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Simultaneous accomplishment of high hydrogen oxidation reaction
(HOR) activity and suppressed hydrogen peroxide (H,0,)
generation is desired for anode catalysts of polymer electrolyte fuel
cells. 0.3 monolayer-thick-Pt-deposited Ir(111) showed threefold
higher HOR activity than Pt(111) and suppressed H,0, generation
under the detection limit, providing insight for the effective catalyst
development.

Polymer electrolyte fuel cells (PEFCs) are attracting
attention as a promising clean energy source for automotive
and static applications. Despite the significant effort made to
date for its widespread use, the high cost and short lifetime of
PEFCs remain unresolved. In terms of lifetime, the degradation
of materials used for PEFCs needs to be prevented. Chemical
degradation of the proton exchange membrane (PEM) is one of
the representative targets.! This degradation scenario is
considered as follows: first, the crossover O, from the cathode
is reduced on the anode catalyst,2 which originally aims to
promote the hydrogen oxidation reaction (HOR). Presently,
carbon-supported Pt nanoparticles (Pt/C) are used as PEFC
anode catalysts, and it is known that the oxygen reduction
reaction (ORR) on Pt/C accompanies a 2-electron pathway in the
anode potential region (close to 0 V vs. RHE), resulting in
hydrogen peroxide (H,0,) generation.3 Thereafter, H,0;
decomposes into reactive oxygen-related radicals (¢OH), which
attack and degrade the PEM.* Therefore, the development of a
novel anode catalyst having characteristics of suppressed H,0;
generation and sufficient HOR activity is desired.>~”
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Fundamental investigation using well-defined surfaces of
single crystals is one of the powerful methods for investigating
effective catalyst materials. This is because the surface
structure of practical supported nanoparticle catalysts,
especially alloy nanoparticle catalysts, are highly complex, e.g.,
inhomogeneous topmost surface composition, atomic
arrangement, etc., making it difficult to distinguish the well-
acknowledged factors influencing catalytic properties such as
the bifunctional (ensemble) effect, ligand effect, and strain
effect.8-10

In this study, the aforementioned catalyst properties for Pt—
Ir bimetallic surfaces are fundamentally investigated. Pt—Ir
bimetallic materials have been investigated as fascinating
electrocatalysts for such as PEFC cathode,'"13 unitized
regenerative fuel cell anode,’* direct ammonia fuel
anode,>16 direct methanol fuel cell anode,!” etc., yet have not
investigated as less-H,0,-generating PEFC anode.
Recently, we showed that the Ir surface can provide the
appropriate catalytic properties for PEFC anode by investigating
both H,0; generation and HOR properties for low-index single
crystal surfaces of Ir (Ir(hkl), hkl = 111, 100, and 110): Ir(111)
exhibited suppressed H,O, generation (below the detection
limit) and relatively high HOR activity (ca. 70% of Pt(111)),'8
which suggests that Ir addition to PEFC anode catalysts might be
effective. In this work, we fabricated a well-defined model of
bimetallic surface structures on Ir(111) single crystal substrate
with different surface coverages of Pt (Ptuw/Ir(111)) and
investigated the HOR and H,0; generation properties in acidic
media using tip generation/substrate collection (TG/SC)1%-21
and substrate generation/tip collection (SG/TC)?2232 modes of
scanning electrochemical microscope (SECM), respectively. We
focused on the bimetallic surface models with submonolayer Pt
coverage rather than those with fully Pt-covered surfaces. The
experimental results indicate that the Ir(111) surface covered
with appropriate amounts of Pt submonolayers (Ptosm./Ir(111))
exhibits enhanced HOR activity and suppressed H,0;
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Figure 1. XP spectra measured with increasing Pt deposition time on an Ir(111) substrate surface. (a) Spectra in Pt4f and Ir4f region.

(b) Plot of the Pt4f;/; band intensity against the deposition time.

generation. The modified hydrogen adsorption on the
bimetallic surfaces can be proposed as the HOR activity
enhancement factors, while H,O,-related intermediate
reduction at Ir sites (bifunctional effect) can be suggested as a
possible factor of suppressed H,0, generation.

