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1. Materials synthesis and MEA preparation 
 
The catalyst synthesis was performed following procedures reported in previous publications1–3. 
3.51 g cetyltrimethylammonium bromide (CTAB, Merck Millipore) as capping agent was 
dissolved in 360 mL anhydrous ethanol (VWR Chemicals), followed by adding 311 mg 
anhydrous IrCl3 (Alfa Aesar) and dissolving in 150 mL anhydrous ethanol. After keeping the 
reaction mixture under strong agitation in Ar atmosphere (Linde, 5.0) for 0.5 h, 60 mL 
anhydrous ethanol containing 456 mg dissolved NaBH4 (VWR Chemicals) was slowly added to 
the above solution with a flow speed of 12 mL min-1. The reaction lasts 5 hours until the color of 
the reaction mixture turns to black completely. The reduced metallic Ir nanoparticles were 
gathered by a centrifuge with a rotating speed of 7600 rpm, then rinsed by a large amount of pure 
ethanol and deionized water, dried in an oven under air at 40 oC overnight. Regarding the 
thermally synthesized rutile phase IrO2, the as prepared metallic Ir nanoparticles were further 
treated in a Muffle furnace at 490 oC under atmospheric environment for 0.5 h. The heating ramp 
used for this process was 5 oC min-1. 
 
The MEAs were obtained by the catalyst-coated membrane method using Aquivion ionomer 
(Solvay). The catalyst inks were prepared by mixing iso-propanol and water (1/1) with the 
catalyst powder of either metallic iridium or iridium oxide particles for the anode side and Pt/C – 
for the cathode side, respectively. After spraying the MEAs were hot pressed. The working 
electrode (WE) side loading was 0.1 mg cm-2 , while the counter electrode loading was 10 times 
higher (metal basis). For further details of the MEA preparation the reader is referred to Saveleva 
et al.2  
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2. Transmission electron microscopy 
 
Transmission electron microscopy was used to characterize the catalysts before the MEA 
fabrication as well as post-mortem by scraping the catalyst particles from the WE surface of the 
MEAs. Scanning transmission electron microscopy (STEM) was performed with a LaB6-JEOL 
2100 microscope operating at 200 kV with a point to point resolution of 0.1 nm. Typical STEM 
images of electrocatalyst powders before and after NAP-XPS measurements are shown in 
Figure S 1. Comparison of STEM images of Ir nanoparticles before and after the NAP-XPS 
measurements (Ir@IrOx sample) shown in Panels A and B of Figure S 1, correspondingly, 
revealed a slight growth of the mean particle size during the operation from ca. 2.0 nm for the 
pristine metallic powder to ca. 2.4 nm for Ir@IrOx catalyst after the spectroelectrochemical 
measurements. In both cases, the particles are highly agglomerated. Panels C and D demonstrate 
the rod-like shape of IrO2 particles. The mean width was equal to ca. 5.5 nm and the length to ca. 
15.0 nm while no changes either in the particles size or in their shape were detected in the post-
mortem sample. 
 

The specific surface area was roughly estimated from the mean particle size defined from the 
microscopic images. Neglecting the agglomeration of the particles observed both for the 
electrochemical and thermal oxide, the resulting values were ca. 130 and 74 m2g-1 for Ir@IrOx 
and IrO2, correspondingly. 

 

 

Figure S 1. STEM images of Ir@IrOx (A, B) and IrO2 (C, D) catalysts before (A,C) and after 
(B, D) operando spectroelectrochemical measurements. 
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3. X-ray powder diffraction (XRD) 
  

XRD analysis of the catalyst powders (metallic Ir and thermal oxide IrO2) was performed using 
Bruker D8 Advance diffractometer with a Cu source. Both diffractograms as well as the 
characteristic reflexions of the reference compounds (stars) are shown in Figure S 2. The latter 
were taken from the database of the International Centre for Diffraction Data (ICDD). For 
metallic Ir powder we observed wide reflexes attributed to nanoparticles of metallic Ir but also 
the traces of not-reacted salt (IrCl3). The contribution of the IrCl3 being small, its observation in 
the powder diffraction patterns can be attributed to the large size of IrCl3 crystals (see Ref.9). 
IrO2 sample is fully represented by the rutile phase oxide. 

