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Abstract 

Hydrogen produced by water splitting is a promising solution for a sustained economy from 

renewable energy sources. Proton exchange membrane (PEM) electrolysis is the utmost suitable 

technology for this purpose, although the quest for low cost, highly active and durable catalysts 

is persistent. Here we develop a nanostructured iridium catalyst after electrochemically leaching 

ruthenium from metallic iridium-ruthenium, Ir0.7Ru0.3Ox (EC), and compare its physical and 

electrochemical properties to the thermally treated counterpart: Ir0.7Ru0.3O2 (TT). Ir0.7Ru0.3Ox 

(EC) shows an unparalleled 13-fold higher oxygen evolution reaction (OER) activity compared 

to the Ir0.7Ru0.3O2 (TT). PEM electrolyzer tests at 1 A cm-2 show no increase of cell voltage for 

almost 400 h, proving that Ir0.7Ru0.3Ox (EC) is one of the most efficient anodes so far developed. 
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Introduction 

Substantial effort has been dedicated for scaling up renewable energy production capabilities to 

address the climate issues related to environmental pollution. However, large-scale energy 

storage for balancing the intermittent electricity generated by wind turbines and solar panels is 

still a challenge. Hydrogen generation by proton exchange membrane (PEM) water electrolysis, 

is recently considered as a feasible technology to solve this problem thanks to its rapid response, 

compact design and wide range operation [1,2]. However, high amount of scarce and expensive 

Ir is needed to catalyze the oxygen evolution reaction (OER), hindering the widespread 

commercialization of the PEM technology. Moreover, the OER reaction mostly dominates the 

entire energy losses due to its sluggish kinetics [3,4]. Nevertheless, up to now, the exceptional 

OER properties of Ir- or IrRu- surface have not been fully understood due to its complexity [5].  

Iridium oxide (IrO2), iridium ruthenium oxide (IrRuO2) or the mixture of Ir and Ru oxides (IrO2-

RuO2) have been considered for decades as the state-of-the-art OER catalysts in acid electrolyte 

due to their superior catalytic activity and considerable stability [6–11]. Kötz et al. reported that 

the stability of RuO2 was significantly improved by admixture of IrO2, even small amounts (ca. 

20%) could dramatically reduce the corrosion rate of RuO2. A hypothesis based on the electronic 

band mixing and shift in oxidation potentials was proposed to explain the stabilization 

mechanism [12]. It was suggested that the electrons available on IrO2 sites are simultaneously 

shared with RuO2 sites, thus preventing Ru from being oxidized to RuO4, which  was identified 

as the main corrosion product of Ru during the O2 evolution in acidic media [12,13]. 

In recent years, highly active electrochemically oxidized OER catalysts have been explored 

[10,14,15]. Markovic and coworkers reported an inverse relationship between activity and 
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stability through investigating monometallic and bimetallic Ir- and Ru- oxides [16,17]. 

Specifically, electrochemically oxidized IrOx and RuOx always showed higher activity than the 

thermally treated IrO2 and RuO2, but less stability. The same phenomenon was observed by Kim 

et al. on RuOx deposited on a Ti substrate [18]. Cherevko et al. compared the metallic Ir and IrOx 

deposited on a Ti substrate treated under different temperatures from 250 °C to 550 °C. Metallic 

Ir showed the highest dissolution rate but not the highest OER activity [19]. The IrRu oxide 

developed by employing Ir surface segregation showed a four-times improved stability while 

keeping the same activity as the best commercial Ru-Ir alloy anode catalysts. It was attributed to 

the formation of a nano-segregated Ir-domain that balance the stability and activity of surface 

atoms [17]. Even though the large amount of efforts on investigating IrO2-RuO2 systems since 

1980s, there are no reports so far on electrochemical properties of nanostructured metallic Ir-Ru 

and the effect of leaching Ru from this system. In this context, Seitz et al. have recently 

developed a highly active and stable IrOx/SrIrO3 OER catalyst by strontium leaching from SrIrO3 

thin film [20]. 