Model catalyst surfaces were prepared in an ultrahigh-
vacuum (UHV) system. The surface of the single crystal Ir(111)
substrate was cleaned by repeated cycles of Ar* sputtering and
annealing at 1183 K in UHV. Thereafter, x monolayer-thick (x =
0.1, 0.3, and 0.5 monolayer (ML)) of Pt was deposited on the
cleaned Ir(111) using electron-beam evaporation method.2*
During the depositions, the substrate temperature remained
constant at room temperature We quantified the Pt coverage
based on X-ray photoelectron spectroscopy (XPS)
measurements, in which Pt was continuously deposited on
Ir(111) and the Pt and Ir 4f bands were measured (Figure 1 (a)).
As shown in Figure 1 (b), the Pt4f;/, intensity increases linearly
with increasing Pt deposition time until the “slope-break” is
reached at about 15 min, corresponding to one monolayer-thick
Pt.2526 A more detailed explanation and spectral fitting results
are shown in ESI. A. This estimation was in good agreement with
the deposition rate measured using a quartz crystal oscillator
installed in the UHV chamber (approximately 0.2 Ap/min);
hence, based on the results, the deposition amount of Pt for
each experiment was checked and calibrated using the
oscillator. During this XPS measurement, we checked the
binding energies of Pt 4f bands. The values shifted to a higher
binding energy side compared with those for pure Pt%-(Figure
S.1 (a)). Thereafter, the Pt-deposited Ir(111) substrates were
annealed at 673 K for 30 min. Note that the Pt4f spectra
remained unchanged by the UHV-annealing, as shown in ESI.B.
The low energy electron diffraction (LEED) patterns of the as-
fabricated samples are shown in Figure S.3 (ESI. C), in which 6-
fold surface symmetry was basically confirmed, though the
diffraction spots tend to be diffuse with increasing Pt

2 | Phys. Chem. Chem. Phys., 202x, 00, 1-3

thicknesses of x. We also performed scanning tunneling
microscopy (STM) for the Ptosmi/Ir(111) surface (Figure S.2 in
ESI. D), which demonstrated the best catalytic performance in
this study (shown in a later section), where the bimetallic
surface of epitaxial Pt islands and Ir(111) terraces can be
observed.

The prepared Pt/Ir(111) samples were transferred from the
UHV chamber to the SECM system without exposing the sample
surface to air using a homebuilt transfer system.1827 Contrary to
the conventional rotating disk electrode (RDE) method, which is
pointed out to underestimate the quite fast reaction rate of HOR
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Figure 2. HOR standard rate constants (k° for Ptua/Ir(111)
estimated by TG/SC mode of SECM.
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in acidic solutions, SECM can quantify the standard rate
constant of HOR.202%8 Furthermore, SECM is capable of
evaluating H,0, generation during ORR.2%:30 Therefore, in this
communication, we adopt SECM to evaluate HOR and H,0;
generation properties of Ptu/Ir(111) model anode catalyst
surfaces. A detailed experimental procedure of the SECM
measurements is described in ESI. E and our previous
research.’® In addition, cyclic voltammograms (CVs) of
Pt /Ir(111) recorded in N>-purged 0.1 M HCIO4 by using a
conventional three electrode cell are displayed in Figure S.6 in
ESI. F, in which detailed conditions of the CV measurements are
also described.

