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ABSTRACT: We synthesized PtNi alloy nanowires (PtNi NWs) at three different temperatures of
433, 493 and 533 K (NWau3s3k, NWao3k and NWs33k, respectively), and then investigated their
catalytic activity and durability for the oxygen reduction reaction (ORR) in acidic media. Ni
contents in the PtNi NWs increase as the synthesis temperatures increase from below 5 at. % for
NWassk up to about 15 at. % for NWaosk and NWss3k. PtNi nanoparticles (PtNi NPs), which are
the unconsumed intermediate during the NW growth, also coexist for NW433x and NWyg3k but not
for NWs33k. NWaosk and NWs33k show similar initial activity for the ORR but higher than NWas3k,
suggesting that higher Ni contents are critical to achieving higher initial ORR activity. Accelerated
durability tests (ADTs) show that NWao3k is the most durable, suggesting that the co-presence of
PtNi NPs is critical to durability. Only NWae3k, with a high Ni content of 15 at. % and coexisting
PtNi NPs, gave better results in both cases. Scanning transmission electron microscopy and energy
dispersive X-ray spectroscopy of PtNi NWs reveal a structural transformation of NWao3xk into Pt-
skin beads-on-nanowires, involving the Ostwald ripening of coexisting PtNi NPs. This structural
transformation is coupled with changes in surface composition and surface electronic structure, as
confirmed by CO stripping voltammogram and in sifu X-ray absorption spectroscopy, resulting in
high durability and suppression of Pt and Ni dissolution. Understanding such structural
transformation during potential cycling will help us to design and develop highly active and

durable Pt-based electrocatalysts.



INTRODUCTION

Polymer electrolyte fuel cells (PEFCs) are considered to be a high energy conversion efficiency
device to supply electricity and heat with low environmental impact by using hydrogen.! The
sluggish chemical kinetics of the oxygen reduction reaction (ORR) at the cathode limits the
performance of PEFCs.! Pt is the most active ORR catalyst among all metals and therefore has
been widely used as ORR catalyst in PEFCs. Since the ORR activity of Pt is unsatisfactory and
the cathode requires a large amount of Pt, highly active and durable Pt or Pt alloy electrocatalysts
should be developed even under harsh reaction conditions of PEFCs.

Alloying Pt with a second metal such as Ni 2 changes the densities of the surface electronic
states of Pt and then enhances the catalytic activity of ORR. Shape-controlling of Pt alloy catalysts
has also been investigated due to their high initial activity.>""!# In particular, ultrathin Pt-Ni alloy
nanowires (PtNi NWs) as one-dimensional nanomaterials have larger contact areas with carbon
supports and can, in principle, suppress metal dissolution, migration, and aggregation, compared
withNPs.?1%1415 There is a challenge of developing highly durable PtNi NWs with high nickel
contents even during potential cycles. PtsNi single crystalline electrodes are already reported to
show high ORR activity>'¢ and PtNi NWs with an atomic ratio of Pt:Ni =3:1 can be expected to
show high ORR activity as well. Although PtNi NWs can be synthesized with high Ni contents
such as 48 at% of Ni, Ni can be easily reached out during several potential cycles and down to
about 6 at% of Ni.> The formation of the Pt-skin on nanostructured Pt alloy catalysts is often

17-19 and

mentioned as an effective way to prevent etching of alloying components including Ni
provides higher catalytic performance by significantly lowering the binding energies of ORR

intermediates (O, OH and OOH). 2*%* Interestingly, during potential cycles, the structure of PtNi

nanowires can be converted to a branched nanostructure involving the Ostwald ripening supported



by the coexisting PtNi NPs.®> Similar branched or waved nanostructures have also been
reported.!®>~?7 These results encourage us to synthesize PtNi NWs with different Ni contents and
understand the relationship between the activity, durability, Ni contents and structural changes via
Ostwald ripening during potential cycles.

Herein, we report preparation of PtNi NWs at three different synthesis temperatures of 433, 493
and 553 K to obtain PtNi NWs with different Ni contents in the presence and absence of PtNi NPs,
their ORR electrocatalytic activity and durability. During accelerated durability tests (ADTs), a
self-motivated structural transformation of PtNi NWs into Pt-skin beads-on-nanowires was
observed for one type of PtNi NWs with the copresence of PtNi NPs. The relationship of Pt:Ni
ratios and co-existing PtNi NPs with the shape, surface structure and electronic state is discussed
based on results of scanning transmission electron microscopy (STEM), inductively coupled
plasma mass spectrometry (ICP-MS), CO stripping voltammetry, and X-ray absorption

spectroscopy (XAS) of the PtNi NWs.