In this study, we report a novel electrochemically oxidized electrocatalyst derived from Ru 

leaching in Ir0.7Ru0.3 metal nanoparticles, Ir0.7Ru0.3Ox (EC), for PEM electrolyzers, which shows 

superior activity and increased cell efficiency during ca. 400 h electrolyzer stack operation. The 

dissolution of unstable Ru led to an unparalleled OER activity of the remaining Ir-rich 

electrocatalyst compared to the classic thermally treated Ir0.7Ru0.3O2 (TT). The enrichment with 

Ir was confirmed by ultra-high vacuum X-ray photoelectron spectroscopy (UHV-XPS), 

transmission electron microscopy (TEM) and energy-dispersive X-ray spectroscopy (EDS) on 

post-mortem membrane electrode assemblies (MEAs). By applying Near-Ambient Pressure X-

ray Photoelectron Spectroscopy (NAP-XPS) we show that during the OER Ru in Ir0.7Ru0.3Ox 
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(EC) transforms into unstable Ru(OH)x, which is prone to leaching, contrary to the thermally 

treated Ir0.7Ru0.3O2 (TT), where Ir stabilizes Ru in a rutile RuO2 oxide [21]. 

Results and discussions 

Pristine Ir0.7Ru0.3 nano-particles (Ir0.7Ru0.3–pristine) were prepared by direct reduction of Ir and 

Ru salts under the protection of capping agent in water-free environment (for details see SI). 

Electrochemically oxidized state, Ir0.7Ru0.3Ox (EC), was achieved either by potential cycling in 

the case of RDE measurements in liquid electrolyte or by holding potential at 1.4 V for 1 h in the 

case of PEM-electrolysis. Previously reported typical thermal treatment protocol [9,22,23], 

490 °C in air for 30 min, was applied to obtain Ir0.7Ru0.3O2 (TT), in order to compare with the 

state-of-the-art OER catalysts. 

Physical characterization of catalyst powders 

Figure 1 (a, c) shows the TEM and scanning TEM (STEM) images of Ir0.7Ru0.3-pristine. A 

uniform particle dispersion was observed with a mean particle size of ca. 1.5 nm. EDS analysis 

(Figure S2, see SI) revealed an irregular Ru fraction throughout the sample, between 5 wt.% and 

50 wt.%, which indicates that Ir and Ru atoms are non-uniformly distributed on the nano-scale 

before either EC or TT process. The inhomogeneity of the Ir/Ru distribution was further 

confirmed by STEM. For example, the STEM image of Figure 1c only comprises Ir particles, 

with ca. 2 nm particle size. Carbon and IrCl3 impurities arising from residual surfactant and 

precursor were also observed in as-prepared Ir0.7Ru0.3Ox (EC) sample (Figure S2, see SI). TEM 

and EDS performed after the EC oxidation under 1.4 V for 1 h (Figure S2 (b), see SI) show 

partial oxidation of metal nanoparticles accompanied by the particle size growth (up to ca. 3.9 

nm). On the other hand, Ir/Ru ratio became more uniform with Ru fraction between 0.2 and 0.4 
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and impurities (C and IrCl3) disappeared. The corresponding TEM and STEM images of 

Ir0.7Ru0.3O2 (TT) are shown in Figure 1 (b, d), where larger particles ranging from 3 nm to 9 nm 

can be observed. By analyzing the live Fast Fourier Transformation (FFT) based on STEM 

image, the distances between the crystallographic planes have been determined, 2.577 Å and 

3.131 Å respectively, further been discerned as (101) and (110) lattice plane distance of a rutile 

phase, which we attribute to a phase of mixed IrRu dioxide considering the results of the EDS 

analysis on the homogeneous Ir and Ru distribution. It implies that the as-prepared powder was 

well crystallized and its atom composition became homogeneous on the nano-scale after the 

thermal treatment process [21]. 

Figure S3 (a) shows the XRD spectrum of Ir0.7Ru0.3-pristine. Broad diffraction peaks imply a 

catalyst particle size at the nano-scale, similar as the IrOx-Ir catalyst reported previously [15]. In 

addition, chloride impurities were detected in agreement with XPS (Figure S5). The spectrum of 

Ir0.7Ru0.3O2 (TT) is shown in Figure S3 (b). The sharp diffraction peaks provide evidence for the 

formation of a rutile Ir(Ru)O2, while neither IrCl3 nor RuCl3 impurities were observed after 490 

oC annealing for half an hour in air, again in agreement with XPS analysis.  

