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Fig. S1. Image of the in-situ custom-made three-electrode spectro-electrochemical Raman cell.
Electrochemical measurements were conducted in 0.1 M HCIOy,. Pt-Ir thin films sputtered on a
GDL substrate were used as a working electrode (WE, blue). A gold mesh and a mercury-
mercury sulfate (MMS) electrode were employed as counter (CE, red) and reference (RE,
white) electrodes, respectively. The chronoamperometric protocol started from 0.3 Vyyg to
1.6 Vryg with potential step of 100 mV. All reported potentials were corrected for the iR-drop.



Table S1. Experimental acquisition parameters for survey and high-resolution XPS
measurements.

spectrum | energy range / step size pass energy dwell time no. of scans
eV / eV / eV / ms
Survey -10-1350 1 100 10 5
Pt & Ir4f 55-85 0.02 10 50 20
O1ls 525540 0.02 10 50 10
Cls 279 — 298 0.02 10 50
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Fig. S2. Comparison of the predicted Raman spectra of the iridium oxo-hydroxy tetramer

complex with (blue dashed line) and without (red solid line) implicit water solvation using the

Conductor-like Polarizable Continuum Model (CPCM).
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Fig. S3. (a and b) Top-view low magnification SEM micrographs of the Pt-Ir thin films with
atomic Pt:Ir ratios of 1:1 and 3:1. (¢) XRD profiles of the sputtered Ptlr(1:1) (green), Ptlr(3:1)
(purple), Ir (red) and Pt (blue) thin films with the best fits (black dashed lines) obtained from
the quantitative Rietveld refinement analysis. Note, that the peaks at 20 values of around 42 —
44° and ~54° are ascribed to the amorphous PTFE and C(006) graphite of the GDL substrate,
respectively. The pattern references of the face-centered cubic (fcc) Pt (#9008480, blue) and Ir
(#9008470, red) were taken from the crystal open database (COD).!-



Table S2. Thin film composition obtained by pu-XRF technique with three ~20 pm spot

sample Pt content / at. % Ir content / at. %
PtIr(1:1) 47 +£2 53+2
PtIr(3:1) 75+1 25+1
Pt 100 -
Ir - 100

measurements. The characteristic L, lines of Pt and Ir were used for quantitative.



Table S3. Space group, lattice parameter, crystallite size, phase quantity and composition via
Vegard’s law determined by quantitative Rietveld refinement analysis of the XRD profiles for
the Pt-Ir thin films displayed in Fig. S2. The weighted profile R-factor (R,,) represents the
discrepancy index between the calculated and measured data.

samole space lattice crystallite | quantity / composit’ion via R
P group | parameter /A | size/nm wt.% Vegard’s law P
3 3.919 +0.001 6.1+0.2 51+1 Ptos]
PtIr(:1) | LM 957103 4.80
Fmdm | 3.872+0.001 @ 7.2+02 49 + 1 Ptyolto
3 3.923+0.001  6.0+0.1 59+ 1 P00l
PtIrG:1) | LM 1000 5.16
Fm3m | 3.879+0.001 | 82+03 411 Pts,lrag
Pt Fm3m | 3.923+0.001 5.1+0.1 - Ptioo 5.22
Ir Fmdm | 3.8414£0.001 = 4.5+0.1 - Iri00 4.70
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Fig. S4. Ex-situ high-resolution Ir and Pt 4f XPS spectra of the monometallic (a) Ir and (b) Pt
thin films. Light grey circles represent the measured data, the envelope is shown in black. The Ir?,
Ir** and Ir** species are displayed in red, while the Pt’, Pt>* and Pt*" species are plotted in blue.
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Fig. SS. Cyclic voltammetry (CV) profiles of the (a) Pt, (b) Ir, (¢) Ptlr(1:1) and (d) PtIr(3:1)

-2
thin films (total metal loading of 0.4 mg e " ge0) recorded at 50 mV s™! using an impinging jet
flow cell in static Ar-saturated 0.1 M HCIO, solution electrolyte. The Hypp region between 0.06
and 0.4 VRygir-free 1s Observed for all thin films.
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Fig. S6. Pre-conditioning protocol with 100 cyclic voltammetry (CV) profiles at 100 mV s-!
using an impinging jet flow cell in static Ar-saturated 0.1 M HClOy electrolyte. Evolution of

the CV profiles of (a) Pt, (b) Ir, (¢) PtIr(1:1) and (d) PtIr(3:1) thin films.



