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A B S T R A C T

Under the background of renewable hydrogen generation through proton exchange membrane water electrolysis, 
here we report highly efficient and stable iridium (Ir) and ruthenium (Ru) alloy based electrocatalysts for the 
acidic OER. The electrocatalysts were synthesized by a facile microwave-assisted sodium borohydride (MW- 
NaBH4) reduction method with 98 % reaction conversion efficiency. The ultrafine IrRu alloy nanoparticles have 
shown transfer of electron from Ru to Ir and d-band structure modification. Benefiting from the electron transfer 
between the active metals, the synthesized electrocatalysts have exhibited superior OER performance in acidic 
electrolyte. Among the combinations, the Ir-Ru (30:70) demonstrated mass activity as high as 481 A g− 1 and 
requiring overpotential of 270 mV to deliver a current density of 10 mA cm− 2, better performance compared to 
other synthesized and commercial electrocatalyst. Further, Ir-Ru (50:50) have exhibited the best OER perfor
mance of 425 A g− 1 mass activity, double to that of commercial IrO2 and retained around 50 % of their initial 
current density (IrO2 remains only 31 %) in long-term AST tests. Based on the solution electrochemical per
formance such as low overpotential (310 mV vs. 330 for IrO2), high mass activity and long-term stability the Ir- 
Ru (50:50) alloy combination can be considered a promising electrocatalyst for PEMWE applications.

1. Introduction

Hydrogen is a fundamental energy carrier and guaranteed as one of 
the imperative sustainable energy sources and feedstock in modern so
cieties. Industries and other energy sectors are dependent on blue 
hydrogen from natural gas generating carbon emission into the envi
ronment. Carbon emissions can be avoided, if hydrogen is produced 
through renewable water electrolysis [1–3] such as alkaline electrolysis 
[4], solid oxide electrolysis [5] and proton exchange membranes water 
electrolysis (PEMWE) [6–10]. Among the options, PEMWE is the most 
promising technology due to its advantages of flexible operating power 
conditions, high power density, and hydrogen purity [10] Nevertheless, 
PEMWE components are highly expensive and scarce, moreover the 
acidic operating condition of the oxygen evolution reaction (OER) at 
anode can threaten the future commercial implementation of this 
technology [11]. Modern PEMWE anodes utilizes Ir around 2 mg cm− 2 

while the Department of Energy of the United States defined a target of 
less than 0.125 mg cm− 2 of Ir at anode by 2031. Ir is one of the rarest 

elements on earth which the European Commission has placed on its 
critical raw material list [12]. Ir can be extracted as a byproduct of Pt 
and Pd refinery, so its volume is highly dependent on Pt demand 
[13,14]. Further, Ir natural resources are unbalanced with major res
ervoirs originating from South African and Russia [15,16]. Given the 
state-of-the-art quantity of 2 mg cm− 2, the PEMWE technology at an 
extent of multiple GW yearly would need all the global Ir reserves 
[14,17]. In addition to the Ir scarcity and cost, other components such as 
Ti plates and PFSA membranes also contribute to the total cost of 
PEMWE technology.

An economic and efficient anode electrocatalyst layer is an essential 
objective for the commercial implementation of the PEMWE technology 
[14,18,19]. This can be achieved by either sustainable recycling [20,21]
or lowering the Ir content with an excellent increase in the electro
catalytic activities. Generally, there are two approaches to design and 
develop efficient anode electrocatalysts: (i) electrocatalysts with higher 
electrochemically active surface area and (ii) electrocatalysts with 
higher specific activities. In the first method smaller Ir nanoparticles (Ir- 
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NPs) are developed carrying maximum exposed surface with respect to 
the mass. They are usually dispersed on conductive support which 
provide stable anchoring and electronic contact under operation. It has 
been observed that the supported electrocatalysts show better Ir-NPs 
dispersion, lower agglomeration and higher efficiency with maximum 
utilization of the active sites and reduced Ir loading [22–24]. However, 
identifying and implementing suitable conducting support materials is a 
challenge [22,24]. The second approach is the modification of the 
electrocatalytic active phase of the Ir that would increase the intrinsic 
activity. This approach is most commonly alloying Ir with other metal 
atoms (such as Ru, Pt, Ni, Pd) which generates structural as well as 
electronic modification [25–28].