The results of XPS measurements for Ir0.7Ru0.3-pristine and subjected to Ar+ sputtering are 

depicted in Figure S4 and S5 (supporting information). According to the XPS depth profile 

analysis thin IrO2 and RuO2 surface layers are observed which encapsulate a core consisting of 

metallic Ir and Ru in the pristine powder. This is also confirmed by the atomic concentration of 

oxygen, which sharply decreased after 10 s Ar+ sputtering. Moreover, for the pristine sample no 

element (neither Ir nor Ru) segregation was observed, yielding a constant atomic ratio Ir/Ru of 2, 

close to the value of the stoichiometric ratio. Insignificant surface enrichment was found 

previously in the oxide prepared by reactive sputtering without any further thermal treatment 
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[24]. XPS data including depth profiling for the Ir0.7Ru0.3O2 (TT) suggest high oxygen 

concentration in the sample, confirming complete transformation of metallic Ru and most of Ir in 

respective oxides during the thermal treatment. The observed sift of the Ir4f peaks to lower 

binding energies during the Ar+ sputtering (Figure S5)  is indicative of the presence of some 

metal Ir in the particle cores. Note however that Ar+ sputtering itself may induce oxide 

decomposition. In addition, a strong Ir surface segregation was observed during the Ar+ spurring 

according to the component depth profile analysis with an atomic Ir/Ru surface ratio up to 4.5 

(Figure S5, see SI). A similar phenomenon was also reported in the literature when the catalysts 

were prepared by thermal deposition and afterwards annealed in the temperature range of 400-

450 °C for 1-3 hours [24–27]. 

RDE measurements 

Both Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 (TT) were characterized by rotating disc electrode (RDE), 

10 cycles of cyclic voltammetry (CV) between 0 and 1.6 V vs. RHE were used as EC protocol 

(Figure S7, see SI) for both catalysts, 1.6 V was applied as upper potential limit based on two 

considerations: i) strong oxygen evolution and Ru dissolution have already occurred up to this 

potential [17,28] and ii) higher potential could lead to a GC-RDE damage due to the carbon 

oxidation. Mass activity changes between EC and TT are shown in Figure S7 (see SI). It is 

observed that after a few potential cycles up to 1.6 V the Ir0.7Ru0.3Ox (EC) sample was stabilized 

(apparently by leaching significant proportion of Ru out of the catalysts as confirmed by TEM, 

EDS and ex situ XPS) and reached a steady state showing an insignificant mass activity change 

during subsequent operation. Post-EC protocol (figure S7, see SI) was carried out to confirm the 

stabilized particle surface of Ir0.7Ru0.3Ox (EC), OER activity and CVs were recorded for 

comparison. From figure S7 (see SI), stable mass OER activities after post-EC protocol and 
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overlapped CVs on different cycles strongly imply that both EC and TT sample have a stable 

particle surface. The Ir0.7Ru0.3Ox (EC) was apparently. Therefore, 2nd cycles after the EC-

protocol were selected for the OER mass activity comparison and the results are shown in Figure 

2 (a) for samples Ir0.7Ru0.3Ox (EC), Ir0.7Ru0.3O2 (TT) and IrOx (EC), which is our previously 

published catalyst with superior activity [15]. Among these 3 catalysts, Ir0.7Ru0.3Ox (EC) showed 

the best OER performance, much higher than Ir0.7Ru0.3O2 (TT), while IrOx (EC) is in the position 

between Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 (TT). After stabilization, Tafel plots of Ir0.7Ru0.3Ox 

(EC) and Ir0.7Ru0.3O2 (TT) are 39.7 mV dec-1 and 60.4 mV dec-1 respectively, show in insets of 

Figure 2(a), thus demonstrating the superior electrocatalytic activity of Ir0.7Ru0.3Ox (EC) relative 

to the Ir0.7Ru0.3O2 (TT). Figure 2(b) compares the mass activity of EC and TT samples for an 

overpotential of 250 mV. Ir0.7Ru0.3Ox (EC) shows ca. 13 times higher activity than Ir0.7Ru0.3O2 

(TT), while still 6 times higher than IrOx (EC), our benchmark catalyst. Moreover, Ir0.7Ru0.3Ox 