 

 
Figure S 2. XRD patterns of catalysts powders: metallic Ir (red), thermal oxide IrO2 (black). 
The ICDD data for rutile IrO2 (black, 01-088-0288), face-centered cubic Ir (red, 00-046-1044), 
IrCl3 (blue, 01-073-0745) are marked in the diffraction pattern. 
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4. Electrochemical characterization in liquid electrolyte and under 
water vapor ambient 
 

 

 

Figure S 3. Cyclic voltammograms obtained in N2-saturated 0.05 M H2SO4 on Ir@IrOx anode 
(A) and IrO2 (B) at the sweep rate of 20 mV s-1 at 25 oC. Catalyst loading on the GC surface is 
60 µg cm-2. Current density is normalized to the geometric surface area of the electrode. 

 
For both Ir@IrOx and IrO2 electrodes, 10 cycles of cyclic voltammetry (CV) were applied before 
the oxygen evolution reaction (OER) evaluation. The 2nd and the 10th cycle for Ir@IrOx are 
presented in Panel A of Figure S 3, the disappearance of the hydrogen adsorption/desorption 
peaks in low potential range (0 V – 0.5 V vs. RHE) after 10 cycles of CV clearly indicate the 
formation of electrochemically oxidized IrOx on the particle surface. The corresponding curves 
for IrO2 are shown in Panel B of Figure S 3 for comparison. No apparent changes are observed 
after subsequent potential cycles, implying that the rutile phase IrO2 is electrochemically stable 
and no significant changes occur on the electrode surface during the potential cycling. 
 
Figure S 4 shows typical CVs recorded on Ir@IrOx – based and IrO2 – based MEAs in the NAP-
XPS chamber under 3 mbar water vapor. The curve recorded on Ir@IrOx demonstrates two red-
ox peaks with anodic peak potentials around 0.5 V and 1.2 V vs DHE, while the CV obtained on 
thermal iridium oxide – at 0.5 V and 1.0 V vs DHE. The shift of the peaks observed under water 
vapor conditions in comparison to 0.05 M H2SO4 for both catalysts is probably related to a lower 
water activity and the absence of mobile anions.  
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Figure S 4. Cyclic voltammograms obtained in the NAP-XPS chamber under 3 mbar water 
vapor on Ir@IrOx (A) and IrO2 (B) anodes. The inset of Panel B represents a magnified 
voltammogram of the IrO2 anode. Scan rate 50 mV s-1.  
 
 

 
Figure S 5 shows the effect of relative humidity on the CV recorded on Ir@IrOx anode. The 
analysis of the Tafel slope in the OER interval did not reveal significant differences depending 
on the water vapor pressure. However, the Tafel slopes are higher than the one, estimated from 
the voltammograms obtained in liquid 0.05 M H2SO4 electrolyte. 
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Figure S 5. The cyclic voltammograms recorded on Ir@IrOx electrode under different water 
vapor pressures: 23.5 mbar (red), 16 mbar (black), 9 mbar (green), 4.5 mbar (blue), 3 mbar 
(magenta). Scan rate 5 mV s-1. The catalyst loading was 0.1 mg cm2. 
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5. Operando spectroscopic measurements 

5.1. Measurement protocol 
 
The spectroscopic measurements (NAP-XPS and soft X-rays XANES) were performed at the 
ISISS beamline (BESSY II synchrotron at the Helmholtz Zentrum Berlin) in a set-up previously 
described4,5 under 3 mbar oxygen-free water vapor under constant voltage applied between the 
working and the counter electrodes. Spectra were acquired after a delay time of 120 s necessary 
to stabilize the current and thus perform measurements at a constant Ohmic drop-corrected E-iR 
potential. The electrochemical activity of the MEAs was measured by cyclic voltammetry before 
the start of the NAP-XPS/XANES measurements and then monitored at the end of the 
measurement cycle. The current values were followed by means of chronoamperometry. A μ-
AutoLab potentiostat from Metrohm was used for the electrochemical studies. The formation of 
hydrogen on the cathode side of the MEA under the operation conditions allows us to use the 
counter electrode as a dynamic hydrogen electrode (DHE) as it was previously shown in Ref.2 
The OER onset potential, confirmed by the on-line quadrupole mass spectrometer, corresponds 
to the values obtained in liquid electrolyte allowing us to use the obtained potential values 
without correction. The MEA resistance was examined using high frequency impedance 
spectroscopy measurements throughout the experiment and was used to perform the Ohmic drop 
(iR) correction. The timeline of the experiments is described in the main text. 
 