Iridium and iridium oxides (Ir-IrOx) are the most selected acidic OER 
electrocatalysts so far presenting the suitable activity and long-term 
stability [29–31]. Furthermore, ruthenium and ruthenium oxides (Ru- 
RuOx) are also considered as one of the excellent acidic OER materials 
due to their high electrocatalytic activity. However, the long-term sta
bility of Ru-RuOx under acidic OER is less satisfactory. To develop a 
trade-off between activity and stability many methods have been 
explored to produce mixed element materials based on Ir and Ru com
ponents. Bimetallic Ir and Ru oxides (IrxRu1-xO2) with different com
positions are generated to achieved superior OER electrocatalytic 
performance both activity and long-term stability in comparison to the 
IrOx and RuOx individual electrocatalysts [32,33]. It is reported in the 
literature that core–shell structures (Ru@IrOx, IrRu@Ir) can prevent the 
oxidation and dissolution of Ru during the OER process; however, the 
electrocatalytic active decreases [34–36]. On the other hand, hetero
geneous structures were synthesized such as IrRu@WO3 for high OER 
activity and stability [37]. Kim et al. have reported trimetallic structures 
composed of Ir, Ru and Os (Ir0.75Ru0.25Os3, Ir0.5Ru0.5Os3, 
Ir0.25Ru0.75Os3) in different compositions and were identified better 
OER electrocatalysts that their bimetallic counter parts (Ir1Os3, Ru1Os3) 
[38]. Qin et al. have reported 1D monoclinic Ir and Ru oxide solution 
(m-Ir0.91Ru0.09O2-δ) that demonstrated OER overpotential up to 180 mV 
at 10 mA cm− 2 and superior long-term stability in the PEM electrolyzer 
setup for 256 h at 1.8 V [39]. Bertheussen et al. have synthesized IrRu 
supported on antimony-doped tin oxide (ATO) using solvothermal flow. 
The supported electrocatalysts synthesized in the presence of Ni have 
exhibited OER activity up to 360 mA mgPGM

− 1 at 1.5 V which is 7 times 
higher than the activity of commercial IrOx benchmark and two times 
higher than synthesized IrRu/ATO without Ni [40]. All these materials 
presented high OER activity due to electronic structure modification and 
improved active site distribution [41]. Nearly all procedures developing 
IrRu-based materials for OER are complicated chemical processes, time 
consuming chemicals reactions, convective type heating methods with 
low product yield or extra high temperature calcinations which is not 
scalable. Importantly, the electrocatalysts obtained are mostly IrRuOx 
and not the elemental IrRu composition which is sometimes compro
mising the intrinsic active sites and the desired electronic structure 
modification. Thus, there is an extensive need to develop new synthesis 
protocols that are facile and can generate efficient and stable IrRu 
electrocatalysts with a strong alliance between stability and activity 
with high yield and conversion efficiency.

Herein, we carried batch synthesis of narrow size Ir-Ru alloy elec
trocatalysts for acidic OER through microwave-assisted NaBH4 (MW- 
NaBH4) reduction method. Microwave heating has the advantages of 
fast reaction time, product yield and quality, good particles nucleation, 
efficient nano-crystallization and morphology control over the 
convective-type heating [24,42]. The electrocatalysts were synthesized 
in maximum yield and in different proportions of the constitutes to 
investigate the effect of structure change in connection with the per
formance of the IrRu-based materials. The synthesized materials in 
different Ir and Ru proportions were screened for their OER performance 
in acidic solution. A trade-off between activity and stability was iden
tified as the Ir-Ru (30:70) showed high activity while Ir-Ru (70:30) 
showed high long term-stability.

2. Experimental

2.1. Chemicals

Ammonium hexachloroiridate(VI) ((NH4)2IrCl6; Sigma-Aldrich), 
ruthenium(III) chloride hydrate (RuCl3⋅xH2O; Sigma-Aldrich), sodium 
borohydride (NaBH4; 98 %, Sigma-Aldrich), ultrapure water (milliQ; 
resistivity > 18.2 MΩ cm) and perchloric acid (HClO4; 70 % Suprapur®; 
Sigma-Aldrich) for preparing the electrolyte were used without further 
treatments.

2.2. Synthesis

The electrocatalysts in different proportions of Ir and Ru were syn
thesized by NaBH4 reduction method under the microwaves (MWs) 
[24,43]. Representative synthesis of Ir0.5Ru0.5 was processed by dis
solving RuCl3⋅xH2O in 30 mL distilled water to a concentration of 5 
mmol L− 1 in 100 mL round bottom flask. The reaction assembly, 100 mL 
flask connected to a cooling condenser, was fixed inside a CEM Dis
covery SP MW® synthesizer. Each reaction was tried for 30 mg theo
retical quantity of IrRu alloy at maximum power of 200 W and at 
temperature of 100 ◦C under magnetic stirring. To trigger base Ru nuclei 
growth, 1.5 mL of NaBH4 solution (0.75 mmol L− 1) was injected drop
wise into the reaction flask. To the Ru base nuclei, solution of 
(NH4)2IrCl6 (15.6 mL of 5 mmol L) was added into the reaction flask 
followed by immediate injection of the NaBH4 solution (2.5 mL), Fig. 1. 
A camera visualized solution was suddenly changed to dark black, and 
precipitate had appeared showing the growth of IrRu NPs. The MW re
action was completed in 8 min and the mixture was air-cooled to room 
temperature to prevent particles agglomeration. The IrRu alloy NPs are 
collected from the mother liquid at 5000 rpm for 5 min centrifugation. 
The collected product was washed several times with ultrapure water 
and dried in an oven overnight. The same procedure was repeated for 
the synthesis of other electrocatalysts combinations (Table 1). The 
following equation was used to determine the reaction conversion effi
ciency in percent: ηc =

Ci − Cf
Ci

× 100, where ηc is the reaction conversion 
efficiency, Ci and Cf are the initial and final concentration of the re
actants (Ir and Ru) in the initial solutions and in the final supernatant. 
The Ci and Cf were determined using a portable X-ray fluorescence 
spectrometer (XRF: Thermo Scientific Niton XL3t GOLDD+). The syn
thesized alloyed NPs are formulated as Ir-Ru (X:Y) (X and Y are the 
percent weight fractions of Ir and Ru) while the reference material from 
Alfa Aesar is labeled as IrO2 AA.