Table S4. Underpotential deposition of hydrogen (Hypp) as well as ORR and OER specific

activities (SA) of the Pt, Ptlr(1:1), PtIr(3:1) and Ir thin films with a total metal loading of
-2
0.4 mgetal “Mgeo. The Hypp was obtained from cyclic voltammetry measurements shown in

Fig. S4. The roughness factor (RF) was obtained by dividing the Hypp by the geometric surface
area (0.196 cm?). SA values towards ORR were determined at 0.90 Vryg, ir-free and towards
OER at 1.50 VRHE, iR-free-

sample Hypp / cm? fz(lltlf:?li;s) SA(;”;B / \].]lA emyip at SAIOI;]:] / \;;A ey at
. RHE, iR-free . RHE, iR-free
Pt 38+0.2 19 54 5
PtIr(3:1) 7.6+04 39 88 9
PtIr(1:1) 11.0+0.2 56 57 34
Ir 5.0+£0.6 26 3 286
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Fig. S7. Raman spectra of the Ptlr(1:1) (green), PtIr(3:1) (pink), Pt (black) and Ir (grey) thin
films obtained from (a) ex-situ and (b) in-situ at open circuit potential (OCP) in 0.1 M HCIO,.

The peak labelled at 933 cm! is assigned to adsorbed ClO4 anion (Fig. S8). The colored red
region shows the disappearance of the Raman band at 704 cm! with exposure to the electrolyte.
Peak assignments are summarized in Table SS.

11



Table S5. Raman peaks and corresponding modes of vibration for both Pt-Ir, Pt and Ir thin-

Raman shift / cm! Mode of vibration Ref.
311 Ir-O bend 4
346 Ir-O bend 4
460 Clo, adsorbed on Ir surface >
498 Ir**-O stretch 4
550 110, (Ey) 47,8
602 Ir**-OH-Ir** stretch 4
704 110, (B,,) 478
933 C]Oé", " 9-12

films obtained from the ex-situ and in-situ (at OCP) measurements, as shown in Fig. S6.
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Fig. S8. Raman spectrum collected of 0.1 M HC1Oy, electrolyte solution. The peak at 933 cm!

is assigned to adsorbed €194, which is in excellent agreement with the literature.5%10.12
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Fig. S9. Detailed evolution of potential-dependent series of Raman spectra for (a) Ir, (b) Pt, (¢)
PtIr(1:1) and (d) PtIr(3:1) thin films between 0.8 Vgyg and 1.6 Vgyg in 0.1 M HCIO,. Each
potential was held for around 4 minutes, while Raman spectra were collected every 5 s and
subsequently averaged. In Tables 1-4 of the main manuscript, the peak assignments are listed.
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Fig. S10. In-situ Raman spectra collected from the monometallic Ir thin film in the potential
range from 0.2 Vi to 0.8 Vyyg in 0.1 M HCI1O,4. The Raman band at 564 cm™! is assigned to
pure Ir**-OH and the evolution of the band at 498 cm™ is associated with Ir*" center

formation.*!3 The position at 933 cm™! is labelled, where the adsorbed €104 anion is expected.
Due to the low intensity and high background, it is likely in the noise level of the Raman signal.
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stretching bending

