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A. Explanation for estimation of Pt coverage from X-ray

photoelectron spectroscopy (XPS)

The amount of Pt deposited on the Ir(111) substrate (MaTeck, 99.999%, miscut angle <
0.1°) surface can be quantified based on pre-experiment using XPS.! The same methodology was
utilized by Yang et al., who quantified the amount of the Pt deposited on the Ir polycrystalline
substrate.” Layer-by-layer growth of Pt, constant Pt deposition rate, and fixed emission angle are

assumed in the following discussion.

Hereafter, the photoelectron intensity from n monolayer (ML) Pt (n =1, 2, 3,...) is written

as ! Pt(anL), and can be considered as a function of the thickness of n ML Pt, %L, For the growth

Pt,a

I
of the first Pt layer on the Ir(111) surface, the photoelectron intensity from Pt, 1st, can be

written as:

IPt,am = alstIPt(dlML)#(l)

. . 1 :
Where *1st (0 < e < 1) is the coverage of the first Pt layer. As shown in eq.(1), "““ist increases

Al A
linearly with %1st, and the slope (* '* o sty is Ine(dims) | For the growth of the second Pt layer

Pt, a

. . . 1 .
with coverage of %2nd (0 < @gng < 1), the photoelectron intensity from Pt, 2nd, can be written

as:

1 i Unal pe(damr) + (1 = @ng) pe(d1pr)
= “2nd{1Pt(d2ML) - IPt(dlML)} + IPt(dlML)#(Z)

Pt, a
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As shown in eq.(2), 2nd increases linearly with %2nd, but the slope (

{Upe(dam) — 1 Pt(dlML)}, which is a different value from that of the first Pt layer growth.

Therefore, a slope-break can be found by plotting the photoelectron intensity originating
from Pt against deposition time (i.e., Pt coverage), corresponding to the time required to deposit
just 1 ML-thick Pt. The sample preparation chamber was equipped with an XPS system
(analyzer: PHOIBOS 1500, SPECS), and Mg Ka radiation was used as an X-ray source (XG-50,
SPECS). The sample position was fixed throughout the experiment. During the detection of the
photoelectron signal, Pt deposition was suspended by a shutter. The photoelectron intensity, peak
area of Pt4f;, band, was calculated by CasaXPS (Casa Software Ltd.) (Figure S.1(a)). A Shirley-
type background was assumed, and the ratio of Lorentzian to Gaussian for the fitting functions
was 30%. The areal intensity ratio of Pt4fs/, to Pt4f;, was fixed to 3/4. Pt4f;,, peak position was
found shifted to a higher binding energy side relative to clean Pt, possible due to electronic

charge transfer between Pt and Ir atoms®=.

Additionally, Figure S.1 (b) depicts the spectra in the Ir4f region with an appropriate graph
scale. Concerning the interatomic charge transfer, a positive shift of Pt 4f bands with increased Ir
content for the Ir—Pt bimetallic system typically accompanies a negative shift of Ir 4f band
energies,>> which was, however, not observed in Figure S.1 (b). Because the photoelectron
signals originating from the Ir atoms interacting with Pt atoms were overlapped by those
originating from the bulk Ir substrate, one might consider that the electronic states of specific Ir

surface sites would also be modified.
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Figure S.1 Results of XPS measurements with increasing Pt deposition time on an Ir(111) substrate surface. (a)
Spectra in Pt4f region with fitting results (solid lines). (b) Spectra in Ir4f region.



B. XP spectra before and after the annealing (R.2(1))

The XPS measurements for UHV-fabricated Pt /Ir(111) were conducted before and after
the UHV-thrmal-annealing at 673 K for 30 min. The obtained Pt4f spectra normalized by Ir4f
peak intensities are shown in Figure S.2. The Pt4f intensity and the binding energy were

remained unchanged by the annealing.
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Figure S.2 XP spectra in Pt4f region abtained before (light colors) and after (dark colors) the annealing at 673
K for 30 min. Fitting results for the spectra of annealed Pty sy /Ir(111) and Ptysn/Ir(111) are displayed as
black lines. Fitttings for the Pty 1y /Ir(111) (for neither as-deposited nor after annealed) are not displayed due
to the weak intensities and low S/N ratios.



C. Low energy electron diffraction (LEED) patterns (R.3(1))

Figure S.3 shows the LEED patterns obtained for the Pt /Ir(111) surfaces. LEED optics
are installed in the same ultra-high vacuum (UHV) chamber as the sample preparations. All
patterns in Figure S.3 show the diffraction spots with six-fold symmetry, though the increasing

Pt deposition thickness of x tends to be diffuse diffraction spots.