RESULTTS AND DISCUSSION

PtNi NWs were synthesized from metal sources of [Pt(acac):] (acac = acetylacetonato) and
[Ni(acac);] in oleylamine containing [Mo(CO)s], cetyltrimethylammonium chloride (CTAC), and
glucose at three different synthesis temperatures under Ar for 2 h: 433, 493, and 553 K and denoted
as NWa33k, NWao3k and NWsssk, respectively. The obtained PtNi NWs were supported on Vulcan
XC-72R carbon black (NWa433x/C, NWa93x/C and NWss3k/C). An electrode was prepared by drop-

casting and drying catalyst ink with Nafion on the surface of a glassy carbon (GC) disk and then

used as a rotating disk electrode. STEM and high angle annular dark-field (HAADF)-STEM

observation of all the three products revealed that PtNi NWs have an average diameter of ca. 2.0



nm (Figure 1). The averaged NW length depends on the synthesis temperature and increases with
higher synthesis temperature: averaged 31 nm for NWa33k, averaged 56 nm for NWaosk and
averaged 78 nm for NWss3k (Figure S1 in Supporting Information). Note that PtNi NPs were
present with PtNi NWs in HAADF-STEM images (Figure 1a and 1b) whereas almost no NP was
found (Figure 1c¢). These PtNi NPs were synthesized as the intermediate together with PtNi NWs
and tended to decrease with increasing synthetic temperatures. Because PtNi NWs were grown by

the oriented attachment mechanism on PtNi NPs, and higher synthetic temperatures help Ostwald

2,3,12,28-30

ripening, resulting in decrease of the coexisting PtNi1 NPs.

Figure 1. HAADF-STEM images of (a,b) NWa33k/C (¢,d) NWag3k/C, (e,f) NWss3k/C.



Powder X-ray diffraction (XRD) patterns of PtNi NWs show characteristic 111 diffraction lines
of the fcc structure (Figure S2). The peak position for NWa93x and NWss3k was clearly shifted to
higher angles than that of commercially available Pt/C as the standard sample, and the peak-top
position for NW433x was not shifted as high as the others. Atomic percentages of Pt in each type
of PtNi NW can be calculated from the peak-top positions using Vegard’s law?! to be 95.5, 90.1
and 88.3 at% for NWu33k/C, NW4o3x/C and NWss3k/C, respectively, which are similar to those
determined by ICP-MS (Table S1). Thus, NWa493x and NWss3k have higher Ni contents than
NWazsk.

PtNi NWs in NWaiosx and NWss3k remain PtNi alloy but those in NWassk do not after
electrochemical cleaning, confirmed by both ICP-MS and STEM-energy dispersive spectroscopy
(STEM-EDS). The electrochemical cleaning as a pretreatment of the catalysts was performed in a
0.1 M HCIOs solution under Ar for 100 potential cycles at 100 mV s between +0.10 and +1.00
V vs. RHE. Metal compositions were determined to be PtosNis for NWa3sk, PtgsNiia for NWaosk
and Ptg4Niie for NWsssk. Unalloyed Ni was leached out for NW433x. STEM-EDS mapping (Figure
S3) also shows that Ni is uniformly distributed in PtNi NWs. This result suggests that the synthesis
temperature contributes to keeping the Ni contents in PtNi NWs even after the electrochemical
cleaning process. In other words, PtNi NWao3x and NWss3k were well alloyed while NWa33k was
not so much, which is in good agreement with the XRD results (Figure S2).

