrolyte was purged by Ar, 
and three cyclic voltammetry curves (CVs) starting at 0.05 VRHE and 
going to 0.9 VRHE with a scan rate of 20 mV s− 1 were recorded. Subse-
quently, CO gas was purged into the electrolyte for 15 min to ensure the 
full surface coverage of the catalyst. Ar in high flow rate was used to 
clean reminding CO from the gas line and then purged into electrolyte 
for 35 min to remove remaining, not adsorbed CO. Finally, identical CVs 
(as before the experiment) were recorded in Ar atmosphere to evaluate 
ECSA from the CO-stripping experiment. 

2.5. Online SFC/ICP-MS measurements 

The dissolution of nanoparticulate electrocatalysts was studied by 
coupling the electrolyte outlet of the SFC to an ICP-MS (PerkinElmer, 
NexION 350x). The purged electrolyte flow rate was controlled (quan-
tified at the beginning of each measurement day) by the peristaltic pump 
of the ICP-MS (MP2 pump, Elemental Scientific). The average flow rate 
was 3.76 ± 0.05 µl s− 1. The ICP-MS was calibrated daily by a four-point 
calibration slope made from standard solutions (Pt, Ru, Ir), which con-
tained the metal ions of interest in each concentration range (0 – 5 µg 
L− 1) and 0.1 M HClO4. 187Re and 103Rh (10 µg L− 1) served as the internal 
standards. The solution from the SFC and the solution containing in-
ternal standards were mixed in a Y-connector, introduced in the spray 
chamber, and subsequently in the ICP-MS. The measurements were 
performed in an acidic environment (0.1 M HClO4) with and without 
isopropanol (0.05 M due to instrument limitations). 

Fig. 1. (a) Visualisation of the composition space covered in the Pt-Ru-Ir material library. The composition spread in between Pt19–50Ru19–59Ir19–48. (a) The pie-chart 
diagram indicates the relative elemental compositions at each of the 342 ROIs. The legend shows the locations of the elemental sputter sources with respect to the 
substrate. (b) Phase and XRD map show library is crystalline and composed of either pure hcp, pure fcc, or mixed hcp + fcc phase. The legend indicates the respective 
element positions during deposition. (c) View of XRD patterns along bottom-right to top-left. 
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3. Results 

3.1. Material preparation and physical characterisations 

3.1.1. Composition-structure relations in as-deposited Pt-Ru-Ir thin-film 
material library 

A comprehensive Pt-Ru-Ir material library in the compositional re-
gion of Pt, Ru and Ir has been synthesised and characterised. As the 
state-of-art catalyst for isopropanol oxidation is Pt1Ru1, the Pt-Ru-Ir li-
brary was designed not to deviate far from the centre of interest (equi-
molar composition). This condition leads to a limitation in the range of 
metals in the library to approx. 20 – 60 at%. Across the 342 ROIs, the Pt 
content ranges from 19 to 50%, Ru content from 19 to 59%, and Ir 
content from 19 to 48% (colour-coded scatter diagrams are shown in 
Fig. S1). The accuracy (about 1 at.% experimental error) of this quan-
titative composition analysis is not affected by the substrate because the 
substrate elements (Si and O) have different X-ray emission peaks than 
those of the elements the film contains. Based on this, the complete 
composition range of the material library is written as 
Pt19–50Ru19–59Ir19–48. To better visualise the relative elemental pro-
portions across the library, a pie chart diagram for all 342 ROIs is plotted 
in Fig. 1a. In each pie chart, the arc length of a slice is proportional to the 
element content it represents. 

The XRD patterns for all 342 ROIs in the as-deposited Pt-Ru-Ir ma-
terial library are displayed in Fig. 1b. The diffraction peaks in the 2θ 
range from 38◦ to 53◦ are characterised by Bragg reflections from fcc- 
and hcp-phases. The phase map in this figure is based on comparing 
experimental diffraction peaks with references from the ICSD database. 
Clear phase boundaries are observed across the library: (1) pure hcp 
phase on the right-top side of the library, (2) mixed hcp + fcc phases in 
the middle, and (3) pure fcc phase on the left-bottom side. A cut along 
bottom-left to top-right across the phase boundaries is selected and 
enlarged in Fig. 1c to distinguish more details better. The most intense 
reflection of (002) was found for hcp at around 40◦ This peak is located 
between two other intense reflections of (001) and (101). In the case of 
the fcc phase, the diffraction patterns exhibit the highest intensity 
reflection along the (111) plane. Based on the XRD analyses, we 
conclude that the as-deposited material library is crystalline and com-
prises phase regions of (I) pure hcp, (II) pure fcc, and (III) a mixed phase 
region of hcp + fcc. 