Pty 1 /1r(111) Pty s /11(111) Pty spc/1r(111)

Figure S.3 LEED patterns obtained for (a) Pty 1y /Ir(111), (b) Ptosmr/Ir(111), and (c) Pty sy /Ir(111) surfaces.
The electron energy was 100 eV, yet no effort has been made to detailed dynamical analysis of LEED spots.



D. Scanning tunneling microscopy (STM) observation

The STM system is installed in the same UHV system as the sample preparations. The
STM image for Pty /Ir(111) collected with a typical tunneling current of 0.05 nA is shown
in Figure S.4 (a). Flat terraces and island-like structures can be observed. The line profile in
Figure S.4 (b) shows that the height of the island is monoatomic scale (0.2—0.3 nm), and the
width is approximately 10 nm. Furthermore, many island-like structures take hexagonal shapes
(Figure S.4 (a)), implying epitaxial growth of the islands on Ir(111), whose atomic
arrangement has six-fold symmetry. Thus, these island-like structures should be surface Pt
islands grown epitaxially. The bimetallic surface of Ir and Pt, i.e., domains of Ir and Pt co-

exists, can be confirmed for Pty sy /Ir(111) from the image.
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Figure S.4 (a) UHV-STM image of the Pty /Ir(111) surface and (b) line profile.



E. Experimental procedure for scanning electrochemical

microscope (SECM) measurements and results

Experimental details were the same as those described in our previous literature.® The
sample was first transferred from an UHV chamber to an N,-purged glove box without air
exposure.” The electrochemical cell was assembled in the glove box, and the sample surface was
covered by N,-purged solution. After that, the sample was transferred to the SECM system in air.
For SECM measurements, an Ag/AgCl electrode (saturated KCI, Hokuto Denko) and a Pt wire
(0.05-mm diameter) were used as reference electrode (RE) and countor electrode (CE),
respectively. Unless otherwise stated, the estimated electrochemical potentials measured by
Ag/AgCl RE (V vs. Ag/AgCl) are converted to reversible hydrogen electrode scale (V vs.
RHE).¢ The geometrical surface area of the sample substrate electrodes was determined by O-
ring (Kalrez, 0.062 cm?). Solutions were prepared with lab-grade chemicals, such as HCIO,
(Ultrapure, Kanto Chemical) and NaClO,4 (Sendai Wako Pure Chemicals), and ultrapure water
(18.2 MQ cm, Mili-Q). All electrochemical measurements were conducted at room temperature

(approximately 297 K).



(1) Estimation of the HOR activity

HOR activity was estimated using the tip generation/substrate collection (TG/SC) mode
of the SECM in a mixed solution containing 0.01 M HCIO,; and 0.1 M NaClO4%1° A Pt
ultramicroelectrode (UME) tip (diameter: ca. 25 um, Sensolytics) was placed as close as possible
to the sample substrate surface. After that, a negative going scan for the sample substrate
potential (Es) was performed at a scan rate of 5 mV/s, with the Pt UME tip potential (E7)
remaining at —0.74 V, at which the hydrogen evolution reaction (HER) proceeds, and the Pt
UME tip current (it) was recorded. The it value was normalized by the limiting current for HER
on the Pt UME (irs.,), which was measured by cyclic voltammetry prior to each experiment. In
this TG/SC mode of the SECM, HOR rates on the sample surfaces can be fed back to the

normalized Pt UME tip current (It = it/it>s).

HOR activity was evaluated based on the standard rate constant (k°) estimated by fitting
the Es-dependence of It to the theoretical equations.!'!3 Fitting parameters are k°, apparent
transfer coefficient (a,pp), and tip-substrate distance normalized by tip radius (L = d/a). Figure
S.5 depicts the representative experimental data (circles) and fitting results (solid lines).
Measurements were conducted at three different tip positions, and the averaged values of £° are

displayed in the main manuscript.
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Figure S.5 Representative It vs. Eg curves for Pty /Ir(111). Fitting parameters are also displayed.
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(2) Evaluation of H,O, generation properties

H,0O, generation properties were evaluated by substrate generation/tip collection (SG/TC)
mode of the SECM in O,-saturated 0.1 M HC1O,.!%!5 After the Pt UME tip (diameter: ca. 20 um,
Hokuto Denko) was positioned to approximately 50 um above the sample substrate surface,
negative going scan for Es was performed at 2 mV/s. During the scan, Et was fixed to > 1.26 V
to detect H,O, through oxidation (H,O, = O, + 2H" + 2¢"). Both it and sample substrate current
density (js) were recorded. Whereas js corresponds to the total ORR on the sample substrate
surface, it represents the detection of H,O, generated through ORR. Note that the minimum
values of ir throughout the scanned potential range are subtracted for the displayed values in

Figure S.6.