2.3. Characterizations

Powder X-ray diffraction (PXRD) analysis of the synthesized IrRu 
electrocatalysts was performed on Rigaku Miniflex 600 X-ray diffrac
tometer. The instrument was operated at a scan of 5◦ min− 1 and step size 
of 0.02◦ having Cu Kα X-ray tube (λ = 1.5418 Å).

Spherical hemisphere Specs® XPS instrument was used to perform 
the surface oxidation state analysis of the samples. The X-ray tube was 
Mg Kα (1253.6 eV) and the emitted electron from the sample entering 
the lens detector were recorded at 90◦. All the spectra were calibrated 
with reference to C 1s 284.7 eV. CasaXPS was used to fit the data with 
Shirley type background and Gaussian/Lorentzian asymmetric peak 
envelope of 30 % Lorentzian character. Peak fittings of O 1s, Ir and Ru 
characteristics peaks were carried out according to the reported refer
ence work [44,45]. Constrains on peak intensity were applied according 
to the equation 2j + 1 (for Ir 4f, j = 7/2 and j = 5/2). The full width at 
half maximum (FWHM) was selected in the range from 0.7 to 2 eV for 
better resolution and transmission with 25 eV constant intensity 
transmission.

JEOL-JEM 2000 transmission electron microscopy (TEM) was used 
for particle size and distribution analysis. The TEM machine was 
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equipped with thermionic source and operated at 200 kV. The TEM 
particle sizes of the electrocatalysts were determined from the mean 
diameter of 50–200 visible particles.

The XRF measurements were carried out, according to the reference 
procedure reported [46], to determine the metal content in the thin 
electrocatalyst layer deposited on glassy carbon electrode before elec
trochemical tests.

2.4. Electrochemical tests

The electrocatalysts ink was prepared by ultrasound dispersing 10 
mg of the sample in 5 mL of the Nafion stock solution (1.84 vol% of 5 wt 
% Nafion-D521; IonPower, 20 vol% of 2-propanol, and 78.16 vol% of 
milli-Q® water). 10 µL of the ink (around 0.1 mg cm− 2 theoretical metal 
content) was dropped on rotating disk glassy carbon electrode (RD-GCE: 
0.196 cm2) and was dried at 700 rpm. After drying the metal content in 
the electrocatalyst layer (EL) was determined using portable XRF stan
dard procedures. The cell assembly consisted of RD-GEC|EL as the 
working electrode, Pt wire as the counter electrode and Ag/AgCl (sat. 
KCl) as the reference electrode. The reference electrode potential was 
converted to the reversible hydrogen electrode (RHE) potential. Zah
nerIM6e workstation was used to conduct electrochemical measure
ments [47]. First, the working electrode was exposed to 20 cyclic 
voltammetry (CV) cycles in acid electrolyte (0.1 mol L− 1 HClO4 solu
tion) from 1 to 1.7 V vs. RHE (100 mV s− 1) at 1600 rpm for initial 
activation. Then, the oxygen evolution reaction tests were conducted, 
and the hydrodynamic polarization curves were recorded in the poten
tial window of 1–1.65 V vs. RHE (10 mV s− 1) at 1600 rpm. The potential 
was iR compensated with 2 Ω, equivalent to 70 % of the open circuit 
potential resistance. The experimental currents were normalized with 
the working electrode surface area to get the current density (Jgeo: mA 
cm− 2). The OER onset potentials (Eonset) were obtained from the joining 
points of two tangents: one drawn from the base and other drawn from 

the faradic region of the curve. The overpotentials (Eover) were calcu
lated at 10 mA cm− 2. The mass activities (Jm: A g− 1) were obtained by 
dividing the OER current with mass of the Ir-Ru content on RD-GCE. 
Standard accelerated stress test (AST) protocol [48] was used to 
monitor the long-term stability of the electrocatalysts.

3. Results and discussions

3.1. Yield of the reactions (ηc)

The concentration of the unreacted precursor content (Ir4+, Ru3+) 
after each reaction completion was systematically monitored via XRF 
analysis to determine the reaction conversion efficiency and yield of the 
MW-NaBH4 reduction method. Percent conversion up to 98 % was 
determined for every reaction carried out (Table 1). It is worth 
mentioning that MW-NaBH4 reduction method is more efficient than 
other reduction methods like polyol [22,23], high product yield with 
complete reduction of the precursor ions (Ir4+, Ru3+) to elemental 
nanoparticles. As reported earlier, NaBH4 can lower the media pH to 1 
that plays a crucial role in controlling the IrRu NPs size and distribution 
[24,49].