(EC) showed lower overpotentials under current densities of either 0.1 mA cm-2 or 5 mA cm-2 

than Ir0.7Ru0.3O2 (TT), 195.5 mV and 268.7 mV respectively, while 238 mV and 336 mV 

respectively for Ir0.7Ru0.3O2 (TT) in the same condition (Figure S9, see SI). The difference 

between overpotentials of Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 (TT) increased with the current 

density, even though they showed similar onset potentials of 1.398 V and 1.410 V vs. RHE, 

respectively (Figure S10, see SI). In addition, RuOx (EC) was also added in figure 2(a) for 

comparison, it shows the lowest overpotential for catalyzing OER, but is rather unstable with an 

activity peak at 1.491 V vs. RHE, which apparently results from Ru corrosion [28]. The activity 

peak position is slightly lower than the one reported by Reier et al. [29]. For higher potentials 

this catalyst cannot compete with Ir-based electrocatalysts due to its decreasing activity. For 

tracking the changes of the catalyst surface, CVs during the EC-protocol on both Ir0.7Ru0.3Ox (EC) 
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and Ir0.7Ru0.3O2 (TT) were recorded and are shown in Figure 2 (c) and (d) respectively. While for 

the Ir0.7Ru0.3O2 (TT) sample scans 2 and 10 coincide suggesting stability of the surface against 

Ru dissolution during the electrochemical protocol, significant differences were observed 

between scan 2 and scan 10 of the Ir0.7Ru0.3Ox (EC) below 0.3 vs. RHE demonstrating surface 

changes. The cathodic peak, which has been attributed in the literature either to the atomic 

hydrogen absorption into the catalyst lattice and grain boundaries [8,30], or to hydrogen 

evolution on RuO2 [31], almost disappeared after the EC protocol in scan 10, indicating that: i) 

Ru was leached out from the surface of Ir0.7Ru0.3Ox (EC) sample into electrolyte solution; ii) 

surface metallic Ir phase was oxidized to IrOx. Due to the low Ru/Ir ratio in the Ir0.7Ru0.3Ox (EC) 

catalyst and surface IrOx formation, a suppression of the hydrogen absorption and evolution can 

be expected [8]. In addition, the Ir0.7Ru0.3Ox (EC) sample exhibits an apparent larger capacitance 

than the TT, which in general reflects the electrode capacity for charge accumulation at the 

electrode/electrolyte interface [8]. This difference can be explained by the particle size difference 

between the EC and TT, leading to a higher electrode/electrolyte interface in the case of 

Ir0.7Ru0.3Ox (EC). 

XPS analysis of electrode samples 

In order to investigate the long term stability of Ru components under water electrolysis 

conditions, membrane electrode assemblies (MEAs) were prepared by using both materials, 

Ir0.7Ru0.3Ox EC and TT, as anode catalysts, followed by an electrochemical activation for 1 h at 

1.4V and operation of 18 h at 1.6 V, which is in line with the upper potential limit of RDE 

measurements to simplify comparison. Post mortem analysis by using TEM and UHV-XPS were 

carried out afterwards and compared with the as-prepared electrodes. EDS analysis coupled with 

TEM in Figure S13 (see SI) indicates drop of the Ru contribution below the detection limit of ca. 
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10% after 18 h water electrolysis at 1.6V in the Ir0.7Ru0.3Ox (EC) electrode while the Ir0.7Ru0.3O2 

(TT) electrode showed a similar Ir/Ru ratio before and after operation. This outcome is in 

agreement with the XPS depth profiles depicted in Figure 3. While in the EC sample before 

operation the Ir/Ru ratio is around 2,  after 18h at 1.6 V it increases up to 8 for >50s sputtering 

(see Figure 3a), i.e. a leaching of approximately 85% of Ru upon operation of the EC sample is 

unambiguously observed. The decreased Ir/Ru ratio for sputter times <50s indicates a slightly 

increased Ru concentration at the surface compared to bulk due to the segregation process.   

In the case of the TT sample (Figure 3b) the Ir/Ru ratios are similar before and after operation. 

While in the as-prepared sample an increased Ir surface concentration is observed, the sample 

after operation is even more homogeneous with an almost constant Ir/Ru ratio of 2-3.  

The depth profiles in Figure 3(c) and (d) show the Ir-oxide percentage in the entire amount of the 

Ir signal before and after electrolysis operation of the EC and TT samples, respectively. 

Apparently, the percentage of Ir-oxide does not change in the EC sample after operation. In both 

cases, an oxide dominated surface layer is observed. After sputtering times >100s the oxide 

fraction decreases below 10%. 

In the TT sample the fraction of Ir-oxide is substantially higher than in the EC sample and, for 

long sputter times, increases from 20% to 30% after operation. Moreover, the surface Ir-oxide 

dominated layer is much thicker in the EC sample than in the TT material. Specifically, 10 times 

longer sputter times are needed for the TT sample compared to the EC sample to reduce the Ir-

oxide fraction to values <50%. 

