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Abstract 

In the present study, three mass-produced commercial IrOx samples from different suppliers were 

studied to establish correlations between various properties and their OER activity. The structures of 

the electrocatalysts at different scales were explored through laboratory instrumentation powder X-

ray diffraction, and synchrotron-based X-ray total scattering experiments combined with pair 

distribution function analysis. X-ray photoelectron spectroscopy and energy dispersive X-ray 

spectroscopy using a transmission electron microscope were used to determine respectively the 

surface and the bulk elemental compositions of the samples. The coherent domain size (CDS) values 

of IrOx phases within the catalyst particles were estimated to be ~10 Å, ~19 Å and ~54 Å for the three 

IrOx samples. Surprisingly, the sample with a CDS of ~19 Å turned out as the best OER 

electrocatalyst among the three in terms of mass specific activity, IOER(m), followed by the 10 and 54 

Å species. The amount of surface native compound oxygen was found to be a key parameter for the 

interface electrochemical accessibility. The intrinsic OER activity, evaluated using area specific 

activity, IOER(a), suggests that the oxide with lattice disorder presenting a mixture of tetragonal and 
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orthorhombic phases (70:20 w/w) is of superior intrinsic OER activity; however, the oxide with 

presence of a monoclinic like phase is of inferior intrinsic OER activity, which may also be due to 

the surface presence of Ir3+ along with Ir4+. The classic belief that the pure tetragonal phase is the best 

crystalline structure as OER catalyst is challenged. Iridium oxides with disordered crystallinities may 

offer a class of highly active oxygen evolution electrocatalysts. The knowledge thus obtained should 

have significant impact on understanding, selection and processing of IrOx based OER 

electrocatalysts. 

Keywords: OER activity, IrOx electrocatalyst, surface chemistry, crystallinity, disorder, commercial 

catalyst 

 

1. Introduction 

Nanoparticulate iridium oxides (IrOx) are the state-of-the-art anode catalysts for polymer electrolyte 

membrane electrolyzer cells (PEMECs) owing to their important activity in the oxygen evolution 

reaction (OER).1-3 As high OER activity and long-term stability are the desired electrocatalyst 

characteristics for the PEMECs, IrOx electrocatalysts are preferred over other highly OER active 

metal oxides.4-5 Complex reaction mechanism of OER on the IrOx surface that involves roles from 

lattice oxygen, adsorbed surface oxygen, surface hydroxides, Ir, Ir=O, etc.,6 makes it difficult to 

benchmark the IrOx electrocatalysts for OER in acidic media. Significant variations in the OER 

activity of IrOx based catalysts are observed not only for the catalysts produced at small-scale for 

scientific studies7-13 but also for the mass-produced catalysts used commercially in the PEMECs. 

Factors such as particle size, morphology, surface hydroxo layer, crystalline structure, lattice strain, 

etc. 1415-18 have been reported to be important for the OER performance of IrOx catalysts. However, 
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systematic studies investigating the effects of bulk and surface structures on the OER performance 

may be performed to provide better understanding for mass-produced IrOx electrocatalysts. 

Understanding the dependence of the OER performance (activity and onset potential) on both the 

surface- and bulk structures, such as the surface chemical state and the bulk and/or surface crystalline 

order, could be of high significance towards development of more efficient catalysts. Current studies 

of the OER activity of Ir-based catalysts suggest significant influence of bulk and surface crystallinity, 

and surface composition on their performance.9-10, 14, 19-21 However, these significant effects of the 

IrOx surface and bulk structures on the OER performance have so far only been reported for IrOx 

catalysts synthesized in small quantities.8, 22-23 They may or may not be representative for the large 

volume production of OER catalysts used industrially. Hence, a check of the structure-property-OER 

correlation with some representative industrial catalysts may be worth-while, both for further 

industrial development and also from a scientific curiosity point of view. 

In this study, we correlate structure and electrochemical activity for OER performance of three 

different commercially available, mass-produced IrOx catalysts. X-ray photoelectron spectroscopy 

(XPS) with laboratory X-ray sources in ultra-high vacuum has been used to study the surface chemical 

states of the samples. The constituent crystalline phases of the IrOx catalysts have been probed 

through Synchrotron PXRD analysis and the short-range order of the IrOx samples of amorphous 

nature was probed with X-ray total scattering. In addition, transmission electron microscopy (TEM 

at 200 kV) with energy dispersive x-ray spectroscopy (EDS) analysis, has been used to provide an 

understanding of the microscopic structures of the IrOx catalysts, and their bulk atomic composition.  

2. Experimental methods 

Materials: Ir-Oxide samples, labeled as IrOx-01, IrOx-02 and IrOx-03 were obtained and used as 

received from different commercial suppliers among Johnson Matthey, Tanaka and PK catalyst. High 
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purity perchloric acid (TRACESELECT Ultra, Fluka), hydrochloric acid (Reagent Ph. Eur.; BDH 

chemicals) and sulfuric acid (EMSURE® grade, assay > 95 – 97%, Merck, Germany) were used as 

received. Ultrapure water (Milli-Q; resistivity ≥ 18.2 MΩ·cm at 25 °C) was used both for the 

preparation of electrolyte solutions and catalyst inks and for the cleaning of glassware. 

Material characterization: Lab PXRD patterns of the IrOx samples were obtained with a Rigaku 

Miniflex 600 X-ray diffractometer using Cu Kα radiation (λ = 1.5418 Å). The diffraction patterns of 

the powdered samples were recorded with 0.02o step size over the 2θ range 10o-90o at a scan rate of 

3o/min. Synchrotron PXRD and X-ray total scattering measurements were performed at beamline 

P02.1, PETRA III, Deutsches Elektronen Synchrotron (DESY) . The hard X-ray wavelength was 

0.20736 Å, corresponding to a photon energy of 59.8 keV. The samples were contained inside kapton 

(polyimide) capillaries (1.0 mm inner diameter, Cole-Parmer) and the data was collected using a 

PerkinElmer XRD1621 area detector. 