Fig. S11. Vibrations of the strong movement of the p-oxo bonds. The arrows show the direction of the
atomic movement of the stretching (left) and bending (right) motions. Iridium, oxygen and hydrogen
are denoted with gold, red and white spheres, respectively.
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Fig. S12. Series of in-situ Raman spectra for the monometallic Pt thin film between 0.3 Vgyg
and 0.8 Vryg in 0.1 M HCIO,. The blue marked area shows the Raman shift region, where
adsorbed oxygen species are expected.’ !2 Peak assignments are shown in Table S6.
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Table S6. Summary of the Raman peaks for the monometallic Pt thin film between 0.3 Vgyg
and 0.8 Vgryg (Fig. S12), corresponding modes of vibration and respective references of the

Raman shift / cm™! Mode of vibration Ref.
480 Pt-O (oxide) 14
570 Pt-O (oxide) P
764 Pt-O0H s, 9-11
811 Pt'Oi(ads) 11,12
854 Pt-Oé(adS) 11,12
873 Pt—Oé(ads) 11,12
933 Clo, 12
1080 Pt-OHuqs) 10

assignments.
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Fig. S13. In-situ Raman spectra collected from the Ptlr(1:1) thin film by holding the potential
from 0.3 Vgyg to 0.8 Vrye with 100 mV steps in 0.1 M HC1O,4. The Raman band at 568 cm'! is
assigned to Ir**-OH species (red). The expected formation of adsorbed oxygen species on

platinum are denoted with a blue marked area.’~!> At the Raman shift of 933 cm!, the adsorbed

Cl04 anion might be expected, which is hidden in the signal-to-noise ratio.
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Fig. S14. Potential-resolved series of in-situ Raman spectra for the PtIr(3:1) thin film in 0.1 M
HCI1O,. The Ir**-OH species (red) is visible by the Raman band at 568 cm-!. Due to the low

intensity and high background, the peak at 933 cm! (orange label) assigned to adsorbed clo,
anion is likely in the noise of the Raman data. The blue marked area shows the Raman shift
region, where adsorbed oxygen species appear on the platinum surface.’12
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Fig. S15. Optimized 2D octamer geometry of the iridium oxo-hydroxo complex (67 atoms)
used for the calculations of the predicted Raman spectrum in Fig. S16. Iridium, oxygen and
hydrogen are denoted with gold, red and white spheres, respectively. For geometry
optimization, the bottom -OH groups were fixed, allowing only the p-oxo bridges and top-side
H,0 molecules to freely vibrate.
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Fig. S16. Comparison of the DFT-based calculated Raman spectra of the iridium oxo-hydroxo
complexes in a tetramer model with 38 atoms (red solid line) and 2D octamer model with 67
atoms (blue dashed line).
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Table S7. Strongest DFT predicted Raman frequencies and modes of vibration for the iridium

Raman shift / cm™! Mode of vibration
575 Ir-O-Ir antisymmetric stretch
795 Ir-O-Ir symmetric stretch

oxo-hydroxo complex shown in Fig. 5a of the main manuscript.
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Table S8. According to the DFT calculations, strongest Raman frequencies and modes of

Raman shift / cm’! Mode of vibration

505 Pt-O-Pt antisymmetric stretch
Pt-O-Pt bending

579 Pt-O-Pt symmetric stretch
Pt-O-Pt bending

606 Pt-O-Pt symmetric stretch
Pt-O-Pt bending

645 Pt-O-Pt symmetric stretch

Pt-O-Pt bending
vibration for the platinum oxo-hydroxo complex displayed in Fig. Sb of the main manuscript.
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Table S9. Strongest DFT predicted Raman frequencies and modes of vibration for the platinum-

Raman shift / cm!