Hydrodynamic voltammetry of NWa33x/C, NWa193k/C, and NWss3k/C after the electrochemical
cleaning process was taken in a 0.1 M HCIO4 aqueous solution under oxygen to understand the
electrocatalytic ORR activity. Linear sweep voltammograms (LSVs) of them showed reduction

currents under oxygen (Figure 2) but not under Ar (Figure S4), indicating that the PtNi NWs



catalysts show the electrocatalytic ORR activity was determined. The initial mass activities (MAs)
and specific activities (SAs) at 0.9 V vs. RHE based on electrochemically active surface area
determined by the Faradaic charge for the underpotentially deposited hydrogen (ECSAH) were
determined to be 0.16 A (mgp) ! and 3.0 A m™ for NWa33x/C, 0.28 A (mgpy) ! and 3.9 A m™2 for
NWao3k/C, 0.28 A (mgp) ' and 2.5 A m~ for NWss3k/C (Table 1). The MA and SA of Pt/C were
0.14 A (mgp) ' and 2.0 A m2, respectively. NWao3x/C and NWss3x/C showed almost the same

initial MA and higher than NWa33x/C or Pt/C.
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Figure 2. LSVs of NWa433k/C (The solid line in blue), NW493x/C (The solid line in green),

NWss3k/C (the solid line in red) and Pt/C (The dotted line in black). LSVs were recorded at 1600

rpm and 10 mV s! in a 0.1 M HCIO4 aqueous solution under oxygen. The Pt loading amount on

the GC electrode was 12 pg cm™.

Table 1. Electrochemical results determined for NWs/C before and after the ADT.

MA(A/mgpt) SAn(A/m?) ECSAu(m?/gr)  ECSAco(m%ge) ECSAco/ECSAu

NW.a33k/C 0.16 3.03 52 55 1.06

NWag3k/C 0.28 3.94 69 95 1.37




NWss3k/C 0.28 2.46 111 156 1.39

NWa33k/C_af 0.13 3.03 38 45 1.20
NWio3k/C_af 0.27 3.88 65 97 1.49
NWss3k/C_af 0.23 2.30 &9 114 1.29

To understand the durability, LSVs (Figure 3) were recorded after 2000 square-wave potential
cycles at 353 K stepping between the potentials at +0.6 V vs. RHE for 3 s and +0.9 V vs. RHE for
3s, in 0.1 M HCIOs4 solution under Ar as the ADT, where the samples after the ADT show
NWa33k/C_af, NWyosk/C af and NWs33k/C_af. In typical Pt-based ORR electrocatalysts, the half-
wave potential (£12) after potential cycles is shifted to more negative than that of the initial £,
due to loss of activity. Such E1/ shifts were observed after ADTs for NW433x/C and NWss3k/C:
E1p shifted from 0.86 to 0.82 V vs. RHE for NW433x/C and from 0.88 to 0.87 V vs. RHE (Figure
3). In contrast, NW493x/C shows almost no change of E12 at 0.88 V vs. RHE and it is the most
durable in this work. The MA and SA of the most durable PtNi NW493x/C _af, were determined to
be 0.27 A (mgpy) ! and 3.9 A m 2, indicating that the electrocatalytic ORR activity had nearly no
loss after the ADT. The MA and SA dropped down to 0.23 A (mgp) ' and 2.3 A m? for
NWss3k/C_af and 0.13 A (mgp) ' and 3.0 A m2 for NWa33k/C_af. All MAs, SAs and ECSAs

before and after the ADT are summarized in Table 1.
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Figure 3. (a) LSVs of NWa33k/C before (in black) and after ADT (NWa33x/C_af in blue). (b)
LSVs of NW433x/C before (in black) and after ADT (NWa93k/C _af in green), (c) LSVs of
NWss3k/C before (in black) and after ADT (NWss3k/C_af in red). LSVs were recorded at 1600
rpm and 10 mV s™! in a 0.1 M HCIO4 aqueous solution under oxygen. The arrows indicate the
E1 difference (AE12) before and after ADT: 37 mV for NWa33k/C; <1 mV for NWao3x/C; 11

mV for NWss3k/C.

ICP-MS measurements after the ADT determined the Pt:Ni atomic ratio of each PtNi NW as
follows: NWa33x/C_af'is PtooNii, NWao3x/C_af'is PtgsNii2 and NWss3k/C_af'is PtooNiio (Table S2).
The most durable NWa93x/C _af has the highest Ni atomic ratio. In contrast, NWa433x/C_af has lost
almost all of the Ni contents. Pt dissolution is also suppressed for NWa43x/C: NWaa3k/C_af loss
6.1% of Pt in weight, NWu43k/C _af loss 4.3% and 9.7% for NWss3k/C_af. Thus, NWa4o3x/C_af is
most durable and maintains high Ni contents.