3.1.2. Carbon-supported nanoparticulate catalysts 
The preparation of the trimetallic catalysts is based on two sequential 

processes. The first process is the deposition of Ru and Ir metal shells on 
Pt nanoparticle cores, which are supported on carbon microparticles 
(Pt/C 40 wt%, Hispec). The second process is the diffusion of Ru and Ir 
shells into the Pt core to obtain intermixed alloy particles by annealing 
under an H2 atmosphere. In order to perform the first process, Pt/C was 
dispersed in isopropanol solvent by mechanically stirring for 1 h at 
75 ◦C. Before dispersion in isopropanol, Pt/C is wetted with just enough 
water to avoid flammability of isopropanol when contacting with dry 
Pt/C. In the next step, the precursor aqueous solution of Ru3+ and Ir3+

ions is added to Pt/C dispersion to form the reaction solution under 
stirring. To prevent a displacement of Ru by Ir, the salt concentration 
was kept as high as possible to limit the water concentration in the 
overall reaction solution. The Ru and Ir deposition reaction is performed 
by stirring at 75 ◦C for 2 h. Under these conditions, Ru3+ and Ir3+ ions 
are simultaneously reduced by isopropanol, depositing on the surface of 
Pt catalyst particles as described by Eqs. (1) and (2) since Pt catalyses 
these 2 reactions.  

2RuCl3 + 3CH3CH(OH)CH3 → 2Ru + 3CH3COCH3 + 6HCl                (1)  

2IrCl3 + 3CH3CH(OH)CH3 → 2Ir + 3CH3COCH3 + 6HCl                   (2) 

This step produces Ru-Ir deposited on Pt particles supported on C 
(referred to as RuIr@Pt/C) as observed in STEM-EDXS spectrum images 

shown in Fig. S2 a, b, c, d, and e. To perform the second process, i.e. the: 
diffusion of Ru and Ir into Pt particles to form alloy particles, the pre- 
catalyst RuIr@Pt/C was annealed at 350 ◦C under an H2/Ar atmo-
sphere for 2 h. As observable in Fig. 2 and Fig. S2, f, g, h, i, and j, Ir, Ru, 
and Pt are well distributed within each catalyst particle. With this 
method, four Pt1Ru1Irx/C (x = 0.25, 0.5, 1.0, and 1.5) catalysts were 
synthesised. The results of the TEM investigation showed that the cat-
alysts are Pt-Ru-Ir alloy nanoparticles loaded on carbon micro-particles. 
The sizes of Pt-Ru-Ir alloy nanoparticles range from 2 to 10 nm, and they 
are well distributed over the carbon support, as shown in Figs. S2 and S3. 
This morphology is analogous to typical Pt/C catalysts for fuel cell ap-
plications. The real catalyst composition was measured by SEM-EDXS, 
shown in Fig. S4. The results align well with the nominal composition. 