For the synchrotron PXRD data, an exposure time of 30 s was used. For the total scattering data, the 

total exposure time was 10 min (1 min dark to avoid overexposure and detector afterglow, 5 min 

exposure, 1 min dark, 5 min exposure). For detector calibration, a cerium dioxide, CeO2, standard 

(NIST 674b) was used. The collected two-dimensional scattering patterns were masked and 

azimuthally integrated into one-dimensional diffractograms using the Fit2D software.24 

The synchrotron PXRD data was analyzed through Rietveld refinement, including full-pattern 

Scherrer analysis, using the FullProf software.25 In the Rietveld analysis, scale factor, unit cell 

parameters, zero-point offset, gaussian profile parameters (U, V, W), shape parameter (Shape1), and 

background (described by linear interpolation between selected points) were refined. Pseudo-Voigt 

profile functions were used to fit the diffraction peaks.25 For the full-pattern Scherrer analysis, the 

Lorentzian profile parameters (X and Y) were also included in the refinement. The instrumental 
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contribution to the peak broadening was obtained through refinement of a CeO2 standard (NIST 

674b). 

To obtain reduced atomic pair distribution functions, the one-dimensional total scattering data was 

Fourier transformed using the PDFgetX3 software.26 The instrumental maximum Q-value, Qmax-inst, 

was set to 26.5 Å-1. To decrease the noise in the data at high Q-values, the value of Qmax was set to 

24.0 Å-1. The value of rpoly was set to 0.9, and that of Qmin was set to 0.1 Å-1.To obtain instrument 

resolution values, Qdamp and Qbroad, a cerium dioxide, CeO2, standard (NIST 674b) was measured and 

the data refined using the PDFgui software.27 The obtained PDFs from the X-ray total scattering data 

were analyzed using the PDFgui software. The Gaussian dampening due to limited Q-resolution, 

Qdamp, was refined to 0.060 Å-1 for a CeO2 standard (NIST 674b). The broadening of atomic pair 

correlations due to increased noise at high values of momentum transfer, Qbroad, could not be refined 

to a value deviating significantly from zero, and therefore, a value of zero was used for this parameter. 

The instrumental parameters were then to be applied in the PDF analysis of the iridium oxide samples. 

For the PDF analysis, a general refinement approach was first to refine scale factors, then unit cell 

lengths (𝑎𝑎, 𝑏𝑏, 𝑐𝑐), eventually unit cell angles (𝛼𝛼,𝛽𝛽, 𝛾𝛾), isotropic atomic displacement parameters 

(𝑢𝑢11,𝑢𝑢22, 𝑢𝑢33), quadratic correlated motion parameter (𝛿𝛿2), and spherical particle diameter (𝑠𝑠𝑠𝑠𝑠𝑠), 

which is the coherent domain size for a spherically averaged model. 

Transmission electron microscope (TEM) imaging and energy dispersive X-ray spectroscopy (EDS) 

were performed in a JEOL JEM-2010F TEM operated at 200 kV and equipped with an Oxford 

Instruments ISIS 300 EDS analyzer. 

Surface chemistry: The surface chemistry of the Ir/IrOx samples was studied with X-ray photoelectron 

spectroscopy (XPS) with a SPECS® XPS system equipped with a double anode X-ray source and a 

hemispherical analyzer. The XPS spectra were acquired over the binding energy range 0 - 1260 eV 
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using a Mg Kα (1253.6 eV) radiation source. The binding energy (BE) values for the various photo-

peaks recorded with all samples were calibrated relative to the C 1s peak observed at 284.7 eV for 

the metallic Ir sample. The spectra were analyzed using the CasaXPS software package.28 Peak fitting 

and deconvolution of the O 1s-, C 1s-, Ir 4f- and Ir 4d spectra was realized to a satisfactory degree of 

agreement with experiment using a combination of Gaussian and Lorentzian envelopes (to be 

discussed later) and using appropriate constraints for the peak parameters (intensity ratios and spin-

orbit splitting energies). 

Electrochemical studies: For electrochemical studies, catalyst inks were prepared by mixing 10 mg 

of the catalyst in 5 mL of a stock solution consisting of isopropanol, 5 wt.% Nafion solution (Ion 

Power, Dupont D521) and ultrapure water in respective volumetric ratios of 20, 0.4 and 79.6. Inks 

were dispersed through ultrasonication for 60 s using a Hielscher UP200St ultrasonic homogenizer 

and kept on a slow speed rotator until use. The working electrode (WE) was prepared by drop casting 

10 µL of catalyst ink on the glassy carbon (GC) rotating disc electrode (RDE; ϕ=5 mm; Pine 

instruments) cleaned by polishing with 0.5 µm alumina slurry and ethanol rinsing. For uniform 

coating of the catalyst ink, the catalyst ink on the GC RDE was dried at room temperature under a 

rotation at 700 rpm. The Ir loadings on the GC RDE before the electrochemical measurements were 

estimated by using EDS for Ir wt.% determination in IrOx, while the amount of IrOx loaded on GC is 

calculated from the ink volume and IrOx concentration (assuming homogeneous ink composition). 