The results are summarized in Figure S.6. The results for vacuum-cleaned Ir(111) (black)
and Pt(111) (gray) are from our previous literature.® Notably, the sharp increase in |js| (Figure
S.6(b)) below 0.06 V corresponds to HER on the sample surfaces; thus, it (Figure S.6(a)) in such
a potential range includes H, detection, in addition to H,O, detection. Furthermore, from the
viewpoint of applications in PEFC anode catalysts, suppressing H,O, generation in a relatively
low potential region (< 0.3 V) is of great significance. For these reasons, a potential range of
0.06 V < Eg < 0.3 V was selected to evaluate H,O, generation properties in the main manuscript

(Figure 3).

(R.1(1)) The onset potentials of ORR for Pty /Ir(111) (ca. 0.85 V), around which H,0,
was generated, are positively shifted by ca. 0.15 V from that of the non-Pt-deposited, clean
Ir(111) (ca. 0.7 V). Similar H,O, generation behavior around the ORR onset potential region was

reported for the electrochemically-grown Pt monolayer on Ir(111).'® Therefore, around its ORR
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onset potential region (ca. 0.85 V vs. RHE), the Pt islands present on the Ir(111) terraces seem to
correlate with the H,O, generation. However, from the viewpoint of applications in PEFC anode,
the H,O, generations in relatively high potential region of ca. 0.3 ~ 0.8 V) are less likely to
induce the PEM degradation, because the PEFC anode does not experience in such potential

under the normal power generation condition.
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Figure S.6 Es-dependence of (a) it (corresponding to H,O, detection) and (b) js (corresponding to ORR) for
Ptovr/Ir(111). Data for vacuum-cleaned Ir(111) (black) and Pt(111) (gray) are from our previous literature.®
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F. Cyclic voltammograms (CVs) (R.3(2))

Cyclic voltammograms (CVs) recorded in N,-purged 0.1 M HCIO, are shown in Figure
S.7. CV measurements were conducted in an N,-purged glove box after the samples were
transferred from the UHV system without exposure to air.” A conventinal three-elctrode cell
(not the cell for SECM measurements) was used. A reversible hydrogen electrode (RHE) and a
Pt wire were used as the reference electrode and counter electrode, respectively. The surface
area of the working electrodes was determined by an O-ring (ca. 0.09 ¢cm?, Kalrez, DuPont).
The scan rate was 50 mV/s. The CV curves for UHV-cleaned Ir(111) and Pt(111) are also

displayed in Figure S.7.

The CV shapes for Pty v /Ir(111) and Pty sy /Ir(111) were quite similar to clean Ir(111),
whereas a marked change can be observed for Ptysyp/Ir(111). Particlarly, the CVs of
Pty 1me/Ir(111) and Pto sy /Ir(111) showed characteristic redox features around 0.95 V vs. RHE,
similarly to clean Ir(111). In contrast, the redox feature cannot be observed for Pty sy /Ir(111),
suggesting a half monolayer deposition of Pt on Ir(111) seriously influence surface

electrochemical properties.

As for the CV features below ca. 0.4 V vs. RHE, which is known as hydrogen
adsorption/desorption potential regions for Pt surfaces, the onset potential for Pty sy /Ir(111)
positively shifted, compared with clean Ir(111) and Pt(111) surfaces. Even for Pty jp/Ir(111)
and Pty sy /Ir(111) samples, below ca. 0.15 V vs. RHE, the current density values were higher
than that of clean Ir(111). These changes in the redox features below ca. 0.4 V vs. RHE might
be related to the modified hydrogen affinity of the topmost surface and, hence, the modified

HOR activity. However, considering that Ir(111) adsorbs not only hydrogen but also OH-
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speceis even below 0.4 V vs. RHE, 820 it is difficult to distinguish the electrochemical charge

that stems from hydrogen adsorption from that for OH adsorption based upon the CVs features
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Figure S.7 CV curves recorded in N,-purged 0.1 M HCIO,.
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