These results are evidence that RuO2 in the Ir0.7Ru0.3O2 (TT) is significantly stable than in the EC 

sample since it is stabilized by the presence of IrO2. It implies that the oxide form of Ir is very 
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crucial for the Ru stabilization as recently reported [21]. Less IrOx in the EC sample leads to the 

fast Ru dissolution. NAP-XPS in operando measurements (See SI) suggest that until the 

Ir0.7Ru0.3Ox (EC) sample is stabilized, Ru under the OER conditions is transformed into an 

unstable Ru(IV) hydroxide, which is prone to dissolution. The situation is different for the 

Ir0.7Ru0.3O2 (TT), where Ir oxide stabilizes Ru in the form of rutile RuO2, which is much more 

resistant against corrosion. Note also that RuO4, which we consider as the OER intermediate [21], 

was detected on the surface of both EC and TT samples, being stabilized in the latter by the 

interaction with the underlying Ru(Ir)O2.  

Electrolyzer measurements 

Figure 4 (a) depicts the electrochemical characterization of the 2-cell stack by employing 

Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 (TT) as anodes respectively. It demonstrated the cell 

performance difference after one day activation running at 80 °C. As we can see, the cell with 

TT anode shows apparently higher potential, up to 45 mV at maximum, relative to the one using 

EC under the same current density. In order to confirm the contribution of Ir0.7Ru0.3Ox (EC) for 

the improved cell performance, electrochemical impedance spectroscopy (EIS) was performed to 

exclude possible falsifications due to assembling, ohmic resistances and mass transport 

limitations, and the results are shown in Figure S14 (see SI). Analyzing the EIS results by using 

an equivalent circuit shown in Figure S14, which consists of one ohmic and three R-CPE 

elements simulating the time depending reaction in the electrode, charge transfer and mass 

transport respectively [32–35], enables to separate the charge transfer resistances and to compare 

the influence of both catalysts on the cell performance. Indeed, the cell containing Ir0.7Ru0.3Ox 

(EC) shows a higher ohmic resistance, 25.8 mΩ cm², which affects the cell performance 

negatively, especially at high current densities. The mass transport limitations are insignificant in 
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both cells. Assuming that in the measured range of current density all measured impedances 

except of the charge transfer one are constant, it is possible to plot the charge transfer 

overpotentials as shown in the inset of figure 4 (a). It shows a similar parallel potential shift as 

the cell characteristic, evidently indicating the better intrinsic catalysis properties of Ir0.7Ru0.3Ox 

(EC) compared with Ir0.7Ru0.3O2 (TT). 

Catalyst stability was evaluated by long-term electrolyzer operation test. Figure 4 (b) depicts the 

cell potential changes during ca. 400 h constant running under a current density of 1 A cm-2 at 

80°C. Both cells showed considerable stability but divergent durability behaviors during 

measurement time. Ir0.7Ru0.3O2 (TT) shows a constant cell potential increase, 43 µV h-1, which is 

consistent with previous research [8,9]. Interestingly, the potential of Ir0.7Ru0.3Ox (EC) is 

continuously decreasing during the test, -81 µV h-1, and consequently the cell efficiency is 

increasing. This can be explained by two possible reasons: i) either membrane thinning due to 

radical attack [36]; or ii) an increase of the number of catalytically active sites. The most 

plausible interpretation is that the fast dissolution of Ru leads to surface roughening and thus 

increase in the number of active sites [16,17,37]. For a reliable conclusion on degradation effects 

of these materials, further investigation is required, which is ongoing. On the other hand, it is 

worth to mention that the dissolved Ru ions can be recovered by using ion exchange resin, which 

offers the possibility for Ru recycling in industry level. 