3.2. Activity mapping of the Pt-Ru-Ir library towards isopropanol electro- 
oxidation 

Activity measurements of ten representative points from this library 
are depicted in Fig. S5. The spots were chosen to cover the broadest 
compositional range in the library. The atomic distribution of single 
elements and the rationale behind the order of measurements (shown by 
arrows) can be found in the supporting information in Fig. S1. Current 
densities at the low potential (0.25 VRHE) of the first oxidation peak were 
compared for each CV of the measured spot from the material library. 
These values are depicted in a ternary diagram in Fig. 3, together with 
six selected CVs representing shape variations throughout the library 
with visually marked points of the current density of the interest. 
Additionally, results obtained from binary alloys (Pt-Ru, Pt-Ir, Ru-Ir) are 
shown inside squares for a direct comparison with presented results on 
the ternary system. Each graph contains measurements of two neigh-
bouring spots. The blank and isopropanol (IPA) correspond to cyclic 
voltammetry measurements without and with isopropanol, respectively. 
The obtained currents were normalised by the geometric surface area 
(SFC parameter). ECSA should not deviate much from the geometric 
area for the flat surface; therefore, the areas could be interchanged. 
Laser profilometry measurement shown in Table S2 showed that the 
surface enlargement due to roughness is only 1.3 – 2.8%, which confirms 
the negligible contribution. The composition shown in Fig. 3f (and four 
more shown in Fig. S5) shows no activity towards isopropanol oxidation, 
as the difference between blank and isopropanol curves is negligible. On 
the contrary, all compositions (a) – (e) show differences between the two 
measurements suggesting the activity of the catalyst towards iso-
propanol oxidation. The highest activity at the low potential (0.25 VRHE) 
is found for Pt1Ru1Ir1.5 (Ir-rich) Pt1.5Ru1Ir1 (Pt-rich) in graphs b) and d), 
respectively. Overall, Pt1Ru1Ir1.5 was classified as the most active 
composition by Pt-Ru-Ir material library screening. To understand the 
differences in the observed activity of isopropanol oxidation on different 
compositions, CV shapes can be analysed without the presence of iso-
propanol depicted in Fig. S6. With increasing Ru and decreasing Ir or Pt 
content, the Hupd area increases, and PtO reduction peak decreases (or is 
masked by other Faradaic processes) until it entirely disappears. The 
electrochemically active surface area (ECSA) and capacitive current 
seem to increase with increasing Ru content in the samples and resemble 
the CV shape of pure Ru. This shape of the CV seems to correlate also 
with activity loss. Only compositions with comparable features and thus 
similarly low surface area (those not resembling CVs of pure Ru) were 
active. 

3.3. Activity measurements of Pt1Ru1Irx/C nanoparticles and transfer of 
trends 

In order to prove that the compositional trends observed in the thin- 
film material library can be transferred directly to real-application cat-
alysts consisting of metal nanoparticles dispersed on a porous carbon 
support, a series of carbon-supported nanoparticles with various Ir 
contents were synthesised and electrochemically characterised. Since 
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the Ir-rich sample was identified as the most active from the thin-film 
experiments, the focus lies on the synthesis of nanoparticles with 
different Ir molar ratios with respect to Pt and Ru. Catalysts were studied 
under the same conditions as thin-films. Firstly, the measurements in the 
absence of isopropanol are shown in Fig. S7. Overlapping CVs suggest 
similar ECSA for all four nanoparticulated catalysts. However, the real 
ECSA can slightly differ due to overlapping features [40]. CO-stripping 
experiments shown in Fig. S8 (and ECSA values shown in Fig. S9 
using Eq. (S1) [40]) show that ESCA decreases with increasing Ir 

content. This trend can be explained by considering the synthesis pro-
cedure – adding each metal to the same Pt/C catalyst. Surface area de-
creases due to total metal loading being kept the same. Nanoparticles 
containing more Ir are heavier; therefore, the amount of particles is 
lower, resulting in lower ECSA for catalysts with more Ir. A comparison 
of measurements for different compositions in the presence of iso-
propanol for both systems is shown in Fig. 4. The positive-going scans of 
the cyclic voltammetry for evaluating the activity of these nanoparticles 
are shown in Fig. 4a. Current densities were calculated by geometric 

Fig. 2. Compositional analysis of the synthesised carbon-supported Pt1Ru1Ir1.5 sample. (a), (b), (c), and (d) show Pt, Ir, and Ru elemental maps and HAADF-STEM 
images of the catalyst particles, respectively, and likewise, (e), (f), (h), and (i) are overlay images of the corresponding elements. 

Fig. 3. Cyclic voltammograms recorded for thin-films from the Pt-Ru-Ir library with different compositions in 0.1 M HClO4 both in the absence and presence of 0.1 M 
isopropanol applying a 50 mV s− 1 scan rate with a constant Ar purge. Compositions were calculated from the EDX data. Current densities of isopropanol oxidation at 
0.25 VRHE vs. compositions are depicted with the colour code in the ternary diagram in the middle (violet representing zero current densities). These points are also 
marked in each shown CV. Compositions inside the squares represent findings from binary alloys (Ru-Ir shown in this work, Pt-Ir shown in a previous publication 
[47], and Pt-Ru investigated in our current work depicted by grey as the value is outside of the range, 0.5 mA.cm− 2). 
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surface area normalisation. Following the criteria described in Section 
3.2, the most active composition is identified as the catalyst with the 
highest Ir content (Pt1Ru1Ir1.5/C). Activity decreases with decreasing Ir 
content. The complete CVs and the comparison of the geometric area 
and ECSA normalization can be seen in Fig. S10a and b. The trend is the 
same, but the activity differences are more pronounced in the case of the 
ECSA normalisation. This underlines that the enhanced activity is 
caused purely by active metal content and not any other factors. 