3.2. Macrostructural characterization

The structural investigation, in bulk of the synthesized electro
catalysts Ir-Ru, was performed using the powder X-ray analysis. In the 
PXRD pattern of Ir-Ru (100:0) (Fig. 2), clear diffraction peaks were 
observed at 2θ = 40.7◦, 46.7◦, 69.2◦, and 83.5◦ corresponding to the (1 
1 1), (2 0 0), (2 2 0) and (3 1 1) indices of the face centered cubic (fcc) 
metallic iridium (JCPDS: 87-0715).[50] When 30 wt% of ruthenium was 
added, reflections were observed corresponding to the fcc structure of 
iridium which means that Ir-Ru (70:30) have metallic phase remains in 
the fcc structure, no hcp structure is visible in the PXRD pattern. The 

Fig. 1. Scheme showing the synthesis of IrRu-based electrocatalysts under the MW-NaBH4 reduction method.

Table 1 
The synthesized electrocatalysts obtained with different reaction concentrations and calculated reaction conversion efficiency.

Samples Ir (wt.%) Ru (wt.%) V(Ir: 5 mM) (mL) V(Ru: 5 mM) (mL) NaBH4 (mol L− 1) Time (min) Conversion (%)

Ir-Ru (100:0) 100 0 31.2 − 0.75 8 98
Ir-Ru (70:30) 70 30 22.0 07.1 0.75 8 98
Ir-Ru (50:50) 50 50 15.6 30.0 0.75 8 98
Ir-Ru (30:70) 30 70 09.4 41.5 0.75 8 98
Ir-Ru (0:100) 0 100 − 59.5 0.75 8 98
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reflections of fcc structure shift slightly with addition of metallic Ru 
showing the formation of Ir-rich fcc alloy [51]. When the Ru amount was 
increased to 50 wt%, the hcp phase appeared along with the fcc phase. 
The coexistence of the fcc and hcp structures indicate a miscibility gap 
due to the different structures of pure metallic Ir fcc and metallic Ru hcp 
[52]. This miscibility gap was experimentally observed for the electro
catalysts having 50 wt% concentration of each metal (Ir-Ru (50:50)). 
Beyond the minimal composition of 50 wt%, only the metallic hcp re
flections appeared at 2θ = 38.0◦, 43.4◦, 57.6◦, 68.8◦, 77.9◦ and 84.3◦

corresponding to the (1 0 0), (0 0 2)/(1 0 1), (1 0 2), (1 1 0), (1 0 3), and 
(1 1 2) miller indices of ruthenium (JCPDS: 06-0663) showing the Ru- 
rich hcp metal alloy [38,51]. Further, the Ir-Ru(0:100) electrocatalyst 
have peaks at 2θ = 38.0◦, 43.5◦, 57.7◦, 68.9◦, 78.4◦and 84.9◦ corre
sponding to the hexagonal close pack (hcp) metallic ruthenium (JCPDS: 
06-0663) [50]. No corresponding peaks of IrOx and RuOx were observed 
in the PXRD pattern showing that MW-NaBH4 synthesis is efficient in 
producing metallic alloy NPs. The Scherrer equation Dcryst = 0.9λ/βcosθ 
was used to calculate the crystallite size of the IrRu alloy nanoparticles 
using 2θ = 40.7◦ or 43.5◦ peak and the average Dcryst was around 2 nm 
[50].

3.3. Microstructural characterization

Selected electrocatalysts were TEM characterized to identify the 
particle size and distribution. The electrocatalytic performance is 
dependent on particle size as the mass activity increase while specific 
activity decrease with decrease in particle size [53]. The TEM images of 
the electrocatalysts Ir-Ru (50:50) and Ir-Ru (70:30) having promising 
OER results are presented in Fig. 3a–f. The TEM images presented in 
Fig. 3a–c have spherical particles aggregates are widely distributed, and 
the histogram was plotted from 200 spherical like units having average 
particle size of around 3.2 ± 0.7 nm (Fig. 4a). The TEM images pre
sented in Fig. 3d–f have agglomerated morphology with crystalline 
appearance at the edges and the histogram from 80 spherical like units 
have average at 3.3 ± 0.74 nm (Fig. 4b). There is a slight difference in 
the average particle’s sizes of the representative electrocatalysts, visible 
particles at edges in TEM images, however, the morphology of Ir-Ru 
(70:30) is more aggregated that can be attributed to the unequal pro
portion of the two elements. Representative electrocatalyst image of the 
selected area electron diffraction (SAED) shown in Fig. S1 have circles 
assigned to the lattice planes of Ir and Ru amorphous alloy (Table S1).