Practical H»-air fuel cell measurements of NWai93x/C were also performed (Figure 4). The
current densities at 0.5 V slightly increased from 761 to 832 mA cm after 2000 square-wave
potential cycles at 353 K, indicating that NWo3x/C tend to be more durable than other NWs.* The
open circuit voltage (OCV) increased from 0.945 V vs. RHE to 0.958 V vs. RHE after the potential

cycles, keeping ECSAs of about 55 m? g~! based on the amount of Pt. The power density reaches



about 490 mW cm, which is higher than the maximum power density previously reported for Pt

NWs used at the cathode in an MEA.°
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Figure 4. Current-voltage (/-V) curves and power density curves for the of NW493x/C and
NWyo3k/C_af.

To investigate the origin of ORR electrocatalytic durability and suppression of Pt and Ni
dissolution, STEM was taken after ADTs (Figure Sa—c). A unique morphological transformation
occurred on NWyo3k/C_af: PtNi NWs were transformed into beads-on-nanowires (Figure Sb).
NWi.33k/C was also changed similarly to waved and branched structures, as previously reported.?
In contrast, NWss53x/C was converted into a branched structure with no waved structure or beads.
Because the NWio3k/C catalyst has both sufficient Ni contents and co-existing PtNi NPs, the
structural change could be mediated by the dissolution-redeposition process under potential cycles
involving the co-existing PtNi NPs. High Ni contents can ensure that PtNi is well alloyed even
after potential cycles to keep the catalytic activity. The STEM-EDS mapping images and STEM-
EDS line profile analysis data of NW493x/C_af indicate that the beads-on-nanowires have a Pt-rich

bone wrapped with PtNi-core and Pt-skin (Figure Sd—g and Figure S5) Beads-on-nanowires of

10



NW493K/C _af have the Pt-rich bone with a diameter of about 2 nm (Figure 5b) and the Pt-rich
skin with 2—6 Pt-rich layers (Figure Sh and Figure S5b). No such Pt-rich bone or skin was
confirmed in STEM-EDS mapping images and line profile analysis of NWa33k/C af and

NWss3k/C_af (Figure S6).

RN L
N
0 layors

Figure 5. HAADF-STEM images of (a) NW433x/C_af, (b) NW493x/C_af and (c) NWss3k/C_af.
The arrows in (b) highlight the formation of a bone in the beads-on-nanowire. The STEM-EDS
mapping images of (d) Ni-K, (e) Pt-M and (f) Pt-Ni overlay. (g) An EDS line profile of

NWa93k/C_af. The lines in red, green and orange indicate the Ni-K signal, Pt-M signal, and the

11



position of the line profile analysis, respectively. Another line profile of NWa493x/C _af at a
different position is available in Figure S5. EDS line profiles of NWa433k/C_af and NWss3k/C af
are found in Figure S6. (h) A STEM image of NW493x/C af. The arrows in white indicate

plausible Pt-rich layers for the Pt-skin.

Comparison between CO stripping voltammograms before and after the ADT shows changes in
surface structures and electronic states. For NW433k/C, the CO oxidative desorption peak potential
shifted from 0.84 V vs. RHE to 0.83 V vs. RHE, and a shoulder peak appeared at 0.76 V vs. RHE
after ADT (Figure 6). For NW493k/C, the peak at 0.85 V vs. RHE was shifted to 0.83 V vs. RHE
after ADT. For NWss3k/C, the peak shape and peak potential did not change before and after ADT
but charges involving CO oxidation decreased. Because CO oxidative desorption potentials are

3933736 electronic changes of the surface Pt occurred for

sensitive to surface structures,
NWia33k/C_af and NWa493k/C_af but not for NWss3k/C. 7% Note that compared to NWa33k/C_af,
the shoulder peak growth of NW493x/C_af is more obvious. The shoulder peak of CO oxidation
desorption originates from CO oxidation on lower coordinated Pt sites.***? Since Ostwald ripening
assisted by the co-existing PtNi NPs occurred on NWy33k/C_af and NWao3x/C_af (Figure 5), it
initiates morphological and surface changes, producing such lower coordinated Pt sites for
NWa93k/C_af. Furthermore, the ratio of ECSA calculated from the Faradaic charge of CO
oxidative desorption (ECSAco) to ECSAH is 1.49 for NWa493x/C_af (Table 1), which also indicates

that the Pt skin was formed on beads-on-nanowires.***! As the result, NWao3k/C_af keeps the

ECSA and activity even after the ADT.
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Figure 6. CO stripping voltammograms of NW433x/C_af (in blue), NW493x/C_af (in green) and
NWss3k/C_af (in red) recorded at 50 mV s ! in a 0.1 M HCIO4 aqueous solution under Ar. The

black traces are CO stripping voltammograms of the corresponding catalysts before the ADT.