To confirm the trends further, a series of additional measurements 
for the thin-film library corresponding precisely to the composition of 
synthesised nanoparticles (except for Pt1Ru1Ir0.25/C due to limitations 
from elemental ranges of the material library) is shown in Fig. 4b. The 
higher surface area of nanoparticles can explain differences in the cur-
rent density values compared to thin-films. The trend of increasing ac-
tivity by increasing Ir content (from Ir0.5 to Ir1.5) is obvious when 
comparing Fig. 4a and b. Also, the shape of voltammograms is compa-
rable between the two systems. Therefore, it can be concluded that ac-
tivity trends from the model system were transferred well into the 
nanoparticulate catalyst, pointing out the useful combination of thin- 
film libraries and the SFC for fast screening of compositions for elec-
trocatalytic materials. 

3.4. Development of catalyst activity over time 

In a prospect of a possible fuel cell application in the future and 
because longer times are needed between catalyst preparation and 
measurements, experiments to investigate the possible loss of catalytic 
activity of the material while left untouched but exposed to the air were 
conducted for both the sputtered thin-films, and nanoparticle systems. 
After screening, the materials library was left untouched for six months, 
and the most active composition was remeasured. Fig. 5a shows that the 
current density for the measurement performed after six months 

significantly dropped. A similar experiment was conducted for nano-
particles and is depicted in Fig. 5b. The same drop-casted catalyst was 
measured right after preparation (fresh), after one week, and after 
another month. The activity is halved after one week when the catalyst is 
left untouched and completely lost after one month. A recovery exper-
iment was conducted after 1 month using the same inactive catalytic 
layer to test whether the activity loss was reversible. A negative current 
density (– 5 mA cm− 2) was applied for 5 min to clean the surface or 
reduce possible surface oxides. After this, the cyclic voltammogram was 
recorded again, as also shown in Fig. 5b. The activity loss is partly 
reversible, and the current densities of the same values as the catalyst 
being left untouched for a week were recorded. However, the original 
activity of the fresh catalyst was not reached again. This latter obser-
vation should be considered in the future transfer of trends from 
fundamental investigations into fuel cell tests, where the time difference 
between catalytic layer preparation and measurement can take multiple 
days. 

To further understand the catalyst deactivation over time described 
above, the XPS study on the Pt1Ru1Ir1.5/C catalyst was employed in the 
same manner. The sample was measured three times: fresh – as drop- 
casted (AD), after one week, and after one month. The deconvolved 
high-resolution Pt 4f, Ir 4f, Ru 3d, and C 1s XPS spectra of as drop-casted 
fresh Pt1Ru1Ir1.5/C catalyst are shown in Fig. S11, together with 
assigned binding energies of corresponding peaks. Spectra reveal all 
elements predominantly in the metallic state with a small contribution 
of surface oxides, which is inherent for the air-exposed samples. 

Fig. S12 compares the XPS spectra acquired for the fresh sample with 
those for the aged samples. The peak intensity decreases with ageing 
time for all elements, while the intensity of carbon peak increases, which 
can be attributed to the adsorption of so-called adventitious carbon on a 

Fig. 4. Positive-going sweeps of the cyclic voltammograms recorded for Pt-Ru- 
Ir (a) thin-film samples and (b) for nanoparticles with various Ir ratios with 
respect to Pt and Ru in 0.1 M HClO4 and 0.1 M isopropanol applying a 50 mV 
s− 1 scan rate with a constant Ar purge. 