3.4. Surface structural characterization

The surface and electronic structure of the synthesized electro
catalysts were characterized by X-ray photoelectron spectroscopy (XPS). 
The presence of Ir, Ru, O and C content can be comparatively identified 
in Ir-Ru (70:30) and in Ir-R (50:50) from the full XPS spectra (Fig. S2). 
From the smooth background CasaXPS function, the surface atom con
tent for Ir is 8.2 % and for Ru is 4.1 % in Ir-Ru (70:30) while the atom 
content for Ir is 4.3 % and for Ru is 4.4 % in Ir-Ru (50:50) (Table S2) 
which is much close to the theoretical ratio of the two metals content.

It is reported in the literature that the electronic state of the active 
metal is highly important for enhanced OER performance [23]. The 
electronic state and relative amount of each electronic component of Ir, 
Ru and O in Ir-Ru (70:30) and in Ir-R (50:50) representative high OER 
performing electrocatalysts are identified using high resolution and best 
statistics XPS spectra. Fig. 5a show the spin–orbit doublet of Ir 4f7/2 and 
Ir 4f5/2. Each component is divided into two deconvoluted peaks with 
prominent areas fitted at 61.0 and 63.2 eV [Ir-0.7Ru (70:30)] and at 60.8 
and 62.4 eV [Ir-Ru (50:50)] corresponding to the Ir0 and Ir4+ (Table 2) 
[44], respectively. The core XPS spectra of Ru 3p (Fig. 5b) has doublets 
of Ru 3p3/2 and Ru 3p1/2 where the prominent fitting is located at 462.2 
and 465.2 eV for Ir-Ru (70:30) and at 461.6 and 463.2 eV for Ir-Ru 

Fig. 2. PXRD patterns of the Ir-Ru alloy series electrocatalysts.

Fig. 3. TEM images of Ir-Ru (50:50) (a–c) and Ir-Ru (70:30) (d–f).
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(50:50) corresponding to the Ru0 and Ru4+ (Table 2), respectively. The 
Ir 4d also have two doublets with peaks at 296.3 eV and 298.7 eV for Ir- 
Ru (70:30) and at 295.8 eV and 298.0 eV for Ir-R (50:50) corresponding 
to the Ir0 and Ir4+ along with satellite peaks at 304.2 eV (Fig. S3a and 
Table 2). Fig. S3b shows the spin–orbit doublet for Ru 3d5/2 and Ru 3d3/ 

2. Each peak was fit into two sub-peaks corresponding to Ru0 at 280.1/ 
284.3 eV and to Ru4+ at 281.4/285.6 eV in Ir-Ru (70:30) and to Ru0 at 
279.9/284.1 eV and to Ru4+ at 281.2/285.4 eV in Ir-R (50:50) (Table 2) 
[45]. Peak at 284.5 eV was assigned to C 1s. The peak area of Ir0 4f7/2 is 
45.6 % and of Ir4+ 4f7/2 is 11.3 % while the peak area of Ru0 3d5/2 is 
28.5 % and of Ru4+ is 8.7 %, showing that elemental Ir and Ru are 
dominant in Ir-Ru (70:30). It can be seen in the high resolution XPS data 
of Ir 4f peaks in both Ir-Ru (70:30) and Ir-Ru (50:50) versus reference Ir 
value (61.4 eV) [24] are shifted to lower binding energy by 0.6 eV, 

indicating the more reduced valance state of Ir in the selected electro
catalysts. On the other hand, the Ru 3p peaks in both Ir-Ru (70:30) and 
Ir-Ru (50:50) versus reference Ru value (461.2 eV) [45] are shifted to 
higher binding energy. The ionization enthalpy of Ru (710.2 kJ mol− 1) is 
lower than Ir (865.2 kJ mol− 1) facilitating the transfer of electron from 
Ru to Ir that may cause d-band structure modification and high elec
trochemical stability [39]. The O 1s can be fitted into three peaks at 
530.3, 531.9, and 533.6 eV for Ir0.7Ru0.3 and at 530.2, 531.7, and 533.5 
eV for Ir-R (50:50) corresponding to metal-O, defected-O, and vacancy- 
O (Fig. 5c and Table 2), respectively [39]. The XPS results clearly show 
that the alloy composition is predominantly metallic, however traces of 
Ir-Ru-Ox, with roughly estimated 20 % oxygen, may also be present both 
on the surface and in the surface bulk.

Fig. 4. TEM particles size histograms obtained by measuring visible 200 spherical and hemispherical particles of Ir-Ru (50:50) (a) and by measuring visible 80 
spherical and hemispherical particles of Ir-Ru (70:30) (b).

