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ABSTRACT. We report the preparation, oxygen reduction reaction (ORR) electrocatalytic activity, and structural transfor-
mation of Pt-Ni nanowires (NWs) during potential cycles in the presence and absence of Pt-Ni nanoparticles (NPs). The ORR
activity of NWs increases over the 25000 potential cycles in the presence of NPs involving the structural transformation of
NWs to branched nanostructures assisted by Ostwald ripening of NPs. This structural transformation is coupled with the
surface electronic structural change, confirmed by in situ X-ray absorption spectroscopy and carbon monoxide stripping volt-
ammetry, leading to catalytic activity improvement and Pt dissolution suppression. Although a similar structural transfor-
mation was also observed even in the absence of NPs, more amounts of Pt were dissolved during potential cycles. These
results indicate that the structural transformation is intrinsic to Pt-based NWs but the structural transformation of NWs as-
sisted by Ostwald ripening of NPs is beneficial to suppress the Pt dissolution. The concept of the structural optimization of
nanostructures catalysts assisted by Ostwald ripening of NPs under potential cycles will guide us to develop highly active and

durable Pt-based electrocatalysts and phase-engineered nanomaterials.

Oxygen reduction reaction (ORR) is the key reaction in
polymer electrolyte fuel cells (PEFCs) and metal-air batter-
ies. The ORR requires electrocatalysts and limits the overall
performance of these devices and batteries. Platinum-group
metals (PGMs) are widely used as ORR electrocatalysts in
PEFCs because platinum is the most active ORR catalyst in
the metals. To improve the ORR electrocatalytic activity of
PGM-based electrocatalysts, Pt-M alloy (M = Ni or Co) and
nanostructured catalysts such as core-shell nanoparticles,!
nanoframes?¢ and nanowires (NWs)7-13 have been studied.
These nanostructured catalysts show high initial activity
and some of them are already used in practical PEFC in fuel
cell vehicles and electricity generators.

The challenge for developing next-generation PGM elec-
trocatalysts is to develop highly durable ORR electrocata-
lysts under a harsh operation condition: potential changes
in acidic environments, which can be provided from poly-
mer electrolytes possessing sulfonic acid groups. In this
condition, many electrochemical events occur at the cata-

lyst/support interface: for example, platinum dissolu-
tion/redeposition, dealloying, Ostwald ripening, agglomer-
ation, and electromigration.’#1> These undesirable reac-
tions are facilitated by heterointerfaces or grain boundaries
of PGM electrocatalysts particularly for Pt nanoparticles
(NPs) on carbon supports, leading to electrocatalyst degra-
dation.1516 Thus, we need to design and develop next-gen-
eration PGM electrocatalysts considering minimizing or
even utilizing these degradation processes to develop
highly durable electrocatalysts.

Herein, we report the preparation, ORR electrocatalytic
activity, and durability of Pt-Ni NWs in the presence and ab-
sence of NPs. Pt-based NWs have been intensively studied
as ORR catalysts because of their high mass activity.”1” One-
dimensional NWs with large contact areas with the support
are known to suppress metal dissolution, agglomeration,
and Ostwald ripening, compared with zero-dimensional
NPs.710-1117 [n this work, the structural transformation of
Pt—Ni NWs to branched nanostructures have been observed
in the presence and absence of NPs, involving the surface



and electronic structural changes, confirmed by scanning
transmission electron microscopy (STEM) and physico-
chemical measurements including in situ X-ray absorption
spectroscopy (XAS).

Pt—Ni NWs were prepared from the precursor mixture of
[Pt(acac)z] (acac = acetylacetonate), [Ni(acac)z], glucose,
[Mo(CO)e], and cetyltrimethylammonium chloride (CTAC)
in oleylamine at 433 Kunder Ar for 2 h (NWar) and then im-
mobilized on a carbon black of Vulcan XC-72 (NWar/C, See
the detail in the Supporting Information).8- STEM and high-
angle annular dark-field (HAADF)-STEM observation of the
as-prepared product revealed the formation of nanowires
with an average diameter of 1.92+0.04 nm and an average
length of 46+3 nm (Figures 1a, 1b, S1a and S1b). An aspect
ratio of NWs can be calculated to be ca. 24. Note that NPs
with an average diameter of 6.7+0.3 nm (Figure S1c) were
also co-present when NWs were prepared under Ar. Count-
ing the number of NWs and NPs in HAADF-STEM images of
the as-prepared NWa:/C allowed us to determine the ratio
of the number of NWs to that of NPs to ca. 1:1 (Figure S2).
Energy dispersive X-ray spectroscopy (EDS) analysis al-
lowed us to confirm Pt-Ni@Ni core-shell NPs (Figure S3).
Because NWs were grown by the oriented attachment
mechanism and Ostwald ripening process of NPs,?1318-20 jt
is most likely that NPs that were not used for the growth of
NWs remained in an inert atmosphere. Inductively coupled
plasma mass spectroscopy (ICP-MS) measurements of the
product confirmed a Pt:Ni atomic ratio of 52:48 for the as-
prepared product. Powder X-ray diffraction (PXRD) pat-
terns of the as-prepared NWs indicate the representative
face-centered cubic (fcc) structure and showed a character-
istic 111 diffraction peak (Figure S4). Although the peak-
top position of this peak was slightly shifted to higher angles
than that of Pt/C, it was much lower than the position that
can be predicted by the Vegard’s law?! for Pt-Ni random al-
loy NWs with the Pt:Ni atomic ratio of 52:48 (26 ~ 42.029).
This result suggests that Pt-Ni NWs with low Ni-doping
amounts and most of the Ni atoms are possibly placed on
the surface of ultrathin Pt NWs, as previously re-
ported_7,10,13,20