Electrochemical studies were performed using a three-electrode setup, where the modified GC RDE 

acted as WE, while a graphite rod (ϕ=5 mm) was used as counter electrode. The potentials were 

measured w.r.t. an Hg/Hg2SO4 (REF 601 Radiometer®) reference electrode and reported w.r.t. 

reversible hydrogen electrode (RHE). The electrochemical measurements were performed using a 

Zahner®IM6e electrochemical workstation. 
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Measurement of oxygen evolution reaction (OER) was performed using the protocol described by 

Alia and Andersen (2019),29 with slight modification. In brief, prior to OER measurement, the 

electrode was activated through potential cycling for 50 cycles between 1.2 and 1.8 V at a scan rate 

of 100 mV/s and a rotation speed of 1600 rpm in Oxygen saturated 0.1 M HClO4. For the OER activity 

measurement, potential cycling in the same electrolyte for 2 cycles between 1.2 and 1.65 V at a scan 

rate of 10 mV/s and a rotation speed of 1600 rpm was performed. 

3 Results and discussion 

3.1 Particle size and shape  

Particle size and shape of the IrOx samples have been studied with TEM imaging. The images shown 

in Figure 1, of IrOx-01 (Figure 1a) and IrOx-02 (Figure 1b) exhibit agglomerated particles of irregular 

shape in contrast to the cuboid shaped crystallite particles of IrOx-03 (Figure 1c). These images 

suggest that IrOx-01 and IrOx-02 should have much higher specific areas than IrOx-03. The general 

crystallinities of the samples are reflected in lab powder X-ray diffraction as shown in figure 1 (d). 
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Figure 1: TEM images of (a) IrOx-01, (b) IrOx-02 and (c) IrOx-03 powders and the (d) powder XRD 

patterns of the three IrOx samples and an Ir metal powder sample. 

 

3.3 Synchrotron PXRD analysis 

The synchrotron PXRD data shown in Figure 2 reveal significant differences in the crystalline nature 

of the IrOx samples. IrOx-01 (Figure 2a) exhibits no diffraction peaks, hence the material can be 
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considered as highly disordered bordering to amorphous. The data reveals some atomic scale structure 

on top of the experimental background (also shown in the plot), but these features are indeed too 

diffuse for Rietveld analysis to be applicable. Hence, PDF analysis is applied (see 3.4). In contrast, 

the data for both IrOx-02 and IrOx-03 reveal diffraction peaks from tetragonal iridium dioxide, IrO2 

(space group P42/mnm, ICSD collection code 84577, See Figure 3) and a cubic iridium metal, Ir 

(space group Fm3;¯m, ICSD collection code 53813). These phases were used for the Rietveld 

refinement of the synchrotron PXRD data (Figure 2b and c) and found to provide excellent fits (see 

RBragg values in Figure 2 and the results of the refinements in Tables S1 and S2, supporting 

information). It is noteworthy that refinement of the oxygen occupancy (with the atomic vibrations 

fixed at the initial values) in the IrO2 structure caused a slight increase in the oxygen occupancy of 

ca. 5 and 2% for IrOx-02 and -03, respectively. Hence, the Rietveld refinement does not reveal any 

signs of significant oxygen vacancies.  

For IrOx-03 both the IrOx and Ir phases exhibit relatively broad Bragg reflections pointing towards 

nano-crystallinity and/or strain. For the IrOx-phase in IrOx-02 peak broadening is even more 

pronounced while the Ir-phase reveals narrow peaks indicating larger crystallites. Estimating the 

crystallite sizes using full-pattern Scherrer analysis (w. correction for instrument broadening but 

neglecting potential contributions from strain) reveals crystallite (or domain) sizes for the IrOx-phase 

of 1.7± 0.3 and 7.0± 0.5 nm for IrOx-02 and IrOx-03, respectively. The crystallite size of the Ir-phase 

in IrOx-03 is estimated to 14±3 nm, while in IrOx-02, the crystallite size of Ir cannot be estimated as 

peak broadening besides the instrumental contribution is not observed. This means that the crystallites 

are >400 nm.  

Rietveld refinement also provides information about the wt. fractions of the two crystalline phases. 

These are listed in Table 1. Based on the extracted wt.%-values, the overall wt.% of Ir (from IrOx and 

Ir-metal combined) in the IrOx in the IrOx-02 and -03 samples are calculated to be ca. 86 and 90 wt.%, 
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respectively. For IrOx-03 this compares well with the Ir wt.% observed by EDS. However, for IrOx-

02 the Ir wt.% determined from EDS is ca. 10 wt.% lower indicating that the sample may contain 

non-crystalline Ir-free or Ir-sparse phases. Also, the amount of IrO2 may be underestimated by the 

Rietveld analysis due to the nanocrystalline/disordered character of this phase.  

 

Figure 2: (a) X-ray total scattering data for the IrOx-01 sample (red) together with background 

measurement (empty polyimide tube, black). The Q-range corresponds to the 2θ-range for the plots 

in (b) and (c). Rietveld refinements of (b) the IrOx-02 sample and (c) the IrOx-03 sample. The Bragg 

residuals, RBragg, of the refinements are displayed to the right. Experimental data is displayed as red 

curves, the refined polynomials as black curves, the calculated Bragg positions as vertical green lines 

(upper: IrO2, lower: Ir-metal), and the differences between the experimentally observed and the 

calculated as blue curves. 
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Figure 3: Structures of tetragonal (left), orthorhombic (middle) and monoclinic (right) IrO2. The 

tetragonal phase is observed as crystalline phases in samples IrOx-02 and -03, while the orthorhombic 

IrO2 is observed by PDF analysis as a local phase in IrOx-02. The monoclinic phase provides a 

satisfactory explanation for the PDF observed for the amorphous sample IrOx-01.  