Fig. 5. (a) Positive-going scan of the cyclic voltammogram recorded for a 
Pt1Ru1Ir1.5 thin-film composition measured fresh and after six months and (b) 
cyclic voltammogram recorded on carbon-supported Pt1Ru1Ir1.5 nanoparticles 
measured fresh, after one week, after five weeks, and after recovery experiment 
(– 5 mA cm− 2, 5 min) in 0.1 M HClO4 and 0.1 M isopropanol applying a 50 mV 
s− 1 scan rate with a constant argon purge. 
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metallic surface. On the other hand, there is no significant difference in 
the shape of recorded spectra except for Pt 4f, which slightly broadens 
(highlighted by arrows), evidencing increased Pt+ contribution. 
Table S3 summarises the surface relative atomic composition estimated 
from the integrated areas of the corresponding spectra (considering 
sensitivity factors) together with values of the ratio between metallic 
and oxidised states for all elements. The real composition aligns well 
with the nominal composition (see SI, Fig. S4). The Pt0/Pt+ ratio 
decreased from 6.6 to 2 in one month. In contrast, Ru/Ru+ and Ir/Ir+

ratios decreased less significantly, suggesting higher oxidation of the Pt 
surface, which can be attributed to its high reactivity. The composition 
does not change significantly with ageing. However, slight deviations in 
favour of mainly Pt (and probably slightly Ir) can be observed after one 
month. Taking all the above into account, we can state that some 
segregation of Pt occurs on the surface of the Pt-Ru-Ir catalyst, which can 
be related to its most pronounced oxidation amongst all elements. 
However, the conventional XPS instrument cannot fully resolve 
compositional changes in the outermost layer of the alloy, which is 
involved in the reaction, because of the relatively high probing depth 
(around 5 nm). 

Even though some oxidation and rearrangements of the metallic 
surface might be happening, the XPS experiment does not fully explain 
the observed activity loss over time and the need for a harsh regenera-
tion procedure (applying negative current). In the future, more surface- 
sensitive techniques will be thus needed to address these deactivation 
and reactivation processes. 

3.5. Screening of stability during dynamic experiments with online ICP- 
MS 

To evaluate stability during dynamic conditions, simulated by CVs, 
at start/up and shut/down conditions when the dissolution plays the 
most important role, the upper potential level of the experiment was 
chosen to be higher than the potential at fuel cell operation. The online 
ICP-MS stability measurements of the most active, newly synthesised 
ternary Pt-Ru-Ir/C catalyst were conducted, and the results were 
compared to the corresponding ones for a commercially available Pt-Ru/ 
C catalyst. The samples were prepared and drop-casted, keeping the 
same amount of total Pt-Ru content for easier direct comparison. The 
dissolution in both catalysts during positive and negative-going sweeps 
up to 1.5 VRHE of two consecutive CVs of Pt, Ru, and Ir in 0.1 M HClO4 is 
shown in Fig. 6a. The measurement in the presence of 0.05 M iso-
propanol (lower concentration due to instrument limitations) is shown 
in Fig. 6b. Both conditions lead to the same dissolution peak shapes; 
however, the amounts of dissolved Pt and Ru in the presence of iso-
propanol were doubled. Increased dissolution amounts for Ru in the 
presence of IPA (for UPL 1.5 VRHE) were also reported in previous work, 
except for a slightly lower dissolution for the case of Pt [47]. The dis-
crepancies can be explained by the ageing of the commercial catalyst. 
Upon contact with the catalyst, the dissolution of native oxides (contact 
peak) is higher, resulting in a slight change of surface composition, 
which can explain the difference in the trends. 

The onset potential of Pt, Ru, and Ir dissolution is 0.91 ± 0.01 VRHE, 
0.81 ± 0.04 VRHE, and Ir 0.66 ± 0.07 VRHE (average of two measure-
ments) evaluated from the point at which the first dissolution peak starts 
to rise. An example of onset potential determination can be found in 
Fig. S13. As the onset potentials of these two materials overlap, it can be 