The surface deposition of Ni is also supported by the dras-
tic change of Pt:Ni atomic ratios after an electrochemical
cleaning process in a 0.1 M HClO4 aqueous solution under
Ar: ca. 96% of Ni in the initial NWar/C was leached into the
electrolyte solution after 100 potential cycles between
+0.05 and +1.20 V vs. RHE under Ar, which is an electro-
chemical cleaning process and done for each electrochemi-
cal measurement in this work. This electrochemical clean-
ing process yielded the Pt:Ni atomic ratio of 94:6, which was
confirmed by ICP-MS. Most of the Ni atoms are placed on Pt
NWs and, therefore, susceptible to the electrochemical
leaching process.
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Figure 1. (a) STEM and (b) HAADF-STEM images of the as-pre-
pared Pt-Ni NWa,/C and (c) LSVs of Pt-Ni NWa,/C (the trace in
orange) and Pt/C (the trace in black) recorded at 1600 rpm at
10 mV s-1 in a positive-going sweep in a 0.1 M HCl04 aqueous
solution under oxygen. The LSVs were recorded after the elec-
trochemical cleaning process.

Hydrodynamic voltammetry of NWa/C after the electro-
chemical cleaning process was performed in a 0.1 M HCIO4
aqueous solution under oxygen to understand the ORR elec-
trocatalytic activity. Linear sweep voltammograms (LSVs)
of NWar/C showed reduction currents under oxygen (Fig-
ure 1c) but not under Ar (Figure S5), indicating that the
NWs show the electrocatalytic ORR activity. Electrochemi-
cally active surface areas of the NWar/C based on the under-
potential deposition of hydrogen (ECSAupau) and the CO
stripping voltammetry (ECSAco) were determined to be ca.
32 and 34 m? gp!, respectively. The initial mass activity
(MA) and specific activity (SA) based on the ECSAco for
NWar/C at 0.9 V vs. RHE were determined to be ca. 0.15 A
(mgp)~! and 4.5 A m~2, respectively, whereas the initial MA
and SA of the Pt/Cat 0.9 V vs. RHE were 0.11 A (mgp:)-! and
1.4 A m2, respectively. Thus, the initial MA of NWa:/C was
comparable or slightly higher than that of Pt/C.

To understand the durability of NWar/C, LSVs of NWar/C
were recorded before (NWar/C_0k) and after 25000 poten-
tial cycles (NWar/C_25k) in the potential range between
+0.6 and +1.0 Vvs.RHE at 0.1 Vstina 0.1 M HClOs aqueous
solution under Ar (Figure 2a). In typical Pt-based ORR elec-
trocatalysts including Pt/C, half-wave potentials (E1/2) after
the potential cycles were shifted to more negative poten-
tials than that of the initial LSV because of the activity loss
(Figure S6). Surprisingly, the Ei,2 of NWar/C_25k was
shifted to more positive potentials than that of NWa:/C_0
(Figure 2a). The MA, SA, and ECSAco of NWa:/C_25k were
determined to be 0.22 A (mgpt)-! and 6.4 A m=2, 35 m? g1,
respectively, indicating that the ORR activity tends to in-
crease after 25k potential cycles. The MA and SA decreased
after 50k potential cycles to 0.19 A (mgp))-! and 4.7 A m2,
respectively. Note that a Pt:Ni atomic ratio was 95:5 and
only 6.9% Pt was dissolved from NWa:/C even after 50k po-
tential cycles while ca. 6.7% Pt was dissolved from Pt/C af-
ter 25k potential cycles. These results indicate that NWa,/C
has a greater advantage to suppress the activity loss and
dissolution of Pt than Pt/C.
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Figure 2. (a) LSVs of NWar/C before (NWar/C_0k in black) and
after 25k potential cycles (NWar/C_25Kk in orange). LSVs were



recorded at 1600 rpm and 10 mV s-1in a 0.1 M HClO4 aqueous
solution under oxygen. The arrows indicate the E1,2 difference
(AE1/2). (b) STEM and (c) HAADF-STEM images of NWar/C_25k.
(d) Schematic representation of the structural transformation
of NWs into a branched nanostructure assisted by Ostwald rip-
ening of NPs.