We also compared CVs of each electrocatalyst recorded under Ar before and after ADT to
support surface changes after the ADT (Figure S4). An anodic wave >0.8 V vs. RHE, which is
associated with Pt-O(H) formation, decreased after ADT. Thus, the structural change tends to
suppress the Pt-O(H) formation. It is also known that anodic waves ranging between 0.05 and 0.4
V vs. RHE involve the hydrogen desorption from the Pt surface and their potential is sensitive to
the surface atom arrangement of Pt. **> An anodic peak at about 0.1 V vs. RHE tend to be higher
than that at 0.3 V after ADT particularly for NW493x/C. The structural transformation of NW493x/C
to the beads-on-nanowire could produce Pt(111)-rich domains at the Pt surface.

To further clarify the electrocatalytic performance changes brought by the structural
transformation into Pt-skin beads-on-nanowires, in situ XAS measurements of NWjo3x/C and

NWa93k/C_af were performed in the Pt L3-edge region (Figure 7). The white line intensity in the
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X-ray absorption near edge structure (XANES) region is known to be associated with the 2p — 5d

transition and reflect the degree of vacancy of the Pt 5d orbitals near the Fermi level, and therefore

the intensities are sensitive to changes in the oxidation state of Pt.** In situ XAS measurements of

NWi03x/C and NWa93x/C_af in a 0.1 M HCIO4 aqueous solution under Ar reveal that NWao3x/C

shows much larger changes in white line intensity than NWao3x/C_af (Figure 7¢). This result

indicates that the oxidation of Pt species at the surface is clearly suppressed on the Pt skin of

NW.ao3k/C_af because of the down-shift of the surface Pt d-band center position, >¢3444> which

is in good agreement with the results of CVs recorded under Ar (Figure S4b). The suppression of

the Pt oxidation is effective to improve the durability because of the inhibition of the chemical

dissolution via Pt-O species (Pt-O + 2H" — Pt*" + H,0).*® Similar effects on the durability are also

reported for Pt-alloy nanostructured electrocatalysts with the Pt-skin.
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Figure 7. In situ XANES spectra of (a) NWai93x/C and (b) NWai93x/C_af. (c) Plots of relative

white line peak intensities of NW493x/C and NW493k/C_af against potential. Potentials were

applied stepwise from +0.4 to +1.1 V vs. RHE in a 0.1 M HCIO4 aqueous solution under

nitrogen. Averaged data points of white line intensities ranging from 11563 to 11565 eV in

photon energy were plotted in relative to the initial intensity at +0.4 V vs RHE. XANES spectra
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of potentials step back from +1.1 to +0.4 V vs RHE and enlarged spectra in the white line region

are available in Figure S7.

Based on our experimental results, we propose the structural transformation of PtNi NWs and
NPs to beads-on-nanowires for NWao3x/C after the ADT (Figure 8). Because NWs are more
difficult to dissolve and degrade than NPs in potential cycling,”*!%!415 PtNi NPs can be dissolved
and then reduced to the nanowires via Ostwald ripening.> The newly produced surface has a large

number of surface defects, 2%

which enable the nucleation of the PtNi alloy phase on the surface
and then form PtNi alloy beads-on-nanowires. >° After the co-present NPs deplete, the near-surface
Ni contents in the PtNi alloy beads begin to be etched during potential cycling, resulting in the
formation of the Pt skin,?* which is proved by HAADF-STEM and EDS mapping images (Figure
5) and CO stripping voltammograms (Figure 6). Unlike other PtM nanostructured catalysts with

the Pt skin, the Pt-skin of the beads-on-nanowires that we report arises spontaneously via Ostwald

ripening assisted by the co-existing PtNi NPs during potential cycling, rather than commonly used

17,18,22 19,20,23

acid etching or reductive deposition of an additional Pt complex during preparation.
The formation of PtNi alloy beads-on-nanowires of NWyo3x/C_af with 11.8 at% of Ni (Table S2)

and the Pt skin suppresses the Pt-O(H) formation via ligand effects,'®*’ leading to the improvement

of the durability.
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Figure 8. Proposed mechanism of the PtNi beads-on-nanowires for NWa93x/C during the ADT
(left) and corresponding STEM images (right) via Ostwald ripening of co-existing PtNi NPs to

PtN1 NWs.