Table 1: Crystallite size/coherent domain size of the cubic metallic Ir and tetragonal IrO2 phases 

obtained from Rietveld refinement of the synchrotron PXRD data and PDF analysis of X-ray total 

scattering data. Wt.% values obtained from two-phase Rietveld refinements and PDF analyses of 

IrOx-02 and -03 samples are also shown. 

Sample Determined 
from 

Coherent Domain Size (Å) IrO2 symmetry Ir metal 
(wt.%) IrO2 (wt.%) Ir IrO2 

IrOx-01  PDF 
analysis -* 10.06 ± 0.61 Monoclinic  100# 

IrOx-02  
Rietveld 
refinement -** 17.23 ± 2.58 Tetragonal 3.69 ± 

0.08 96.31 ± 0.98 
PDF 
analysis 97 ± 11 18.97 ± 0.32 

21.4 ± 1.7 
Tetragonal 
Orthorhombic 

9.69 ± 
0.19 90.31 ± 0.19 

IrOx-03  
Rietveld 
refinement 140.09 ± 26.00 69.55 ± 5.43 Tetragonal 27.38 ± 

0.16 72.62 ± 0.44 
PDF 
analysis 97.1 ± 4.8 54 ± 2 Tetragonal 30.67 ± 

0.48 69.33 ± 0.48 
* Not included in the refinement. **Not accessible due to limitations of instrumental resolution.  

# Only one local monoclinic IrO2 phase was used in this fit. 
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3.4 PDF analysis 

For samples IrOx-02 and -03, the PDF analysis complements the structural information extracted by 

Rietveld refinement, while it provides unique structural information for the disordered IrOx-01 

sample, which could not be analyzed by Rietveld refinement. Fits of the PDF data are shown in Figure 

4 and the results of the structural PDF analysis are provided in supporting information Tables S3-S5.  

 

Figure 4: Fit of the PDF data of IrOx-01 (top), IrOx-02 (middle), and IrOx-03 (bottom). The reduced 

atomic pair distribution function is displayed as a function of the interatomic distance. Experimental 

PDFs are displayed as black curves, the calculated PDFs as red curves, and the difference between 

the experimental and the calculated PDFs as green curves.  
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The very disordered/amorphous nature of the IrOx-01 sample is evident from the very short length of 

structural coherence, which terminates the PDF around 10 Å. Also, the relatively broad atomic 

correlations indicate a local atomic structure that is disordered to a large extent. In the PDF analysis, 

a tetragonal IrO2 phase was used in the initial fit of the data based on the synchrotron PXRD analysis 

of the crystalline samples. This provided a fit with Rw = 0.51. Looking for options to improve the fit, 

metallic Ir and cubic IrO2 were considered as second phases. However, comparing bonding distances 

in these phases to the PDF made it evident that the IrOx-01 sample does not contain neither metallic 

Ir nor cubic IrO2 (space group Pa-3) as dominating Ir-Ir distances (e.g. at 2.7 Å in metallic Ir and 6.0 

Å in cubic IrO2) are absent in the PDF for IrOx-01. Instead, to improve the single-phase fit of the PDF 

data, the tetragonal constrains (a = b and β = 90°) of the IrO2-phase were removed to provide a local 

monoclinic symmetry. This improved the fit significantly and lowered the weighted residual to Rw = 

0.418. The deviation from the tetragonal symmetry related to the a- and b-axes of the unit cell is 

relatively large as the a-axis is ~47% larger than the b-axis. In contrast is the angular distortion of the 

tetragonal symmetry only ~3o (i.e. β ~ 87o). This is also reflected in an orthorhombic symmetry (Rw 

= 0.423) providing a similar but not quite as good fit as the monoclinic symmetry. A triclinic 

symmetry was also tested but lowering the symmetry this much decreased the quality of the fit (Rw = 

0.47). We note that the final weighted residual of Rw = 0.418 for the monoclinic IrO2 phase does 

imply that another, likely more complex model, is needed to describe the details of the disorder of 

the local atomic structure in the IrOx-01 sample. This is also underlined by the fact that the isotropic 

atomic displacement parameters of oxygen were not refined in the model as they became unphysically 

large. That said, the atomic correlations observed in the PDF of the sample are all described well by 

the monoclinic IrO2 model, proving that IrO2-like motifs are present in the material. The coherent 

domain size, which can be thought of as the crystallite size, refines to ~1 nm. This corresponds to 

local order on the scale of ~1.5 IrO2 unit cells (looking at the body diagonal).  



Page 14 of 35 
 

For both the IrOx-02 and -03 the crystalline phases (tetragonal IrO2 and cubic Ir) used in the Rietveld 

refinement of the synchrotron PXRD data were used to fit the PDF data. For the IrOx-03 sample, 

these phases provided an excellent fit to the PDF data (Rw = 0.07) pointing toward the high degree 

of crystallinity of both phases in this sample, i.e. there appears to be no local deviation from the long-

range atomic order described by the crystalline phases in this sample. In contrast, for IrOx-02 the fit 

of the PDF using the two crystalline phases showed some discrepancies in the low-r part of the data, 

i.e. the model did not describe the very local atomic structure. Therefore, all refined values except 

scale factors of the two initial phases were fixed, and an additional IrO2 phase was added. As done 

for the IrOx-01 discussed above, the symmetry of the local atomic structure was investigated by 

removing symmetry constraints in a stepwise manner. A significant improvement of the fit was 

obtained for an orthorhombic symmetry of the local IrO2 phase used in the refinement (Rw = 0.16). 