Mode of vibration

430
494
542

595/604
629

664
682

Ir-O-Pt bending

Ir-O-Pt bending

Ir-O-Pt bending
Ir-O-Pt antisymmetric stretch

Ir-O-Pt bending

Ir-O-Pt bending
Ir-O-Pt symmetric stretch

Ir-O-Pt symmetric stretch

Ir-O-Pt symmetric stretch

iridium oxo-hydroxo complex with 1:1 Pt:Ir ratio, in Fig. Sc.
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Table S10. Summary of the strongest DFT predicted Raman frequencies and the respective
modes of vibration for the platinum-iridium oxo-hydroxo complex with 3:1 Pt:Ir ratio from

Raman shift / cm! Mode of vibration
430 Ir-O-Pt bending
470 Ir-O-Pt bending
Ir-O-Pt symmetric stretch
507 Ir-O-Pt bending

Pt-O-Pt antisymmetric stretch
Pt-O-Pt bending
521 Ir-O-Pt antisymmetric stretch
Ir-O-Pt symmetric stretch
Ir-O-Pt symmetric stretch
592/606 Pt-O-Pt symmetric stretch
Pt-O-Pt symmetric stretch
Pt-O-Pt bending
620 Ir-O-Pt bending

Fig. 5d.
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725 cm"

Fig. S17. Main DFT predicted modes of vibration of the strong movement for the p-oxo
bonds of the monometallic iridium oxo-hydroxo complex and the corresponding Raman shift.
The arrows show the direction and magnitude of the atomic movement.
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645 cm™!

Fig. S18. Visualization of the vibrational modes of the strong movement of the p-oxo bonds
for the monometallic platinum oxo-hydroxo complex and the corresponding Raman shift based

on the DFT calculations. The direction and magnitude of the atomic movement is denoted by
black arrows.
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595/604 cm-

Fig. S19. Main DFT predicted modes of vibration of the strong movement of the p-oxo bonds
of the platinum-iridium oxo-hydroxo complex with Pt:Ir ratio of 1:1 and the corresponding
Raman shift. The arrows show the direction and magnitude of the atomic movement.
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507 cm’ 620 cm-"

Fig. S20. The vibrational modes of the intensive movement of the p-oxo bonds of the platinum-
iridium oxo-hydroxo complex for the Pt:Ir ratio of 3:1. The arrows show the direction and
magnitude of the atomic movement. The respective Raman shift is given below.
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Table S11. Detailed comparison of the DFT predicted and experimental Raman shifts at for Ir,

Mode of vibration

DFT predicted Raman shift /

Experimental Raman shift

-1 -1
DFT ]cjllpedicted Expeﬁl}fgn}]ﬁ'ﬁz{ggn shift
; \ifration
BimetaltOPHIP(3YY) Raman shift / cm-! at 1.6 Vyue / cm!
ShomeTiedr 30 i
Ir-O-Ir é’rft]ilél}}ﬁﬁnetric stretch 525 498
fr8h Smmstie STl 725 695
-O-Pt be ingJ 507 510
onometallic Pt
Pt-O-Pt antisymmetric stretch 505 Not observed in the broad
Pt-O-Pt bending band
Pt-O-Pt symmetric stretch
572 600
Pt-O-Pt bending
Pt-O-Pt symmetric stretch
606 600
Pt-O-Pt bending
Pt-O-Pt symmetric stretch
645 675
Pt-O-Pt bending
Bimetallic PtIr(1:1)
Ir-O-Pt bending 430 447
Ir-O-Pt bending 494 510
Ir-O-Pt bending
) ) 542 510 & 554
Ir-O-Pt antisymmetric stretch
Ir-O-Pt bending 595/604 Plateau between 554 and 657
Ir-O-Pt bending
629 Plateau between 554 and 657
Ir-O-Pt symmetric stretch
Ir-O-Pt symmetric stretch 664 657
Ir-O-Pt symmetric stretch 682 657

Pt, PtIr(1:1) and PtIr(3:1) at each vibrational mode by applying a potential of 1.6 Vyyg. Some
experimental Raman bands appear very broad and not well resolved as individual vibrations.
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Pt-O-Pt antisymmetric stretch
Pt-O-Pt bending

Ir-O-Pt antisymmetric stretch
Ir-O-Pt symmetric stretch
Ir-O-Pt symmetric stretch
Pt-O-Pt symmetric stretch
Pt-O-Pt symmetric stretch
Pt-O-Pt bending

Ir-O-Pt bending

Table S11. continued

521

592/606

620

550

602

657
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