CONCLUSIONS

We prepared the PtNi NWs at 433, 493 and 533 K as ORR electrocatalysts. The higher
temperature gives more Ni contents in PtNi NWs and NW433x and NWao3k have co-existing PtNi
NPs. After the ADT, PtNi NWayosk 1s transformed into beads-on-nanowires with the Pt-skin and
bone. The sufficient Ni contents and Ostwald ripening by co-presence of PtNi NPs result in its

structural transformation. The transformed beads-on-nanowires are durable against both Pt and N1

16



dissolution. The surface electronic structure was also changed for PtNi NW493x/C after the ADT.
Oxygenated species at the Pt surface are suppressed, leading to the high durability.

This work demonstrates that the synthesis temperature for PtNi NWs is sensitive to Ni contents
and the presence or absence of PtNi NPs. The higher synthesis temperature does not always give
durable PtNi NWs. The Ostwald-ripening of the co-existing PtNi NPs under potential cycles assists
the structural transformation into highly durable beads-on-nanowires. Our work suggests that the
synthesis and design of self-optimized nanostructured catalysts initiated by external stimuli such

as potential cycles would be important to develop highly durable electrocatalysts.

EXPERIMENTAL SECTION
Materials.

Oleylamine, [Pt(acac);] (acac = acetylacetonato), D(+)-glucose, cyclohexane, 2-propanol, 5%
Nafion DE520 and perchloric acid were purchased from Wako Pure Chemical Industries, Ltd.
[Ni(acac)z], [Mo(CO)s] and Pt/C (TEC10V30E) were commercially available from Sigma-Aldrich,
Kanto Chemical and Tanaka Kikinzoku Kogyo, respectively. Ethanol and Hexadecyltrime-
thylammonium chloride (CTAC) were purchased from Hokkai-Chemy and Tokyo Chemical
Industry Co. Ltd, respectively. Pure argon gas (99.9995%, Hokkaido Air Water), pure oxygen gas
(99.995%, Air Liquide Japan) and CO gas (99.9%, GL Science) were used for electrochemical
measurements.

Synthesis of PtNi NWs with or without PtNi NPs.

PtNi NWs were synthesized using a modified procedure that was previously reported.> 5 mL of

oleylamine (15 mmol),10 mg of [Pt(acac)>] (0.025 mmol), 6.4 mg of [Ni(acac)z] (0.025 mmol), 10

mg of CTAC (0.031 mmol), 20 mg of [Mo(CO)s] (0.075 mmol) and 60 mg of D-glucose (0.33
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mmol) was added into a 100 mL double-necked round bottom flask. The mixture was dispersed
by ultrasonication for 30 minutes in a water-bath at 298 K and then stirred at 343 K under Ar for
10 min. When the solution mixture becomes transparent and yellowish-green, it was transferred to
a pre-heated oil bath at 433, 493 or 533 K under Ar for 2 h and keep stirring. After heating, a
solution mixture of ethanol and cyclohexane (ca.15 mL, 4:1, v/v) was added to the reaction mixture
to rinse once it had naturally cooled to room temperature in the air. Then the mixture was
repeatedly centrifuged at 9500 rpm and 298 K and rinsed for at least seven times to obtain PtNi
NWs with or without PtNi NPs, depending on the heating temperature. The products prepared at
433,493 and 553 K are denoted as NWa33k, NWagsk and NWss3k, respectively. The products were
stored in ethanol at room temperature until use. Yields of PtNi NWs are ca. 6 mg.

Vulcan XC-72R (ca. 3 mg) and PtNi NWs (ca. 1 mg) were dispersed in 15 mL of a mixture of
ethanol and cyclohexane (1:1, v/v), placed in an ice-water mixture, and then ultrasonicated for at
least 5 hours. The carbon-supported PtNi NWs were repeatedly centrifuged at 9500 rpm and 298
K for at least five times. After each centrifugation, the compound was washed with around 15 mL
of a mixture of ethanol and cyclohexane solvent (4:1, v/v). The composite was stored in a minimal
amount in ethanol (ca. 2 mL) at room temperature.