Fig. 6. Online dissolution measurements for Pt, Ru, and Ir in Pt1Ru1Ir1.5/C vs. commercial Pt1Ru1/C nanoparticles. Dissolution measurements were attained during 2 
consecutive CVs (0.05 – 1.5 VRHE, 2 mV s − 1) (a) in 0.1 M HClO4, (b) in 0.1 M HClO4 and 0.05 M isopropanol. A magnified section of Ru dissolution in the negative 
sweep is shown in the circle. 
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stated that Ir addition does not stabilise the Pt-Ru/C catalyst. Lower 
dissolution in the Pt-Ru-Ir/C sample could be attributed to the catalyst 
preparation of nanoparticles and thus lower exposure of Pt and Ru site 
on the surface compared to commercial Pt-Ru catalyst. Regardless, this 
will be elaborated on further in the discussion section. Looking at the 
dissolution features, for Pt, two dissolution peaks can be identified 
during cycling. First corresponds to Pt dissolution during Pt oxidation 
until stable PtOx is formed. The second dissolution peak is attributed to a 
reduction of PtOx [48]. Ru and Ir dissolution consists of two separated 
peaks appearing thanks to the oxidation and reduction of the metal. 
Potential cycling to more positive potential (1.5 VRHE) results in more 
distinct featured, doubling of each peak thanks to further oxidation and 
reduction of metals. All these features are well described and in agree-
ment with previous works on noble metal dissolution [44,47–49]. The 
only comparative difference between Pt-Ru and Pt-Ru-Ir samples can be 
seen in a closer look at the Ru dissolution features in a negative sweep, 
where the Pt-Ru-Ir/C sample is missing one peak corresponding to one of 
the oxidation processes. 

4. Discussion 

To identify the role of Ir in Pt-Ru-Ir catalysts, a comparison of cyclic 
voltammogram shapes of single elements (Pt, Ru, Ir) and binary alloys 
(Pt-Ru, Pt-Ir, and Ru-Ir) is discussed first. Single metals (SI, Fig. S14) 
show that Pt is active toward isopropanol oxidation, although the onset 
of oxidation starts at approximately 0.35 VRHE. On the contrary, Ru and 
Ir do not show any catalytic activity. However, previous results on iso-
propanol oxidation using Pt-Ru catalysts showed that the addition of Ru 
leads to the appearance of an additional oxidation peak of isopropanol at 
a potential as low as 0.15 VRHE because of the presence of Pt-Ru active 
sites [20]. The appearance of this oxidation peak at low potential has a 
different explanation for primary and secondary alcohols. In the case of 
primary alcohols, like methanol or 1-propanol, the bifunctional mech-
anism that promotes the oxidation reaction is explained in terms of the 
necessary adsorption of the reagent on Pt sites. In contrast, Ru sites 
provide OH species at lower potentials, which aid the oxidation of 
inhibiting species formed during the dissociative adsorption of the pri-
mary alcohol [17,18]. However, this dissociative adsorption does not 
take place in the case of secondary alcohols, and therefore the promoting 
effect by Ru in this latter case must have a different explanation. In this 
case, a different bifunctional mechanism takes place, in which Ru helps 
to stabilise an O-bound reaction intermediate that lowers the onset po-
tential of the reaction. This stabilisation also takes place in the case of 
primary alcohols. Still, in this case, the reaction is limited by inhibiting 
species from dissociative adsorption. In contrast, in the case of a sec-
ondary alcohol, oxidation is controlled by the adsorption/dehydroge-
nation step of the alcohol [21]. However, this oxidation peak at 
desirably lower overpotentials due to Pt-Ru sites reaching lower current 
density is due to a fast-poisoning effect by acetone (product) or Ru 
oxidation, which leads to its appearance in only a narrow potential 
window [3,20,21]. 

Similar to Ru, previously published results on the activity of iso-
propanol using a Pt-Ir thin-film material library showed that for suffi-
ciently high amounts of Ir (15 – 80 at.%), isopropanol is oxidised already 
at 0.21 VRHE, which can be attributed to Pt-Ir sites. However, current 
densities do not reach the values of the Pt-Ru catalyst [44]. To complete 
the picture of isopropanol oxidation on binary catalysts, Ru-Ir was 
studied, and cyclic voltammograms can be found in Fig. S15. Like Ru 
and Ir single metals, this catalyst did not show any activity underlining 
the essential role of Pt in the electrocatalytic oxidation of isopropanol. 