Fig. 5. High resolution XPS spectra of Ir 4f (a), Ru 3p (b), and O 1s (c) in Ir-Ru (70:30) and Ir-Ru (50:50) electrocatalysts, respectively.
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3.5. Electrochemical activity measurements

The OER polarization curves of the synthesized Ir-Ru alloy electro
catalysts were recorded using cyclic voltammetry (CV) and the results 
were compared to that of commercial material under similar conditions. 
The two-tangent joining point onset potential (Eonset) of the synthesized 

electrocatalysts is lower than the onset potential (Eonset) of the com
mercial IrO2 (Eonset: 1.49 for IrO2) Fig. 6a and Table 3, confirming that 
the alloy electrocatalysts are much active toward OER. Most of the 
synthesized electrocatalysts exhibited low overpotential (Eover, calcu
lated at 10 mA cm− 2) than that of commercial materials. Electrocatalysts 
such as Ir-Ru (50:50), Ir-Ru (30:70), and Ir-Ru (0:100) have Eover equal 
to 310 mV, 270 mV and 310 mV (Fig. 6b and Table 3), respectively 
which is much lower than the Eover of IrO2 (330 mV). Rating the elec
trocatalysts based on the Eover value, the Ir-Ru (30:70) alloy composition 
is the most efficient electrocatalyst with minimum over-potential (60 
mV lower than IrO2) to generate 10 mA cm− 2 OER current under acidic 
conditions. This can be attributed to the elemental alloy composition in 
appropriate quantity of ruthenium major portion and uniform particle 
size of around 2 nm. There are numerous articles reporting the Ir and Ru 
compositions like Ir-Ru oxide solution prepared in 1D monoclinic forms 
with varying active metal contents. The electrocatalysts have presented 
overpotential up to 180 mV for m-Ir0.9Ru0.09O2-δ, 255 mV for m- 
Ir0.65Ru0.35O2, 259 mV for m-Ir0.87Ru0.13O2, 271 mV for m- 
Ir0.94Ru0.06O2, and 286 mV for m-Ir1Ru0O2 at 10 mA cm− 2 [39]. 
Nanowires (NWs) of IrRu alloy and pure Ir have shown overpotential of 
243 mV and 290 mV, respectively, at 10 mA cm− 2 [54]. Ultrafine IrRu 
intermetallic nanoclusters supported on conductive and amorphous 
tellurium nanoparticles were hydrothermally synthesized. The electro
catalysts (IrRu@Te) have demonstrated mass activity of 590 A g− 1 with 
an overpotential of 270 mV [55]. Low overpotential up to 191 mV for 
acidic OER has been presented by vertically stacked amorphous Ir/Ru/Ir 

Table 2 
High resolution XPS binding energies and the percent atomic amount of each 
component of the representative electrocatalysts.

Electrocatalysts→ Ir-Ru (70:30) 
[This work]

Ir-Ru (50:50) 
[This work]

Ref. [Ir [24], Ru 
[45],O [39]]

Peaks↓ BE 
(eV)

Area 
(%)

BE 
(eV)

Area 
(%)

BE (eV)

Ir0 4f7/2 61 45.6 60.8 31.2 61.4
Ir0 4f5/2 64 34.5 63.8 23.4 ​
Ir4+ 4f7/2 63.2 11.3 62.4 25.9 63.4
Ir4+ 4f5/2 66.2 8.6 65.4 19.4 ​

Ru0 3p3/2 462.2 39.4 461.6 18.5 461.2
Ru0 3p1/2 484.3 19.5 483.8 19.1 ​
Ru4+ 3p3/2 465.2 9.5 463.2 6.4 462.6
Ru4+ 3p1/2 487.4 4.7 485.3 3.2 ​

Ir0 4p3/2 495.3 26.8 495 62.7 ​
Ir0 4d5/2 296.3 38.3 295.8 30.7 296.2
Ir0 4d3/2 311.5 24.7 311.6 20.4 ​
Ir4+ 4d5/2 298.7 9.7 298 17.4 298.6
Ir4+ 4d3/2 313.9 6.3 313.8 11.6 ​
Ir 4d-sat. 304.2 21 304.2 19.9 ​

Ru0 3d5/2 280.1 28.5 279.9 24.5 279.9
Ru0 3d3/2 284.3 18.5 284.1 16.4 ​
Ru4+ 3d5/2 281.4 8.7 281.2 13.6 280.7
Ru4+ 3d3/2 285.6 5.7 285.4 9.1 ​

C 1s 284.5 38.6 284.8 36.4 ​
O1 (O 1s) 530.3 52.3 530.2 53.5 metal-O
O2 (O 1s) 531.9 35.2 531.7 36.1 defect-O
O2 (O 1s) 533.6 12.5 533.5 10.4 vacancy-O

Fig. 6. Specific activities showing the onset potential (a) and the overpotential (b) of the Ir-Ru electrocatalysts. Mass activates (c) of the Ir-Ru electrocatalysts.

Table 3 
Electrochemical relative performance data of the Ir-Ru alloy and commercial 
IrO2.