Physicochemical measurements.

STEM images were obtained at 200 kV acceleration voltage using an HD-2000 (Hitachi
Scientific Instrument). A JEOL JEM-ARM200F instrument was then used to obtain HAADF-
STEM images and STEM-EDS elemental mapping at 200 kV.

XRD was taken at a voltage of 30 kV and a current of 10 mA using Ni-filtered Cu Ka radiation

(A = 1.5406 A) on an X-ray diffractometer D2 PHASER (Burker). For sample preparation, a
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catalyst powder which was loaded on the Vulcan XC-72R before potential cycles, was paved on
the acrylic cell.

ICP-MS was conducted with an ICP-MS spectrometer 8800 ICP-QQQ (Agilent Technologies).
For the preparation of the sample, the catalyst was scraped off from the GC electrode after use,
and then dispersed in aqua regia solution and stirred at a temperature of 308 K for at least 24 hours.
The dispersion was filtered through a membrane filter (13HP045AN, ADVANTEC), and then the
filtrate was diluted with Milli-Q water.

Electrochemical measurements.

All electrochemical measurements were performed using a conventional three-electrode setup.
A potentiostat (HZ-7000, Hokuto Denko) was used to record CVs and LSVs. An Ag|AgCl (sat.
KCl) electrode (International chemistry Co., Ltd) with a double junction holder and platinum foil
were used as the reference electrode and the counter electrode, respectively. A rotating disk
electrode (RDE) with a catalyst-modified GC was used as the working electrode.

A GC (screw type or disk type,5 mm ¢, M4, Tokai Carbon Co., Ltd.) was polished using alumina
slurry (0.3 pm, Baikalox), followed by alumina slurry (0.05 um, Baikalox). Subsequently, it was
ultrasonicated in acetone and Milli-Q water for at least 5 min each before a catalyst ink was drop-
cast. The catalyst ink was prepared in the following proportions: 14 mg of the catalyst, 6 mL of 2-
propanol, 19 mL of Milli-Q water, and 100 uL of 5% Nafion DE520. The mixture was dispersed
under ultrasonication for at least 2 hours in an ice water mixture bath. Drop the catalyst ink (ca. 10
uL) onto the GC disc and leave for ca. 1 hour at room temperature, rotating at 400 rpm using an
AFMSRX Analytical Rotator and MSRX Speed Controller (PINE Research Instrumentation) until
the ink has dried. CVs and LSVs were recorded in a 0.1M HCIO4 aqueous solution as the

electrolyte solution. The electrolyte solution must be purged with argon or oxygen for a minimum
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of 30 minutes prior to the electrochemical measurements. Before collecting the CVs and LSVs
shown in this work, electrochemical cleaning was performed by 50 potential cycles at 100 mV s!
in the potential range between 0.1 and 1.0 V vs. RHE in the Ar-purged 0.1 M HCIO4 aqueous
solution. All LSVs under oxygen are corrected by the subtraction of the current densities of the
corresponding working electrode recorded under Ar. All potentials in CVs and LSVs are shown
against the RHE after iR correction. A solution resistance was determined to be 34 Q by
electrochemical impedance spectroscopy using a potentiostat of HZ7000 and then used for the iR
correction.

For the ADT, to increase the adhesion between the GC and the catalyst film, the catalyst
modified GC screws were heated at 418 K for 10 minutes. The ADT was performed at 353 K in
0.1 M HCIOy4 solution under Ar with 2000 square-wave potential steps between +0.6 and +0.9 V
vs. RHE holding for 3 s at each potential. A porous carbon electrode (BAS) was used as the counter
electrode.

For CO stripping measurements, a 0.1 M HCIO4 aqueous electrolyte solution was purged with
CO for 10 min and then with Ar for 60 min. During purging, a fixed potential of 0.05 V vs. RHE
was applied to the working electrode until measurements were started. Two cycles of CVs, the
first cycle for CO stripping voltammetry and the second cycle for the background, were recorded
in the potential range from 0.05 to 1.45 V vs. RHE at 50 mV s ! in an Ar-purged 0.1 M HCIO4
aqueous solution. Based on the difference between the first and second cycles, the electrochemical
oxidation of CO observed in the first cycle (ECSAco) and the desorption of hydrogen observed in
the second cycle (ECSAn) were determined.