Based on the previously described trends that arise from binary 
catalysts, adding less oxophilic Ir than Ru into Pt-Ru catalyst could 
enhance oxidation properties of isopropanol oxidation to stabilise 
further O-bond intermediates, improve acetone desorption, or decrease 
Ru oxidation at low potential. However, similar to the previously 
described trends on the Pt-Ru-Ir catalyst for methanol oxidation, the 

onset potential of isopropanol oxidation was also not shifted to lower 
values compared to the Pt-Ru catalyst, meaning no expected stabilisa-
tion of the O-bound intermediate was observed [21,31]. Nevertheless, 
the difference in Ir addition can be seen in the area of cyclic voltam-
mograms right after the oxidation peak attributed to Pt-Ru sites [20]. 
Maximum current density sustained at the same values for a wider po-
tential range compared to Pt-Ru catalyst where current density drops 
due to Ru oxidation [18,20]. As Ir oxophilicity ranges between Pt and Ru 
and the onset potential of isopropanol oxidation on Pt-Ir catalyst alone 
was shifted positively compared to Pt-Ru [44], it is natural to state that 
the Ir role and contribution in Pt-Ru-Ir is creating another peak arising 
from Pt-Ir active sites. Ir seems not to stabilise the already-formed in-
termediate but might create a new reaction pathway with an additional 
intermediate or possibly decrease the deactivation of Ru sites by its 
oxidation. Moreover, as suggested by the beneficial effect of Ir on 
methanol and ethanol oxidation [34,50], Ir could also accelerate the 
activation of the C–H bond and, thus, hasten one of the rate-limiting 
steps in the case of isopropanol oxidation. As can be seen from Fig. 3, 
not all compositions led to the described beneficial effect of Ir addition. 
Only the composition with 2 Pt, 2 Ru, and 3 Ir neighbouring atoms 
(assuming equal atoms distribution) benefits the most from the impact 
of Ir addition and sustains the highest current density attributed to Pt-Ru 
active sites. The same effect was observed for nanoparticles. 

Regarding the stability of the Pt-Ru-Ir catalyst, a study of methanol 
oxidation showed that Ir could increase the durability of catalysts due to 
its relatively high oxidation potential [50]. To test this finding, the 
stability of the Pt-Ru-Ir/C catalyst was compared to commercially 
available Pt-Ru/C to evaluate the Ir stabilisation effect. As neither the 
visual onset potential shift for Pt and Ru dissolution nor a significant 
peak shape difference was observed during the dissolution experiment, 
further analysis will be discussed to safely exclude the proposed option 
of the Ir stabilisation effect. Given the remarkably smaller dissolution of 
Pt-Ru-Ir/C in Fig. 6, a further discussion can elucidate possible reasons 
for differences in total dissolution amounts. Considering the subsequent 
addition of Ru and Ir on top of Pt/C and homogenous deposition during 
Pt1Ru1Ir1.5/C synthesis (a gradual increase of metal loading on carbon 
support), the same amount of Pt-Ru in both prepared catalytic layers 
should also result in the same amount of nanoparticles. This would 
indicate that the decreased dissolution of Pt and Ru in the Pt-Ru-Ir/C 
catalyst is caused by smaller exposure of each element on the nano-
particle surface. 

To see whether the lower Pt and Ru surface coverage in Pt-Ru-Ir/C is 
responsible for the observed lower dissolution rates, dissolution profiles 
were integrated. The obtained amounts were normalised by either the 
exposed geometric surface area of the working electrode or the molar 
fraction of the given element in the catalyst determined by XPS. The 
total dissolution amount recorded during ICP-MS experiments and 
normalised to the exposed geometric surface area can be seen in Fig. 7a 
and b, where the differences between catalysts are still noticeable. By 
normalising these values by surface molar fractions (Pt0.27Ru0.23Ir0.5/C 
or Pt0.5Ru0.5/C, assuming identical bulk and surface composition), 
Fig. 7c and d were obtained. The differences between dissolved amounts 
of Pt and Ru in the two samples completely vanished. Therefore, it can 
be concluded that Ir addition has no stabilisation effect on the Pt-Ru 
catalyst. Expectedly, the higher dissolution in isopropanol presence is 
still visible, which is in line with previous reports and not a direct focus 
of this work. 