Rather than being a third phase, the orthorhombic IrO2 phase can be thought of as an indication of 

the nature of disorder in the atomic structure of the IrO2 phase used in the PDF analysis, since 

comparable spherical coherent domain sizes are obtained for the two IrO2 phases (tetragonal and 

orthorhombic). The wt. fraction of the tetragonal IrO2 phase is ~70 wt.% and that of the orthorhombic 

is ~20 wt.%, i.e. the total amount of ~90 wt.% IrO2 in the sample (obtained for the two-phase 

refinement) splits into two contributions of 70 and 20 wt.%.  

 

3.5 XPS analysis 

3.5.1 Spectra overview  

The XPS spectra shown in Figure 5 were recorded from powder samples as received and spread onto 

sticky double sided carbon tape. All the four samples were mounted on a holder and inserted through 

a load-lock system into ultra-high vacuum containing the X-ray source and analyzer. In this way they 
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were handled similarly and exposed to the same conditions between the measurements. The aim was 

to determine and compare the surface concentrations of the various elements present and the chemical 

states for Ir and oxygen at the surface of the IrOx samples as they were received, before use as 

catalysts. As some of the IrOx samples were found from the previous analyses to contain a mixture 

of metallic Ir and IrOx, metallic Ir powder has also been included in these studies for reference 

purposes. Survey spectra of all the samples, recorded at 50 eV pass energy, exhibit O 1s and C 1s 

peaks along with the Ir peaks. The relatively intense C signals (C 1s) are attributed to contamination 

from previous packaging and handling, from the atmosphere inside the UHV chamber, or from 

uncovered carbon tape. Quantification of the relative Ir content in weight (wt.%) against O from the 

survey scans, is presented in Table 2. This was obtained from the peak areas after fitting and 

subtracting a mathematically smooth background to these spectra in the CasaXPS software. For Ir, 

the entire 4d spectrum is used for the quantification. This analysis shows rather similar values of Ir 

wt.% as compared to the corresponding values obtained through EDS analysis (Table 2), except in 

one case (IrOx-03), which may be attributed to a layer of oxide/hydroxide on the IrO2 crystallites in 

this sample, and which is not detectable with EDS – or present - in the TEM microscope. As an 

example, for metallic Ir powder, the adsorbed surface oxide layer contributes ~10 wt.% of oxygen, 

from the XPS results. This obviously indicates the uncertainty in assuming all O to have been present 

originally as part of the surface chemistry in the other samples, before the XPS analyses. 

Table 2: Relative wt.% of Ir versus O in the IrOx samples estimated with the EDS and XPS techniques 

Sample Ir wt.% (EDS) Ir wt.% (XPS) 

IrOx-01 74.0 78.3 

IrOx-02 74.7 73.3 

IrOx-03 87.1 69.2 
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Ir powder *100 90.8 

IrO2 85.7# 14.3# 

* Supplier data; # Calculated from chemical formula 

 

3.5.2 High resolution Ir 4f and Ir 4d spectra 

Narrow scan XPS spectra of the Ir/IrOx samples containing the Ir 4f, Ir 4d and C 1s, and O 1s peaks, 

recorded at 25 eV pass energy, are collected systematically in figures 5 (b), (c) and (d). Both the Ir 4f 

and Ir 4d peaks consist of well resolved components attributed to the spin-orbit splitting of 2.95 and 

15.76 eV, respectively (supporting information figure S1 and S2). The metallic Ir powder exhibits 

the most intense Ir peaks and the weakest C 1s and O 1s peaks. Both the O 1s and C 1s regions also 

contain two separable peaks, based on the expected experimental resolution. Binding energies in eV 

of the different peaks in the samples are listed here in Table 3. 

 

Table 3: Binding energies (eV, referred to the C1s (1) peak at 284.7 eV) of different peaks of XPS 

narrow scans. 

Sample Ir4f7/2 

(1) 

Ir4f7/2 

(2) 

Ir4f5/2 

(1) 

Ir4f5/2 

(2) 

Ir4d5/2 

(1) 

Ir4d5/2 

(2) 

Ir4d3/2 

(1) 

Ir4d3/2 

(2) 

O1s 

(1) 

O1s 

(2) 

C1s 

(1) 

C1s 

(2) 

Shift 

(eV) 
IrOx-01 62.2 64.5 65.2 67.5 297.8 301.5 313.5 317.8 531.0 532.5 284.7 287.7 0.0 

IrOx-02 61.8 64.0 64.8 67.0 297.4 301.7 313.2 317.5 530.2 531.7 284.7 287.1 -0.4 

IrOx-03 61.8 64.2 64.8 67.2 296.9 299.8 312.9 316.9 529.9 531.8 284.7 286.8 -0.3 

Ir 61.1 64.1 63.4 66.4 296.5 301.0 312.2 317.0 532.2 534.3 284.7 286.9 +1.7 

The 4f and 4d peaks tagged with “(2)” are shake-up satellites. The global shift of the binding energy scale is indicated.  
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In a more detailed study of the core level line shapes of oxides of Ir with synchrotron radiation, it was 

pointed out that some skewing was to be expected (Doniach-Sunjic line shape) for the Ir lines from 

the crystalline oxides, as from the metal, as they were metallic in nature.30 In addition, final state 

effects with a structure depending on the DOS of the hole left in the surface in the photoemission 

process of the oxides also strongly influences the spectral structure in the 4f region and is also 

expected to be active in the emission of 4d electrons, as indicated in Table 3. However, under the 

present conditions of resolution a “normal” treatment of the line shapes in terms of combined 

Gaussian-Lorentzians works well with a proper choice of backgrounds in the fits. 
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Figure 5: (a) XPS survey spectra of metallic Ir powder (Ir) and IrOx samples collected at a pass energy 

of 50 eV over the binding energy range 0 - 1260 eV. XPS narrow scan spectra at 25 eV pass energy 

of the Ir/IrOx samples showing (b) Ir 4f, (c) Ir 4d and (d) O 1s peaks. The BE scales of individual 

narrow scan XPS spectra in (b-c) are corrected/shifted to locate the C 1s peak at 284.7 eV. See Table 

3. 