Electrocatalysts iinitial@1.65 V 
(mA)

Eonset 

(V)
Eover 

(mV)
Jgeo (mA 
cm− 2)

JmIr-Ru 

(A g− 1)

Ir-Ru (100:0) 4.50 1.47 330 3.75 260
Ir-Ru (70:30) 3.14 1.51 370 1.17 149
Ir-Ru (50:50) 5.02 1.44 310 5.89 425
Ir-Ru (30:70) 6.25 1.41 270 10.3 481
Ir-Ru (0:100) 4.84 1.44 310 6.13 281
IrO2 AA 5.28 1.49 330 3.31 305
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oxides nanosheets developed through segregation approach [56]. Most 
of the Ir-Ru alloy electrocatalysts have presented better specific activ
ities (Jgeo) than commercial IrO2 at 1.5 V vs. RHE, Fig. 6b and Table 3. 
The decreasing order of their specific activities is Ir-Ru (30:70) > Ir0Ru 
(0:100) ≈ Ir-Ru (50:50) > Ir-Ru (100:0) > Ir-Ru (70:30). This shows a 
relationship between the relative amount of Ru and specific activity that 
the activity declines with decreasing amount of ruthenium (y < 50 wt% 
for Ru and x > 50 wt% for Ir). More specifically, low OER activity has 
been presented by iridium dominating electrocatalyst Ir-Ru (70:30) 
while better OER activity has been presented by Ir-Ru (50:50). However, 
there is a negligible difference between the average particle sizes of Ir- 
Ru (50:50) (3.2 nm) and Ir-Ru (70:30) (3.3 nm). This is how our 
postulate of trade-off between activity and stability develops where Ru is 
promoting the activity while Ir is promoting stability. The highly specific 
activity of the Ir-Ru alloy versus the reference commercial IrO2 is due to 
the MW-NaBH4 synthesis method where elemental alloy NPs in appro
priate combination and in good yield were generated with uniform 
particles size. The electrocatalysts total mass normalized OER polari
zation curves are given in Fig. 6c while mass activities data at 1.65 V vs. 
RHE is given in Table 3. Among the Ir-Ru alloy compositions, high mass 
activities were obtained for Ir-Ru (30:70) alloy (Jm = 481 A g− 1) and for 
Ir-Ru (50:50) alloy (Jm = 425 A g− 1) than for the other synthetic com
binations where Ru is a dominating element and for the commercial 
IrO2. The same electrocatalysts have also presented the highest initial 
current (iinitial: 6.25 mA and 5.02 mA) at 1.65 V vs. RHE than other 
electrocatalysts. Total mass activities up 260 A g− 1 and 281 A g− 1 is also 
recorded for Ir-Ru (100:0) and Ir-Ru (0:100) which are low mass ac
tivities than commercial IrO2. The high mass activities of Ir-Ru (30:70) 
and Ir-Ru (50:50) can be attributed to the alloyed NPs developed under 
MW-NaBH4 reduction method with appropriate metallic combination 
with uniform narrow particles size.

3.6. Electrokinetic measurements

Water splitting proceeds through series of four electron paired pro
ton transfer reactions over the same surface-active metal site (M− ), Eqs. 
(1)–(4) [54,57]. During these reaction reactions reactive intermediates 
such as –OH and –OOH are generating along with pair of electron and 
proton. Based on the mechanism and applied potential versus current 
relationship, the Tafel slope of the OER can be derived as 2.303 RT/ 
(0.5n), where R gas constant, T is absolute temperature and n is the 
number of electron transfers defining the rate determining step. For 
every rate determining step the Tafel slope is different [54]. For 
example, if the rate determining step is Eq. (1), the Tafel slope is 120 mV 
dec− 1 and if the rate determining step is Eq. (2) then the Tafel slope is 40 
mV dec− 1 [54]. As most of the Ir-Ru alloy combinations of the current 
studies have shown Tafel slope lower than 120 mV dec− 1 so the rate 
determining step is Eq. (2). Among the synthesized electrocatalysts, the 
Ir-Ru alloy with 30:70 % composition have shown the low Tafel slop 
showing the fast OER kinetics, Fig. 7. Nevertheless, comparable kinetics 
have also been observed for the other combinations such as Ir-Ru 
(70:30) with slope of 73 mV dec− 1 and Ir-Ru (0:100) with slope of 74 
mV dec− 1 show good OER kinetics although the overall activities of 
these electrocatalysts are lower than Ir-Ru (30:70). 

M− H2O → M− OH + e− + H+ (1)

M− OH → M− O + e− + H+ (2)

M− OH + H2O → M− OOH + e− + H+ (3)

M− OOH → O2(g) + M + e− + H+ (4)