To understand the origin of activity improvement and Pt
dissolution suppression, STEM and HAADF-STEM images of
NWar/C after 25k potential cycles were taken. These images
clearly indicate morphological transformation occurred
from NWs to branched network structures (Figures 2b and
2c¢). NWs were waved and connected to form branched
nanostructures. Waved structures were more pronounced
after 50k potential cycles (Figure S7), in comparison with
NWar/C_25k, and could be associated with the decrease of
MA and SA after 50k potential cycles, as mentioned above.
Our NWa:/C catalyst contains not only NWs but also NPs
whereas previously reported NWs contain almost no NPs.
Although durability tests of the NWs that contain almost no
NPs were already performed,®1° such structural transfor-
mation has not been demonstrated even after 225k poten-
tial cycles. The morphological change could be mediated by
dissolution/re-deposition of Pt from the co-present NPs ra-
ther than the agglomeration of NWs and NPs via the migra-
tion of NPs on the carbon support (Figure 2d) because of
the coalescence in diameter?223 (Figures 1b and 2¢) and al-
most no NPs observed. This structural transformation
highly likely induced the catalytic activity enhancement. Be-
cause it was previously reported that Pt NPs having large
particle sizes are energetically stable and therefore durable
against Pt dissolution,?3-24 the formation of the energetically
stable branched nanostructure can contribute to the sup-
pression of the Pt dissolution.

To understand the origin of the ORR activity enhance-
ment, potential-dependent Pt Ls-edge X-ray absorption
spectroscopy (XAS) of NWa-/C was performed before and
after the 25k potential cycles in a fluorescent mode (Fig-
ures 3a and 3b). In the X-ray absorption near edge struc-
ture (XANES) region, a white line peak was observed at ca.
11567 eV. This peak is associated with the 2p — 5d transi-
tion and white line intensities are known to be sensitive to
changes in the oxidation state of Pt: higher white line inten-
sities indicates higher oxidation states of Pt.225-26 White line
peak intensities of NWar/C_0k (Figures 3a and S8a) and
NWar/C_25k (Figure 3b and S8b) were plotted against the
potential (Figure 3c). Although a hysteresis is found for
both plots, changes in intensities of NWa:/C_25k were
smaller than those of NWar/C_Ok. This difference indicates
that the formation of oxygenated Pt species such as Pt(OH)ad
was suppressed after the potential cycles.22527-29 This sup-
pression could be related to electronic structural changes of
the surface Pt: for example, the downshift of the d-band cen-
ter of the surface Pt?3 might be caused by a strain effect30-31
and/or the formation of grain boundaries.32-33 As a conse-
quence, the ORR activity of NWar/C_25k could be enhanced,
compared with that of NWa-/C_Ok. We also analyzed Fourier
transforms (FT) of extended X-ray absorption fine structure
(EXAFS) oscillations of the as-prepared NWa:/C recorded in
a transmission mode and NWa,/C_25k in the fluorescent
mode in the Pt L3-edge region. The curve-fitting analysis of

FT-EXAFS oscillations allowed us to determine Pt-Pt dis-
tances to be 2.74 + 0.01 A for the as-prepared NWa:/C and
2.73 + 0.01 A for NWar/C_25k (Table S1). Furthermore, the
periods of the oscillations of these samples are the same
(Figure S9). Thus, 25k potential cycles gave significant dif-
ferences in the surface susceptibility to Pt(OH)a.d species but
not in Pt-Pt distance of Pt-Ni NWs.
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Figure 3. Potential dependent XANES spectra of (a) NWar/C_0k
and (b) NWar/C_25k in the Pt L3-edge region. (c) Relative white
line peak intensities of NWar/C_0k (in black) and NWar/C_25k
(in orange) against potential. Potentials were applied stepwise
from +0.4 to +1.1 V and then +0.4 V vs. RHE. The spectra were
collected ina 0.1 M HCIO4 aqueous solution under nitrogen in a
fluorescent mode at the BL36XU station in SPring-8. (d) CO
stripping voltammograms of NWar/C_0k (the trace in black),
NWar/C_25k (the trace in orange) and NWa-/C_50k (the trace
in blue) recorded at 50 mV s-1in a 0.1 M HCIO4 aqueous solu-
tion under Ar. The voltammograms shown are the difference
between the first and second cycles.