In addition, from a fundamental perspective, three mechanisms have been recently proposed to 

explain the high OER activity of the similar Ir based catalysts: 1) Pfeifer et al. show the OI- 

species formation on the amorphous IrOx surface, which is extremely electrophilic and plays a 

critical role for the high OER activity by promoting O-O bond formation during OER process 

[38,39]; 2) Reier et al. prepared a series of thermally treated Ir-Ni oxides and observed an 
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exceptional OER activity after Ni leaching under OER condition compared to pure Ir oxide, the 

superior activity was attributed to the formation of reactive surface hydroxyls, which showed a 

reduced binding to the oxide lattice and was assumed to act as reactive surface intermediates on 

active sites of the catalytic process [40]; 3) a IrOx/IrSrO3 thin film derived from IrSrO3 

perovskite phase by strontium leaching was developed by Seitz et al. [20], also demonstrated an 

excellent OER activity in acid electrolyte, density functional theory (DFT) calculations suggest 

the IrO3 or anatase IrO2 motifs formation on the surface, which is considered to be highly active 

for OER [41]. In our case, the unprecedented OER activity of Ir0.7Ru0.3Ox (EC) results from Ru 

leaching and the formation of an amorphous Ir oxide/hydroxide layer with low coordinates sites. 

Therefore, both the surface OI- formation and surface hydroxyls formation are plausible 

explanations for a superior activity in our case and may be even descriptors of the same species. 

However, IrO3 or anatase IrO2 motifs formations are not considered as probable phase because 

Ir0.7Ru0.3Ox (EC) does not appear as the perovskite phase and thermally oxidized catalyst 

generally yields lower activity. Further in operando measurements and fine structure 

spectroscopy techniques are required for validating this hypothesis. 

Conclusion 

In this study we report a highly active electrochemically oxidized Ir0.7Ru0.3Ox (EC) OER catalyst 

for PEM electrolyzer anodes. Ru component in Ir0.7Ru0.3Ox (EC) is highly unstable in the initial 

catalysis stage. However, after Ru leaching process, Ir0.7Ru0.3Ox (EC) shows ca. 13- and 6- fold 

higher OER activity than Ir0.7Ru0.3O2 (TT) and our previously reported benchmark IrOx-Ir, 

respectively. The surface OI- species and surface hydroxyls formation, which are highly active 

for catalyzing OER, are assumed to mainly contribute to the boosted OER activity [38–40]. The 
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durability of Ir0.7Ru0.3Ox (EC) was tested by ca. 400 h electrolyzer measurements, showing no 

cell potential increasing during this time and constantly improved cell efficiency. 
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Figure 1 TEM (upper panels) and STEM (bottom panels) images of Ir0.7Ru0.3-pristine (a,c) and 
Ir0.7Ru0.3O2 (TT) (b,d), insets of panel (a) and (b) are FFT of the selected area of corresponding 

catalyst particles. 
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Figure 2  (a) Oxygen evolution reaction (OER) activities comparison among Ir0.7Ru0.3Ox (EC), 
IrOx (EC) and Ir0.7Ru0.3O2 (TT) after EC protocol, blue dashed line showed the initial OER 

activity of RuOx (EC) out of CV cycle 2 (inset: tafel slope of  Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 
(TT)), N2-saturated 0.05 M H2SO4, 25 °C, rotating rate: 1600 rpm, scanning rate:  5 mV s-1; (b) 

Mass activity comparison with an overpotential of 250 mV between Ir0.7Ru0.3Ox (EC) and 
Ir0.7Ru0.3O2 (TT); (c) Cyclic voltammetry curves of  (c) Ir0.7Ru0.3Ox (EC) sample and (d) 

Ir0.7Ru0.3O2 (TT) sample between cycle 2 and cycle 10, scanning rate: 20 mV s-1. 
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Figure 3 ex situ XPS analysis of Ir0.7Ru0.3Ox (EC) and Ir0.7Ru0.3O2 (TT) anodes before and after 
electrolysis operation for 18h at 1.6 V: Ir/Ru atomic ration versus sputter time of the sample EC 

(a) and TT (b); (b) Ir/Ru atomic ration versus sputter time of the TT sample; Ir-oxide content 
relative to overall Ir versus sputter time for the sample EC (c) and TT (d). The inset of (d) shows 

fitted Ir metal and oxide XPS peaks (B.E.=Binding Energy) used for the quantification of Ir-
oxide in (c) and (d). 
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Figure 4 (a) 25 cm2 PEM electrolyzer tests in a 2-cell stack having MEAs with Ir0.7Ru0.3Ox (EC) 

and Ir0.7Ru0.3O2 (TT) anodes, 1 mg of powder cm-2. Cathode catalyst, 40 wt.% Pt/C, 0.4 mg Pt 
cm-2; Nafion®212; 1 bar, 80 °C; (b) 400 hour durability test under a constant current density of 1 
A cm-2; inset of panel (a) shows the overpotentials only representing the charge transfer for EC 

and TT. 
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