The O K edge spectra were recorded under different polarization conditions, Auger (AEY) and 
total electron yield (TEY) modes were registered simultaneously. The excitation energy was 
scanned between 523 eV and 550 eV. 
 
The NAP-XPS measurements were performed separately after the adsorption edge studies. Ir4f, 
C1s and O1s XP spectra were recorded using selected excitation energies so that the 
photoelectrons were emitted at a kinetic energy of ca. 530 eV. To increase the surface sensitivity 
Ir4f spectra were also recorded at kinetic energy of 330 eV. These values correspond to an 
approximate analysis depth (estimated as three times the inelastic mean free path) of 1.7 nm and 
2.3 nm for 330 eV and 530 eV respectively. To determine the surface atomic ratios (ARs), the 
spectral intensities were normalized by the energy dependent incident photon flux. The binding 
energy (BE) scale was calibrated with respect to the Fermi edge of the electron analyzer.  

 
 

5.2. O K edge. Fitting and analysis 
 

As it was shown in Pfeifer et al.6 the low excitation energy region (from 523 to 530 eV) is not 
affected by the signals from the continuous presence of the gas-phase water and oxygen in the 
NAP-XPS chamber. After the normalization to the incident photon flux and to the gas-phase 
peaks intensity the O K edge spectra can be used to determine the surface coverage7. To obtain a 
reliable background containing only water gas-phase peaks we measured the O K edge spectra in 
the absence of the sample. The obtained curve was used as a background and was subtracted 
from all the spectra. The example of subtraction is shown in Figure S 6. 
 
Regardless the higher surface sensitivity of AEY in comparison to the TEY, the latter usually 
provides better signal-to-noise ratios which allowed us to analyze the low intensities of the pre-
edge region. The evolution of this region in TEY mode under polarization for Ir@IrOx and IrO2 
anodes is shown in Figure S 7 and Figure S 8 correspondingly. 
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The fitting of the O K edges recorded on IrO2 electrode was done based on the parameters 
reported in the work of Pfeifer et al.8 where the position and the shape of the peaks 
corresponding to the OI- and OII- species were defined on the basis of the corresponding density 
functional theory calculations. The additional peak at 529.6 eV observed on Ir@IrOx sample was 
attributed to μ1-OH species as it was explained in the main text. The potential dependence of this 
peak intensity with applied potential is shown in Figure S 9. The fitting of the peaks was done 
with Gaussian/Lorentzian GL(30) function of constant width. Taking into account the low 
intensity of the pre-edge, by varying the fitting parameters we estimated the error as 10%. 
 

 

 

Figure S 6. Low excitation energy of O K edges (TEY) of IrO2 anode under 3 mbar water 
vapor and 1.53 V before (A) and after (B) background subtraction. The background is marked 
red in Panel A. 

 

 

Figure S 7. Low excitation energy of O K edges (TEY) of Ir@IrOx anode under 3 mbar water 
vapor and different polarization conditions (E-iR): 0 V (A); 1.0 V (B); 1.1 V (C); 1.29 V (D); 
1.38 V (E); 1.43 V (F); 1.48 V (G); 0 V backward (H). Color code: OI- (magenta), OII- (red), 
gas-phase O2 / μ2 – OH (blue), μ1 – OH (green) experimental data (black circles), fitted 
spectrum (grey). 
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Figure S 8. Low excitation energy of O K edges (TEY) of IrO2 anode under 3 mbar water 
vapor and different polarization conditions (E-iR): 0 V (A); 0.25 V (B); 0.7 V (C); 1.3 V (D); 
1.4 V (E); 1.47 V (F); 1.53 V (G): 1.56 V (H). Color code: OI- (magenta), OII- (red), gas-phase 
O2 / μ2 – OH (blue), experimental data (black circles), fitted spectrum (grey). 