We determined the mass activity (MA) using the kinetically controlled current density (jx) at

+0.9 V vs. RHE and the amount of Pt on the GC electrode. J; was obtained based on the Koutechy-
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Levich plot from LSVs taken at different rotational speeds of 100 rpm, 400 rpm, 900 rpm, 1600
rpm and 2500 rpm (Figure S8). The amount of Pt was determined by ICP-MS. The specific activity
(SA) was calculated based on the jx and ECSAH.

Hz-air fuel cell measurements

Practical Hp-air fuel cell measurements were performed for NWa93k/C as the cathode catalyst.
A membrane electrode assembly (MEA) is made in the following method: For the cathode side,
71.9 mg of NWa93k/C was dispersed under ultrasonication in 366 pL of Milli-Q water, 3,293 pL
of ethanol, and 510 pL of 5% Nafion DE520 to make the catalyst ink. The catalyst ink was spray-
printed using a spraying device (C-3 J, Nordson K.K.) on one side of a Nafion 212 membrane (4
x 6 cm?) within an of 1 x 1 cm? area to obtain NWagsk with a metal loading density of 0.3 mg cm’
2, In the same way, the anode ink of Pt/C (TEC10E50E) was prepared on the other side of Nafion
212 membrane to achieve the Pt amount of 0.3 mg cm™. Ionomer Nafion contents used in the
cathode and anode catalyst layers were 24 and 28 wt%, respectively. The catalyst-coated Nafion
films were hot-pressed at 16 N cm™ using a digital press (CYPT-10, SINTOKOGIO, LTD.) at
132 °C for 190 s. The hot-pressed catalyst-coated film was sandwitched with two pieces of carbon
papers (EC-TP1-060T, TORAY Industry, Inc.) to complete the MEA. Finally, the MEA was
placed in a cell holder designed in the previous NEDO project and made at Japan FC Planning.
Serpentine flow-field design was applied.

Current-voltage (/-V) characteristics were evaluated at 80°C-RH100%. The 139 cc/min of RH
100% H> and 332 cc/min of RH100% air were flowed into the anode and the cathode, respectively.
Before actual /-V measurements, as a pretreatment step, the constant voltage of 0.6 V was applied
for 4 hours while supplying humidified gases. The conditions for the ADT experiments of the

MEAs were the same as those of the RDE: 2000 potential cycles by using a square wave between
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the potentials at +0.6 V for 3 s and +0.9 V for 3 s at 353 K. The I~V curves were also recorded
after ADT. The measurements were performed with a constant potential meter (SP-300, BioLogic
Inc.). I-V measurements were carried out using a PEM power generation measurement device
AutoPEM-KUG?2 (Toyo Co.) and a potentiostat SP-240 (BioLogic Inc.).
XAS measurements.

In situ XAS data of PtNi NW493x/C after the ADT were collected in the fluorescent method using
a 19-element Ge solid state detector at BL14B2 station in SPring-8. A home-build
spectroelectrochemical flow cell (Figure S9) with three electrodes was used.*® A carbon foil
(Permafoil, 0.1 mm in thickness, Toyo Tanso) was used as the working electrode with PtNi NWs/C
catalysts drop-casted on it, and the ADT, 2000 potential cycles were performed using a square
wave between the potentials at +0.6 V vs. RHE for 3 s and +0.9 V vs. RHE for 3s at 353 K in 0.1
M HCIlOs solution under Ar. A GC rod (R-3, 3 mm ¢, BAS) and an Ag|AgCl electrode (Innovative
Instruments, Inc.) with a double junction holder was used as the counter and reference electrodes,
respectively. Before in situ XAS measurements, a 0.1 M HCIO4 aqueous electrolyte solution was
purged with N> for at least 30 min, followed by 50 potential cycles at 100 mV s™! in the potential
range of 0.1 V vs. RHE to 1.0 V vs. RHE under N for electrochemical cleaning. XAS spectra of
the catalysts were obtained at 0.4, 0.6, 0.7, 0.8, 1.0 and 1.1 V vs. RHE. XANES spectra were

normalized using Athena software (Demeter 0.9.26).%
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PtNi alloy nanowires
with nanoparticles
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