Despite neutral results from dissolution studies, the findings that the 
addition of Ir does not influence the onset of Ru and Pt dissolution might 
be correlated to activity results. The addition of Ir also does not shift the 
onset potential of isopropanol oxidation as shown in this work or pre-
vious work stating increased activity for alcohol oxidation but no shift of 
the onset potential of oxidation [31]. This could serve as a guideline in 
activity vs. stability relations for further development of future catalysts. 
However, more comparative studies like this have to be done to confirm 
the robustness of this hypothesis. 
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5. Conclusions 

This work explored the Pt-Ru-Ir catalysts of varying composition for 
a potential future application in the isopropanol fuel cell. The activity of 
isopropanol oxidation with respect to composition was first studied 
using the thin-film materials library. During the screening, Pt1Ru1Ir1.5 
was identified as the most active composition at low potential. The 
addition of Ir resulted in the current density sustaining high in a wider 
potential range after reaching the oxidation peak attributed to Pt-Ru 
active sites compared to a state-of-art catalyst for alcohol oxidation, 
Pt1Ru1. A series of Pt1Ru1Irx/C nanoparticles were synthesised to 
confirm the thin-film model system results. Here, the same composition 
performed the best in both systems, highlighting the transferability of 
trends between the model system and real fuel cell catalyst. The benefit 
of Ir addition on activity and stability during dynamic conditions was 
discussed extensively. As the oxidation of isopropanol starts at the same 
onset potential, we can exclude an option of further stabilisation of O- 
bound intermediates by Ir and instead talk about new active Pt-Ir sites 
creating an additional peak between the two well-described peaks in the 
Pt-Ru catalyst. Dissolution results on the best-performing catalyst 
showed that surface-normalised dissolution was identical to the Pt-Ru 
commercial catalyst, suggesting no stabilisation effect of Ir addition in 
terms of catalyst stability. Thanks to the lower exposure of each metal at 
the surface, their overall dissolution was lower. As the main focus of this 
work was the activity and stability of Pt-Ru-Ir catalysts, in our future 
work, product poisoning, another non-negligible part of catalyst 
improvement, will be explored in the field of alcohol oxidation in the 
prospect of a fuel cell application. 
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Kormányos: Conceptualization, Methodology, Writing – review & 
editing, Supervision. Ioannis Katsounaros: Writing – review & editing. 
Karl J.J. Mayrhofer: Writing – review & editing. Alfred Ludwig: 
Writing – review & editing. Simon Thiele: Writing – review & editing, 
Funding acquisition. Serhiy Cherevko: Conceptualization, Methodol-
ogy, Writing – review & editing, Supervision, Project administration, 
Funding acquisition. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

We acknowledge Markus Bierling for the SEM-EDXS measurements. 

Fig. 7. Dissolved amount calculated from online dissolution measurements of Pt (blue), Ru (red), and Ir (green) in Pt1Ru1Ir1.5/C vs. commercial Pt1Ru1/C nano-
particles by integrating each dissolution feature. Dissolution measurements were attained during two consecutive CVs (0.05 – 1.5 VRHE, 2 mV s− 1) a) in 0.1 M HClO4, 
(b) in 0.1 M HClO4 with surface composition (from XPS) normalised integrated amounts c) in 0.1 M HClO4 and 0.05 M isopropanol, (d) in 0.1 M HClO4 and 0.05 M 
isopropanol with surface composition (from XPS) normalised integrated amounts. 
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[4] H. Hoster, T. Iwasita, H. Baumgärtner, W. Vielstich, Pt–Ru model catalysts for 
anodic methanol oxidation: influence of structure and composition on the 
reactivity, Phys. Chem. Chem. Phys. 3 (2001) 337–346. 

[5] N.V. Long, M. Nogami, Y. Yang, The development of mixture, alloy, and core-shell 
nano-catalysts with the support nano-materials for energy conversion in low 
temperature fuel cells, Nano-Compos. (2013). 
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[18] H.A. Gasteiger, N. Marković, P.N. Ross Jr, E.J. Cairns, Electro-oxidation of small 
organic molecules on well-characterized Pt-Ru alloys, Electrochim. Acta 39 (1994) 
1825–1832. 

[19] J. Mathey, (2023) Performance of liquid fuels in a platinum-ruthenium-catalysed 
polymer electrolyte fuel cell. 

[20] P. Khanipour, F.D. Speck, I. Mangoufis-Giasin, K.J.J. Mayrhofer, S. Cherevko, 
I. Katsounaros, Electrochemical oxidation of isopropanol on platinum–ruthenium 
nanoparticles studied with real-time product and dissolution analytics, ACS Appl. 
Mater. Interfaces 12 (2020) 33670–33678. 
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