3.7. Electrochemical stability measurements

The electrochemical stability of the synthesized Ir-Ru alloy electro
catalysts studies using standard accelerated stress (AST) procedures. The 
AST implicates stepwise revelation of the working electrode to potential 
stress and is safer from chronopotentiometry tests causing electrode 
surface corrosions [58]. The procedure is designed to apply 2000 CV 
cycles (1.0–1.7 V vs. RHE) at 100 mV s− 1 to the working electrode (RD- 
GCE|EL) which are disrupted by 2 observational CV cycles between 1.0 
and 1.65 V vs. RHE at 10 mV s− 1 (after specific number of stress cycles) 
[48]. The retained current density in percent of each step is calculated 
from the initial and final OER currents at 1.65 V vs. RHE. The AST 
performance of the synthesized electrocatalyst is shown in Fig. 8 and the 
data is tabulated in Table S3. The electrocatalyst having the highest 
stability among the options is Ir-Ru (100:0) with no ruthenium content 
that retains about 60 % of their initial current density. In the alloyed 
compositions, the Ir-Ru (70:30) retain about 50 % while Ir-Ru (50:50) 
retain about 45 % of their initial current densities which are higher than 
commercial IrO2 with a retained current density of 31 %. However, the 
specific activity of Ir-Ru (70:30) was 1.17 mA cm− 2 at 1.5 V, lowest 
among the options. Minimum electrochemical stability has been pre
sented by Ir-Ru (30:70) and Ir-Ru (0:100) compositions with below 5 % 
of their initial current densities retained. However, the specific activity 
of Ir-Ru (30:70) was 10.3 mA cm− 2 at 1.5 V, highest among the options. 
The lower acidic OER AST stability of the Ru dominating electrocatalysts 
can be explained in the following two points; (i) the overoxidation of Ru 
to soluble RuO4 under acidic OER, and (ii) the surface demetallation 
resulted in aggregates and structural failure [59]. A feasible way to 
maintain the stability of the Ru-based electrocatalysts is to stabilize the 
lattice oxygen and surface of Ru in acidic media. Herein, we were able to 
significantly improve stability by combining Ir and Ru in different 
proportions and Ir0.7Ru0.3 and Ir0.5Ru0.5 were evidently identified su
perior OER stable electrocatalysts. The high AST stability of Ir-Ru 
(70:30) and Ir-Ru (50:50) can be attributed to the alloyed NPs having 
the appropriate amount of Ru incorporated that stabilized the lattice 
oxygen and minimum Ru oxidation. The AST results clearly show that 
the electrochemical stability decreases with an increasing amount of Ru 
while the activity increases. Among the synthesized electrocatalyst, an 
excellent trade between activity and stability has been maintained by Ir- 
Ru (50:50) having OER activity of about 6 mA cm− 2 (appx. 650 A g− 1) 
with 50 % retention of their initial current density. For further confir
mation, post-AST TEM analysis of the Ir-Ru (50:50) was carried out to 
check the NPs aggregation upon exposure to the repeated potential 
stress. The post-AST TEM images of Ir-Ru (50:50) show that the NPs are 

Fig. 7. Tafel slopes of the synthesized Ir-Ru alloys.
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still widely distributed but grown to aggregates probably due to the 
surface oxidation (Fig. S4). The surface oxidation of iridium can stabilize 
the lattice oxygen and surface Ru preventing volatile RuO2 formation 
under acidic OER [54]. This simultaneous lattice oxygen stabilization 
and surface Ru can boost the electrocatalyst stability toward acidic OER. 
The post-AST histogram average particles size of Ir0.5Ru0.5 is around 3.8 
± 0.82 nm (Fig. S5). The post-AST particles grew by only 19 % to the 
pre-AST particle size of Ir0.5Ru0.5 showing excellent electrochemical 
long-term stability.

We conclude that the OER activity needs highly stable atoms surfaces 
with limited nanoscale separation of the particles. A good balance be
tween activity and stability can be achieved by designing materials 
showing slow limited surface segregation of the nanoparticles under 
prolong OER operation, regenerating fresh OER active surfaces. Based 
on the best trade-off between activity and stability, Ir0.5Ru0.5 combina
tion has been identified as an excellent material showed optimum ac
tivity and stability because of the limited surface segregation and 
structural collapse.

4. Conclusions

In summary, Ir and Ru based alloys in different weight fractions ra
tios (Ir:Ru = 100:0, 70:30, 50:50, 30:70, and 0:100) were synthesized 
using MW-NaBH4 reduction method. After structural characterization, 
the fine NPs of IrRu were screened for their acidic OER performance. The 
electrocatalysts activity increased with increasing weight fraction of Ru 
in the alloy while stability decreased. A tradeoff between stability and 
activity was established proportionally with the relative amount of Ir 
and Ru where Ir promotes stability. Among the combinations, the Ir-Ru 
(30:70) (hcp phase) demonstrated mass activity as high as 481 A g− 1 and 
requiring overpotential of 270 mV to deliver 10 mA cm− 2 current but 
lower stability of only less than 5 % retained current. On the other hand, 
Ir-Ru (70:30) (fcc phase) demonstrated mass activity as low as 149 A g− 1 

and requiring overpotential of 370 mV to deliver 10 mA cm− 2 current 
but high stability of around 45 % retained current. Furthermore, the Ir- 
Ru (50:50) (miscibility gap between fcc and hcp) also have OER mass 
activity up to 425 A g− 1 and retained current of around 50 % which is 
the best combination among the synthesized electrocatalysts and can be 
consider future electrocatalyst for practical PEMWEs.
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