Electrochemical CO stripping voltammograms of NWa:/C
before and after potential cycles also support surface struc-
tural changes induced by potential cycles. The CO oxidation
was shifted to negative potentials after potential cycles: two
peaks were observed at ca. 0.85 and 0.75 V vs. RHE for
NWar/C_0k, one peak at ca. 0.81 V and one shoulder peak at
ca. 0.76 V for NWar/C_25k, and one peak at ca. 0.76 V for
NWar/C_50k (Figures 3d). The peaks at ca. 0.85 V for
NWar/C_Okand atca. 0.76 V for NWa,/C_50k could originate
from NPs and the branched nanostructure, respectively. Be-
cause CO stripping peak positions are sensitive to surface
structures and also known to be directly correlated with the
position of the d-band center of the surface Pt,21034-36 the
structural transformation to the branched nanostructure
coupled with the formation of grain boundaries,32-33 could
lead to the activity enhancement.

Finally, to clarify the effect of the co-presence of NPs with
NWs on the structural changes and activity, NP-free Pt-Ni
NWs were prepared, and then their durability tests were
performed (Figure S10). NP-free NWs were prepared in the
air (NWuir) and then loaded on the carbon black of Vulcan
XC-72 (NWair/C, See the SI). STEM images of the as-prepared
NWo.ir/C confirmed the formation of NWs with 1.65+0.02
nm in diameter and 23+1 nm in length without almost no
NPs (Figure 4a). The use of the air containing oxygen as the



synthetic atmosphere enables us to obtain NWs exclusively.
The Pt:Ni atomic ratio for the as-prepared NWa was deter-
mined to be 95:5, which was almost the same as that of
NWar with NPs after the electrochemical cleaning
(NWar_0Kk). Thus, not only the exclusive NW formation but
also the Ni content were sensitive to the synthetic atmos-
phere. MAs and SAs based on ECSAco for NWqir/Cat 0.9 Vvs.
RHE were determined to be 0.23 A (mgpt)-! and 4.7 A m-2
before potential cycles (NWair/C_0Kk), 0.24 A (mgpt)* and 4.3
A m-2 after 25 k potential cycles (NWair/C_25K), and 0.21 A
(mgpd)-'and 4.4 A m~2 for NWair/C after at 50k potential cy-
cles (NWair/C_50Kk). The Pt:Ni atomic ratio of 95:5 remained
for NWair/C_50Kk, confirmed by ICP-MS. Over the potential
cycles of NP-free NW.ir/C, the structural transformation to
the branched nanostructure was also observed (Figure 4b).

Figure 4. STEM images of (a) the as-prepared NP-free NW/C
(NWir/C) and (b) NP-free NWair/C_50k.

The CO stripping voltammogram of NWair/C_50k showed
apeakatca.0.75 V vs. RHE (Figure S11), which is the same
as that for NWa/C_50k (Figures 3d), indicating that the po-
tential cycles of NWair/C and NWa-/C gave the branched
nanostructure with the similar surface state. Interestingly,
CO stripping voltammograms of NWar/C_Ok and NWair_0k
are different, which indicates that the surface Pt of
NWar/C_0k produced by the electrochemical cleaning (deal-
loying) process can be different from the surface Pt of
NW.ir_0k produced in the presence of oxygen during the
synthesis. Furthermore, 50k potential cycles caused ca.
15% Pt dissolution for NWair/C, which is much larger than
that of NWar/C (6.9% as mentioned above). These results
indicate that the co-presence of NPs with NWs has an im-
portant role in the suppression of Pt dissolution but not the
structural transformation of NWs to the branched
nanostructure.

In conclusion, we prepared the Pt-Ni NWs with and with-
out NPs as ORR electrocatalysts and investigated their
structural and electronic changes after potential cycles. The
NWs were transformed into branched nanostructures dur-
ing potential cycles. In situ XAS and electrochemical CO
stripping measurements revealed that the electronic struc-
ture of the surface Pt was changed by the structural trans-
formation and then the metal oxide formation at the NW
surface seems to be suppressed, resulting in the high dura-
bility. Although the structural transformation can be ob-
served both in the presence and absence of NPs, the Ostwald
ripening of NPs assisted the structural transformation of
NWs to the branched nanostructure, which is energetically
stable and therefore durable against Pt dissolution. This
work demonstrated that such Ostwald-ripening-assisted
structural transformations can, in principle, be utilized for
not only NWs but also other nanostructured catalysts, al-
lowing us to design and develop highly active and durable

Pt-based electrocatalysts for many electrocatalytic reac-
tions including the ORR and phase-engineered nanomateri-
als_32-33
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