Deconvolution of the Ir 4d peaks for all the samples, including the Ir-powder sample, is performed 

with two sets of spin-orbit split doublet peaks of combined Gaussian-Lorentzian form, with the 

highest intensity and lowest binding energy pair representing metallic Ir for the Ir-powder sample. 

The area ratios and spin-orbit splittings are held fixed in all fits. For this spectral region, and for the 

O 1s region, only a smooth background gives meaningful results, while for the 4f region a Shirley 

type of background is more realistic. The systematically shifted spectral components with lower 

intensity in both sets of spectra are due to final state shake-up satellites (Table 3).  

In the oxide samples the metallic Ir peaks are displaced to higher binding energies compared to the 

metallic powder sample. From the 4f spectra, comparing these with the report by Pfeiffer et al.,30 

these shifts of the 4f peaks of samples 01, 02 and 03 could indicate some degree of Ir3+ coordination, 

i.e., as Ir in IrOx. Especially, the 4d and 4f spectral lines for IrOx-01 show the largest shifts towards 

higher BE in comparison to those for metallic Ir. As an example, as compared to metallic Ir, the BE 

values of the 4f 7/2 (1) component shift respectively by +1.1, +0.7 and +0.7 eV for the IrOx-01, IrOx-

02 and IrOx-03 samples. As BE values of Ir 4f components are, somewhat unusually 28, observed to 

be higher for Ir3+ than the corresponding values for Ir4+,30-31 it may be concluded that the IrOx-01 

consists of the highest Ir3+ coordination or Ir3+/Ir4+ ratio among the studied samples. Again, the BE 

values of the Ir peaks in IrOx-01 remain slightly lower than those of Ir3+, suggesting presence of a 

mixture of Ir3+ and Ir4+, however unresolved here. 



Page 19 of 35 
 

Further, the shifted 4d (and 4f) spectral lines are shake-up satellites and not due to other oxidative 

components. The relative intensities of the shake-up satellites are as follows: In the IrOx-01, 4f, 

14.1%, 4d, 8.4%; IrOx-02, 4f, 12.5%, 4d, 6.5%; in IrOx-03, 4f, 15.4%, 4d, 18.6% and Ir sample, 4f, 

8.9%, 4d, 7.9%. These findings underline that the shake-up mechanism is different in the metal and 

for the oxides, and for the oxides between them, because of the different electronic structures (i.e. 

density of hole states) of these systems. 

3.5.3 High resolution O1s spectra 

Analysis of the O 1s XPS peak from the samples, performed by deconvolution, is provided in Figure 

6. All O 1s spectra are resolved in two components based on the expected experimental resolution for 

these spectra. Table 4 lists the intensities of these oxygen components. 

Table 4: Binding energies and % abundances of the O 1s components 

Sample O 1s (1) eV O 1s (1) % O 1s (2,3) eV O 1s (2,3) % 

IrOx-01 531.0 66 532.5 (2) 34 (2) 

IrOx-02 530.2 52 531.7 (2) 48 (2) 

IrOx-03 529.9 29 531.8 (2) 71 (2) 

Ir   532.2*(2) 534.3**(3) 69 (2)   31(3) 

*Assumed similar to O 1s (2) for the other samples. **Assumed due to surface adsorbed water, O 1s (3) 

The deconvoluted components show similar systematics in Ir, IrOx-01 and IrOx-02, while IrOx-03 

deviates largely from the trend.  

 XPS study of Ir-oxides by Pfeiffer et al.,30 has shown how an Ir vacancy in the crystalline lattice of 

IrO2 may transfer electrons from O-- to this vacancy and in this way lead to a higher binding energy 

of 1s electrons (in O- in this case), at around 529 eV, compared to the O-- at 530 eV. As the IrOx-03 

sample is highly crystalline (TEM), this effect could obviously also manifest itself clearly here.  
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Figure 6: XPS narrow scan spectra corresponding to O 1s peak of the Ir/IrOx samples. (a), (b), (c) and 

(d) correspond to samples IrOx-01, IrOx-02, IrOx-03 and Ir, respectively. Deconvoluted components 

of the O 1s peak are also shown. For comparison, the ordinate scales for all the Ir/IrOx samples are 

kept identical for all the samples. See also Table 3.  

It is now straightforward to assume that the two O 1s components observed in all the oxide samples 

have the same origins, and therefore could indicate the amount of Ir defects at the surface of the other 

samples as well, but with lower abundance due to the lower ordering in these samples. The O 1s 

components O 1s (1) and O 1s (2) may be assigned respectively to the O compounded with Ir and the 
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surface adsorbed oxygen species, where the later may be in form of the C bound O (C-O) as surface 

contamination and the surface adsorbed oxygen on Ir. For the metallic Ir sample the peak at 534.3 eV 

is likely due to water adsorbed on the surface.32 The other peak might be due to surface adsorbed 

oxygen species, like for the oxide samples. For more information the C 1s signals are listed in Table 

S6. The surface contamination levels are quite similar on all the samples in terms of the presence of 

C and C-O species. 