 

Figure S 9. TEY intensity of μ1 – OH (green) and OI- (magenta) peaks observed on O K edge 
spectra (see Figure S 7) recorded for Ir@IrOx anode versus Ohmic drop-corrected potential. 
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5.3. O1s XP spectra analysis 
 
Figure S 10 shows O1s XP spectra on the two anodes acquired at the end of the experiment. 
Compared to the spectrum of the Ir@IrOx anode obtained before the measurements (see Figure 2 
of the main text), one may see the increase of the low BE component in panel A at 530 eV, 
which may be attributed to the ageing of the electrochemical oxide accompanied by an increase 
in the contribution of lattice oxygen after the two OER cycles (recording of O K edge and Ir4f 
spectra) also observed in the O K edge spectra (see Figure S 7).   
 

 

 

Figure S 10. O1s XP spectra of Ir@IrOx (A) and IrO2 (B) anodes under 3 mbar water vapor 
and OER conditions (E – iR = 1.48 V) obtained after two full OER cycles. Fitting: lattice oxide 
– red, hydroxide and C=O species - blue, water and C - O species – grey. Kinetic energy: 530 
eV. Background subtraction was carried out using Shirley method and curve fitting was 
performed based on a Gaussian/Lorentzian GL(30) function. 

 

5.4. Ir4f XP spectra: evolution under potential. Quantitative analysis 
 

Fitting of the spectra was performed using five doublets with Ir4f7/2 peak positions at 60.85 eV, 
61.70 eV, 63.00 eV, 62.40 eV and 64.20 eV, and attributed to metallic Ir; Ir (IV) and its satellite; 
Ir (III) and its satellite, correspondingly as it was discussed in our previous publications2,9. Ir4f 
XP spectra recorded on Ir@IrOx anode under different polarizations and 2 photon energies are 
displayed in Figure S 11 and Figure S 12. One may clearly see the decreasing of Ir (III) 
component contribution and the growth of Ir (IV) with potential. The backward scan is 
represented by two potentials E = 1.1 V and 0 V shown in the panels H and I of Figure S 11, 
respectively. The observed gradual increasing of Ir (III) corresponds to the transition Ir (IV) / Ir 
(III) observed also in the CVs (Figure S 4). The quantitative analysis of Ir components versus 
potential is shown in Figure 4 of the main text. 

Figure S 13 demonstrates the Ir4f XP spectra recorded at kinetic energy of 330 eV on IrO2 
sample, the difference spectra are presented at the top of the plot. 

Figure S 14 shows the Ir4f spectra of two reference samples: IrO2 and IrO2·2H2O (Aldrich) fitted 
with the parameters used above. The analysis revealed the presence of Ir (III) component in 
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hydrated oxide (ca. 25%). The shape of the Ir4f spectra measured for the reference rutile oxide 
(commercial) is identical with the one obtained for the IrO2 anode. 

 

 

Figure S 11. Ir4f XP spectra of Ir@IrOx anode under 3 mbar water vapor and different 
polarization conditions (E-iR): A – 0 V; B – 0.3 V; C – 1.1 V; D – 1.29 V; E – 1.38 V; F – 1.43 
V; G – 1.48 V; H – 1.1 V (backward scan); I – 0 V (backward scan). Color code: Ir (met) – 
grey, Ir (III) magenta, Ir (IV) – cyan. Kinetic energy 530 eV. 
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Figure S 12. Comparison of Ir4f XP spectra of Ir@IrOx anode acquired at different kinetic 
energy of photoelectrons: 330 eV (A-C) and 530 eV (D-F) under 3 mbar water vapor and 
different polarization conditions (E-iR): A, D – 1.48 V; B, E – 1.1 V (backward scan); C, F – 0 
V (backward scan). Fitting: Ir (met) – grey, Ir (III) – magenta, Ir (IV) – cyan. 
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Table 1. Contributions of various components to the Ir4f spectra for different kinetic 
energies of photoelectrons (330 and 530 eV) 

 

Component, % 

530 eV 330 eV 

1.5 V 1.1 V back 0 V back 1.5 V 1.1 V back 0 V back 

Ir met 30,4 28,5 29,2 17,2 18,5 26,8 

Ir IV 61,6 60,9 53,6 76,3 70,1 57,5 

Ir III 8,0 10,6 17,2 6,5 11,4 15,7 
 

 

 

  



S15 
 

 

 

Figure S 13. Ir4f XP spectra of IrO2 anode under 3 mbar water vapor and different 
polarization conditions (E-iR): 0 V (black); 1.3 V (red); 1.58 V (blue). The upper part of the 
figure represents the difference between the spectra obtained under the open circuit condition 
and higher anodic potentials. Kinetic energy: 330 eV. 