Figure 2 shows the estimated k°-values for HOR, i.e., HOR
activity, evaluated in 0.01 M HclO4 + 0.1 M NaClOg4 using the tip
generation/substrate collection (TG/SC) mode of SECM. The
experimental data and the fitting results used to estimate k°-
values are shown in ESI. E (Figure S.5). The k°-values of vacuum-
cleaned Ir(111) and Pt(111) from our recent literature8 are also
displayed as references in Figure 2. As for the submonolayer-
thick-Pt-deposited samples (x = 0.1, 0.3, and 0.5), Ptoawm./Ir(111)
(blue) and Ptosm/Ir(111) (red) outperformed Ir(111) (black).
Especially, the HOR activity of Ptosm/Ir(111) (blue) was
threefold higher than that of clean Pt(111) (gray). In contrast,
the estimated HOR activity of Ptoimi/Ir(111) (green) was even
lower than that of Ir(111). The results indicate that the HOR
activity of the bimetallic surface with (111) surface atomic
arrangement strongly depends on the surface atomic ratio of Ir
: Pt, with the ratio of Ir : Pt = 7 : 3 concluded as the most
appropriate for enhancing the HOR activity. This result obtained
for the well-defined Ptuw/Ir(111) corresponds well with the
previous study for the bulk Pt-Ir alloys, which concluded that the
sample with bulk atomic ratio of Pt : Ir = 3 : 7 most effectively
catalyzes HOR.2!

The HOR activity enhancement would be dominated by
dissociations and adsorption of H, on bimetallic surfaces that
modified by both electronic and structural factors. To date, the
two possible mechanisms are suggested for HOR in acidic
solution: Tafel-Volmer or Heyrovsky-Volmer mechanisms,
composed of the reaction steps such as Tafel step (H2 > 2H.4),
Heyrovsky step (Hy = Hag + H* + €7), and Volmer step (Hag 2 H*
+ e7). For both mechanisms, binding energy of adsorbed
hydrogen (Haq) is important factor of HOR activity. Because the
bonding of Haq to the Pt and Ir surfaces is considered to be
stronger compared with that for optimal HOR activity
enhancement,31.32 appropriately weakened H.q bonding would
show maximum HOR activity for Pt,wu/Ir(111). According to the
literatures, the coexistence of Pt and Ir can result in interatomic
charge transfer,13:33 and this is consistent with the chemical shift
of Pt4f observed in the present study (Figure S.2) though the
shift of Irdf was difficult to discuss due to the strong
photoelectron intensity from Ir(111) substrate (Figure S.1 (b)).
Besides, the upshift and downshift of the d-band centers can be
expected for Irand Ptin Ptuv/Ir(111), respectively, based on the
theoretical calculation by Ruban et al.34 Since the upshift of the
d-band center tends to strengthen the hydrogen binding,3>3¢
hydrogen binding strength of surface Pt and Ir domains can be
expected to become lower and higher, respectively. From this

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. H,0, generation properties of the Pta/Ir(111)
evaluated by the SG/TC mode of SECM.

perspective, deposited Pt sites rather than substrate Ir sites are
more likely to contribute to the HOR activity enhancement for
Pt.ami/Ir(111). Despite possible electronic factors for the HOR
activity enhancement, such as d-band center of Ptuy/Ir(111),
the obtained HOR activity trend against the deposited amounts
of Pt deviated from so-called a volcano shape (Figure 2). Such
experimental result implies the factors other than the electronic
factors of Pty /Ir(111) might dominate HOR activity. The most
likely factor is the surface morphology of Pty /Ir(111), where
various sizes of Pt islands (approximately 10 nm wide and
monoatomic height) are dispersed on Ir(111) terraces (Figure
S.4 ESI. D). The number of interfacial sites of the Pt-islands and
Ir(111) terraces and/or hydrogen spill over3” between Pt and Ir
adjacent sites should depend on the surface morphology,
thereby correlate with HOR of Pty /Ir(111).

The results of substrate generation/tip collection (SG/TC)
measurement for H,O, generation properties are summarized
in Figure 3. The sample potential (Es)-dependence of H,O;
detection current (it) normalized by sample electrode current
originating from ORR (|is|]) was displayed from the