3.5.4 Ir coordination and oxidation stage 

Following from the previous analyses and discussions it appears possible to safely conclude about 

the surface chemistry of the samples. Thus, the coordination of Ir with oxygen may be as surface 

adsorbed oxygen and oxygen containing species, and as compounded oxygen, part of which shows 

signs of the presence of Ir vacancies in the surface. Especially sample IrOx-03, the most crystalline 

of the samples, shows the largest amounts of crystalline vacancies of Ir in the surface as witnessed 

through the O 1s spectra. The metallic Ir powder sample is seen to contain surface adsorbed oxygen 

species and water but not compounded oxygen to form any native oxide. The surface adsorbed oxygen 

is represented by the highest binding energy peaks (around 532 eV), while some or all of the 

compounded oxygen is represented by the intensity of the lower binding energy peak(s), the 

intensities depending on the local Ir environment. The lowest fractional contribution of the O 1s (1) 

component for the IrOx-03 among the three IrOx samples may be ascribed to its higher crystallinity 

(IrOx-03 shows rather large crystallite size of ~7.0 nm, in contrast to that of the IrOx-02 ~1.8 nm), 

lowering its detectable surface density of compounded oxygen compared to the other samples. 

From this analysis, all three commercial oxide samples have significantly different native oxygen and 

Ir surface chemistries, which could be indicators for differences in their catalytic activities. However, 

they show no sign of adsorbed water, in contrast to the metallic Ir powder. 

3.6 OER performances  
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Linear sweep voltammograms including the three IrOx catalysts and the Ir metal loading of 20 µg 

(irrespective of the Ir content), recorded using the modified GC RDEs in O2 saturated 0.1 M HClO4 

at a scan rate of 10 mV/s and a rotation of 1600 rpm are shown in Figure 7a. A corresponding 

voltammogram from a blank GC RDE is also shown to estimate the contribution from carbon, which 

turned out to be ignorable. A similar plot is performed for the corresponding Ir-loading normalized 

data of Figure 7b, obtained using estimation of Ir atomic content through EDS data. A third plot is 

performed for the corresponding surface area normalized data of Figure 7c, obtained using estimation 

of surface area through coherent domain size (table 1), assuming spherical particle and average 

iridium oxide density of 11.66 g/cm3. The mass specific OER activities and area specific OER 

activity, in terms of the Ir loading and surface area respectively normalized current at 1.65 V 

corresponding to 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂(𝑚𝑚) and 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂(𝑎𝑎) are summarized in table 5. The onset potential of OER, Vonset, 

is determined using figure 7a through interception between the rising current tangent line back 

extrapolation and the current baseline (Inset: figure 7a). All values are summarized in table 5 

. 
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Figure 7: Linear sweep voltammograms of Ir powder IrOx samples recorded at a scan rate of 10 mV/s 

in O2 saturated 0.1 M HClO4 using GC RDE at 1600 rpm. (a) (b) and (c) correspond respectively to 

raw data, mass specific (Current/Ir loading) current and area specific (current/Ir loading/specific area) 

currents. Corresponding voltammogram of blank GC has also been shown in (a). Inset of (a) shows 

an enlarged view of the voltammograms for OER onset, while that of (b) shows enlarged view of the 

cyclic voltammograms used for estimation of the current associated to double layer capacitance. 
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Insight into the electrochemically accessible surface area (𝐴𝐴𝑂𝑂𝐸𝐸𝐸𝐸𝐸𝐸) of the studied samples has been 

gained through the current corresponding to double layer capacitance (𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷), another electrochemical 

parameter correlating the 𝐴𝐴𝑂𝑂𝐸𝐸𝐸𝐸𝐸𝐸and the electrochemical performance.7 As shown in the inset cyclic 

voltammogram of figure 7, the studied Ir/IrOx samples show significant variation of 𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷. The 𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷 

values have been measured using the relation 𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷 = 𝐼𝐼𝑎𝑎 − 𝐼𝐼𝑐𝑐  at 1.25 V, where 𝐼𝐼𝑎𝑎 and 𝐼𝐼𝑐𝑐 are the anodic 

and cathodic currents, respectively. 𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷 values of 4.5, 13.0, 0.8 and 0.1 have been observed for the 

IrOx-01, IrOx-02, IrOx-03 and Ir samples, respectively. The most OER active sample (IrOx-02) 

exhibits the highest 𝐴𝐴𝑂𝑂𝐸𝐸𝐸𝐸𝐸𝐸 in terms of 𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷. However, the high OER activity cannot be explained 

entirely by the high 𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷. For example, for the IrOx-02 and IrOx-01 samples, with an increase in 𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷 

by a factor of ~3, 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂  increases by a factor of ~1.5.  Again, as shown in figure S3, the cyclic 

voltammograms recorded in a broader potential window (0.4-1.6 V) show significant Faradic currents 

and it is difficult to find a non-Faradic resign which could be assigned for the 𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷 calculations. 

Hence, the calculated 𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷 values for the three samples may not represent the real material 

characteristics. Hence, among the three different specific surface area values, namely, the CDS 

surface area (𝐴𝐴𝐷𝐷𝐷𝐷𝐸𝐸), the BET surface area (𝐴𝐴𝐵𝐵𝑂𝑂𝐵𝐵) and the 𝐴𝐴𝑂𝑂𝐸𝐸𝐸𝐸𝐸𝐸, here 𝐴𝐴𝐷𝐷𝐷𝐷𝐸𝐸 has been used for the 

activity correlation studies in terms of area specific activity, IOER(a). As can be seen in table 5, the 

trend of 𝐴𝐴𝐷𝐷𝐷𝐷𝐸𝐸 agrees with the BET surface area data for the IrOx samples. 