 

 

Figure S 14. Ir4f XP spectra recorded under UHV on commercial samples (Alfa Aesar): IrO2 
(Panel A) and IrO2·2H2O (Panel B). Color codes for Panel A: Ir (IV) - red; Ir (IV) sat 1 - 
green; Ir (IV) sat 2 – blue. Color codes for Panel B: Ir (IV) and its satellite - cyan; Ir (III) and 
its satellite - magenta. Photon energy 595 eV. 
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6. DFT calculations  
 

Density functional theory (DFT) calculations were performed using the Quantum 
ESPRESSO package version 6.1.10 To recover the correct ground state properties11 the Perdew, 
Burke, and Ernzerhof (PBE) exchange and correlation potential was employed12. Projector 
augmented wave datasets were taken from the PS Library13 and a kinetic energy (charge density) 
cutoff of 30 Ry (300 Ry) was employed. A k-point mesh equivalent to at least 8 8  for the 
1 1  (001) surface unit cell was employed with cold smearing14 using a smearing parameter 

of 0.02 Ry. Calculations used at least 5 layers of IrO2, the central two layers were fixed and the 
other were allowed to relax. Various surface terminations [(110), (200), (201), (210), (111)] were 
investigated with O and OH terminations. The role of Ir defects introduced at the surface was 
also tested. Oxygen K-edge spectra were computed using a one-electron Fermi’s golden rule 
expression as implemented in XSpectra.15,16 These were performed with the same k-point mesh 
as the ground state calculation and no core hole potential was included as this has been shown to 
give the correct results for rutile-type and defective IrO2.17 The relative edge positions were 
computed by way of a ΔSCF calculation.18 These relative energies were then aligned using a 
calculation of bulk IrO2, under the assumption that the O 1s binding energy of lattice oxygen is 
530.0 eV. The potential at which OI- forms was computed using the concept of a theoretical 
hydrogen electrode,19 where the reaction energy for hydrogen removal from the surface is 
calculated by way of DFT. This energy is then corrected for the electrode potential and changes 
in entropy. We neglected changes in zero point energy as previous investigations show they only 
contribute 0.1-0.2 eV for the types of species we are concerned with and will therefore not 
qualitatively change our findings.  

To sample a sufficient large number of possible local surface structures DFT calculations 
were performed on fully-oxidized pristine rutile-type IrO2 surfaces with (110), (100), (201), 
(210), and (111) surface terminations, see Figure S 15. Each of these surfaces display μ1-O and 
μ2-O terminal oxygen ligands. In total we examined 9 μ1-O and 5 μ2-O in this way. 
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Figure S 15. Pristine surface terminations used to compute the O K-edge spectra and Löwin 
charges on μ1-O and μ2-O species. 

 

We also computed the O K-edges of these surfaces with a variety of Ir surface vacancies. 
On the (110), for instance, we examined the two types of surface vacancy shown in Figure S 16, 
where the missing Ir atom is shaded white for clarity. In the case of the structure labeled (110) 
Irbr vacancy a surface Ir atom involved in Ir-O-Ir bridging bonds on the surface has been 
removed. In this case the surface O:Ir ratio increases because only an iridium atom is removed. 
For the Ircus vacancy a coordinatively unsaturated Ir has been removed from the surface, which 
also requires the removal of O bound to the CUS site, as such, the O:Ir ratio remains fixed. Such 
calculations were performed for the (110), (201), (210), yielding 24 distinct μ1-O geometries and 
11 different μ2-O geometries. 
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Figure S 16. Defective (110) surface terminations used to compute the O K-edge spectra and 
Löwin charges on μ1-O and μ2-O species. The white atom indicates the position of the 
vacancy. 

  

OH terminated surfaces were also investigated. For this purpose we examined the fully 
hydrogenated pristine (110), (200), (201), and (210) surfaces. The (200), (201), and (210) 
surfaces are shown in Figure S 17. This procedure resulted in 10 distinct μ1-OH and 2 μ2-O 
geometries, which allowed us to investigate the role of hydrogen bonding on the white line 
position in the O K-edge and the Löwdin charge. 

 

Figure S 17. (200), (201), and (210) OH terminated surfaces used to compute the O K-edge 
spectra and Löwdin charges on μ1-OH and μ2-OH species. 
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