Ozb —) 02* ? HzOz* ? HEO

I

HEOEb

Scheme 1. Simplified model for ORR process. Superscripts * and
b denote the intermediate species on the electrode surface and
the species in the bulk solution, respectively.
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Figure 4. Summary of the H,0, generation and HOR properties
for Ptywi/Ir(111), in comparison with vacuum-cleaned Ir(111) and
Pt(111).18

measurements in Oj-saturated 0.1 M HclOs. The data for
vacuum-cleaned Pt(111) and Ir(111) collected in our previous
study® are shown as references. The experimental data for it
and is are shown in ESI. E (Figure S.6). Figure 3 indicates that the
it/|is|-value for Ptoim/Ir(111) (green) is a noise level
throughout the potential range (0.06 V < Es < 0.3 V) similar to
clean Ir(111). Also, the value of it/|is| for Ptoam/Ir(111) (blue)
remained almost at the noise level below 0.2 V, though it/ |is|
slightly increased in Es > 0.2 V. In contrast, the value of it/|is|
for Ptosm/Ir(111) (red) exhibited marked H,O, generation
throughout the potential range of 0.06-0.3 V. The results
indicate that the value of x (Pt-deposited thicknesses) less than
0.5 ML for Ptywi/Ir(111) tends to suppress the H,0, generation
in the potential region of <0.2 V, which seems consistent with
several studies reporting for H,O, generation through ORR on
the Pt—Ir catalysts with Pt-enriched surfaces.33383° The present
study revealed that the Ir-enriched surfaces of Ir-Pt bimetallic
materials, contrary to the Pt-enriched surfaces, are effective in
mitigating the H,0; generation.

The suppressed H;0, generation properties of
Ptoami/Ir(111) and Ptosm/Ir(111) can be explained through
facilitated H,0; reduction to H,O at Ir sites, i.e., bifunctional
mechanism.#% Scheme 1 is the simplified model for multistep
ORR process.*! In this model, the kinetic parameters of the sub-
processes S; (intermediate H,0, formation), S, (H20 reduction
to H;0), and S; (H20: desorption and diffusion into bulk
solution) determine the H,0, generation behavior. The
generation of large amounts of H,O0, on clean Pt(111) is
considered as the consequence of the prohibited H,0;
reduction (S; in scheme 1) in the relatively low potential
(approximately < 0.3 V).#2 Meanwhile, Ir sites could reduce the

4 | Phys. Chem. Chem. Phys., 202x, 00, 1-3

intermediate H;O0, to H,O because clean Ir(111) hardly
generates H,0, during ORR in this potential region. Thus, even
if H,O, was generated at adjacent Pt sites, it could be reduced
to H,O on Ir sites before its desorption into bulk solution,
resulting in suppressed H,O, generations for Ptau/Ir(111)
surfaces.

Figure 4 summarizes the HOR and H,O, generation
properties of the investigated Pt,/Ir(111), displaying k%-values
estimated by TG/SC measurements (Figure 2) on the x-axis and
it/|is|-values at 0.06 V obtained by SG/TC measurements
(Figure 3) on the y-axis as representative values of HOR and
H,O, generation properties, respectively. The summarized
results clearly show that the coexistence of Ir and Pt surface
sites with a Pt/Ir ratio of approximately 3 : 7 (Pto.am/Ir(111)) can
achieve both high HOR activity and suppressed H,0, generation
that outperformed clean Pt(111), which are desirable
properties as the novel PEFC anode catalyst mitigating the PEM
degradation. The factors of high HOR activity and suppressed
H,O, generation would result from the modified hydrogen
adsorption on Pt/Ir(111) bimetallic surfaces and facilitated H,0;
reduction on adjacent Ir sites, respectively.

Conclusions

Submonolayer-thick-Pt-deposited Ir(111) (Pt /Ir(111); x =
0.1, 0.3, 0.5) was fabricated as well-defined model catalysts to
investigate the two fundamental electrochemical reactions
related to PEFC anode: HOR and H,O, generation in acidic
media. Ptosmi/Ir(111), especially, showed desirable
performances: the simultaneous accomplishment of enhanced
HOR activity (threefold higher standard rate constant than
Pt(111)) and suppressed H,0, generation (below the detection
limit at the potential region close to 0 V vs. RHE), which are
discussed based on the modification of hydrogen adsorption
and bifunctional mechanism of the UHV-fabricated Pt—Ir
bimetallic surfaces, respectively.
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