Table 5. Summary of key property and performance parameters of the tested samples 

 Mass specific 

activity  

IOER(m) 

Vonset 

 

CDS 

 

Mass specific 

surface area 

(SA)* 

BET surface 

area# 

Area specific 

activity 

IOER(a) 

  A/g V Å cm2/g  cm2/g A/cm2 
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IrOx-01  202 1.46 10 1.29E+06 1.0E+06 1.57E-04 

IrOx-02 312 1.45 19 6.77E+05 3.4E+05 4.61E-04 

IrOx-03 75 1.53 54 2.38E+05 2.0E+05 3.15E-04 

Ir 12 1.57 38** 3.39E+05 Unknown 3.54E-05 

* Assuming all domains are spherical, and all oxides have density 11.66 g/cm3; # Supplier data;  
** Derived from lab PXRD data for Ir (111) peak at 2θ 0 40.9o using the Scherrer’s formula (L = 
0.9λ/βCosθ; where L, λ, θ and β are the average crystalline size, the X-ray wavelength, the diffraction 
angle and the FWHM (2Δθ) of the peak, respectively). 
 

In general, the OER mass specific activity, IOER(m), can be assigned according to the mass specific 

surface area (SA), which has been estimated from an averaged Coherent Domain Size (CDS), table 

1. However, discrepancies between IOER(m) and SA were observed, as shown in table 5. This strongly 

indicates that apart from mass specific surface area other parameters, such as interface property and 

crystalline structure, play a vital role in the OER performance evaluation. 

Based on the evidence from XPS O 1s analysis, (table 4, figure 6), IrOx-01 and IrOx-02 have shown 

rather high content of native compounded oxygen (appearing at lower binding energy); IrOx-03 has 

much less such native oxygen, but high percentage of surface adsorbed oxygen; with Ir, there is no 

content of native oxide at all, but only surface adsorbed oxygen and oxygen in adsorbed water. An 

increased amount of native compounded oxygen exposed at the surface due to higher roughness 

increases the specific surface energy, and therefore improves the wetting of the electrode.  This affects 

the surface tension in the interface between electrolyte and electrode, to allow for improved access to 

the surface for increasing the electrochemical activity. On the other hand, surface adsorbed oxygen 

tends to be hydrophobic and may create a rather repelling interface, thus reduced electrolyte access. 

These correspond well with the lower values for the OER onset potential, 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂, of samples 01 and 

02 compared to sample 03 and Ir.  
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Moreover, for a fair comparison, the area specific activity IOER(a), (as an intrinsic value, which takes 

into account different particle sizes of the oxides) should be considered, as shown in Figure 7c and 

summarized in table 5. Apparently, this activity acts from highest to lowest in IrOx-02 > IrOx-03 > 

IrOx-01. This strongly suggests that the mixed phase of tetragonal and orthorhombic IrO2 (70:20) is 

a more active crystalline structure in OER catalysis than the pure tetragonal (rutile) IrO2 phase, which 

is normally believed to be the best crystalline structure for OER.7, 33-34 Besides this, distorted lattices 

are reported to favor OER performance.15 The monoclinic crystalline structure has been shown to be 

the least active phase among the tested oxides considering their IOER(a). Additionally, in XPS analysis, 

significant shifting of the Ir 4f spectra towards higher binding energies (figure 5b and table 3) in this 

case indicates a higher Ir3+/ Ir4+ ratio. So, any increased content of Ir3+ at the surface, which may not 

readily detectable in a bulk measurement, could also contribute to a reduced OER efficiency. The Ir 

metal carries a face centered cubic structure, which is not at all comparable in OER activity to the 

iridium oxides evaluated in this work. 

In terms of mass specific activity IOER(m), which is a widely implemented engineering evaluator, both 

particle size and interface wettability can partially compensate the lower intrinsic OER activity of a 

less ideal crystalline structure (monoclinic IrOx-01). This then leads to a current final ranking of the 

three evaluated iridium oxides with IrOx-02 > IrOx-01 > IrOx-03 due to a combined effect of total 

surface area, interface accessibility and crystalline structure.  

3.7 Research Perspective  

The report focuses on the correlation between the catalyst activity and the catalyst structure. However, 

for a catalyst to be suitable for real-life applications, durability under operating conditions is another 

important factor. Studies on the performance of different OER catalysts based on metal oxides show 

lower stability for higher OER activity16, 35-36 due to catalyst dissolution through, for example, 
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intermediate reaction steps of the OER.37 Generally, the catalysts having amorphous nature and/or 

surface defects/functionalities show higher activities towards OER but also towards dissolution and 

hence exhibit lower stability.22, 36, 38-39 Therefore, development of IrOx-based catalysts with both high 

activity and optimal stability is an intensive research interest.11-13, 22, 39 On the other hand, more 

recently, environmentally friendly recycling of spent catalysts through electrochemistry has also 

attracted considerable scientific attention.  Hence, a sustainable electrocatalyst should be optimized 

for all the three factors, namely, activity, durability and recyclability. 

4 Conclusions 

In this study, the structure and electrochemical properties of three mass-produced IrOx catalysts have 

been investigated to understand the structure-property-OER correlation. X-ray scattering techniques 

have been employed to investigate the crystalline order and the phase compositions of the studied 

samples, while X-ray photoelectron spectroscopy (XPS) is used to characterize their surface chemical 

state. Electrochemical activities of the IrOx samples measured in terms of their mass specific activity, 

area specific activity and onset potential towards oxygen evolution reaction (OER), are found to be 

significantly different. The mixed phase with tetragonal and orthorhombic symmetries (70:20 w/w) 

was found to be superior over the pure tetragonal phase, the classically favored structure for OER 

catalysis. In contrast, the monoclinic like structure with surface Ir3+ contribution was found to be a 

less intrinsically active phase for OER than the classic ones, but it can still turn out to deliver good 

OER performance when engineered correctly. The native oxygen surface concentration on the iridium 

oxide powder was found to be critical in providing surface access for the electrochemical process.  

High surface area, optimized interface accessibility and suitable structural order significantly 

contribute to an excellent OER catalyst.  
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