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ABSTRACT: We report a new seed-mediated growth of FePt over 2.5 nm wide 4 2T

FePtM (M = Pd, Au) nanowires (NWs) into core/shell FePtM/FePt NWs with
controlled FePt shell thickness from 0.3 to 1.3 nm. These FePtM/FePt NWs show ad
shell thickness and core composition-dependent electrocatalytic activity for oxygen
reduction reaction (ORR) in 0.1 M HCIO,. These core/shell FePtM/FePt NWs are E
generally more active and durable than the corresponding alloy NWs. Among g 25
FePtM/FePt NWs, FePt NWs, FePtPd NWs, and commercial Pt studied, the =
FePtPd/FePt NWs (0.8 nm shell) show the specific activity of 3.47 mA-cm™* and 1
the mass activity of 1.68 A/mg Pt at 0.5 V (vs. Ag/AgCl), superior to all other NWs

(less than 1.59 mA/cm?* and 0.82 A/ mg Pt for FePtAu/FePt and FePt) as well as the
commercial Pt (0.24 mA/cm? and 0.141 A/mg Pt). The FePtM/FePt (0.8 nm shell) Lo
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NWs are also stable in the ORR condition and show no activity decrease after S000
potential sweeps between 0.4 and 0.8 V (vs Ag/AgCl). They are the most efficient nanocatalyst ever reported for ORR.

1. INTRODUCTION

The need to develop highly efficient electrochemical energy
conversion devices, such as polymer electrolyte membrane fuel
cells, requires effective electrocatalysts for both fuel oxidation
reaction and oxygen reduction reaction (ORR).'™® Catalysts
based on Pt nanoparticles (NPs) with different composition
and geometric shapes have been explored extensively to
enhance their catalysis for chemical conversion, especially for
ORR." Recently, core/shell NPs” and one-dimensional (1D)
nanostructures® '® are found to be more promising in
catalyzing ORR with much improved activity and durability.
The core/shell structure with Pt present around the thin shell
not only maximizes the Pt exposure to oxygen and minimizes
the Pt use for catalysis, but also offers the desired core—shell
interactions to tune both electronic and surface strain effects for
optimal catalysis.” The catalytic efficiency increases even more
when the 1D nanostructures serve as a catalyst,'' ' as
demonstrated more specifically in ~2.5 nm wide MPt'® and
FePtM nanowires (NWs) for ORR catalysis.'* It is believed
that these NWs have much larger surface contact with the
carbon support than the polyhedral NPs and therefore adhere
to the carbon support more strongly, facilitating their
stabilization and electron conduction during the catalysis. The
promising data obtained from both core/shell and NW catalysts
infer that the ORR catalysis would be further enhanced over a
core/shell structured NW catalyst.

Here we report our studies on the synthesis of core/shell
FePtM/FePt NWs and their enhanced catalysis for ORR.
Recently core/shell FePt/ FePt!® and FePtCu/Pt'* NWs were
synthesized by either seed-mediated synthesis (FePt) or surface
electrochemical dealloying (FePtCu/Pt). In these NW
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structures, early transition metals are readily etched, making it
difficult to optimize the effect of M metals on Pt catalysis. An
alternative NW catalyst system is to include Au or Pd in the 1D
core structure because Au or Pd can further enhance Pt
catalgms, as demonstrated in the core/shell Au/FePt”® and Pd/
FePt”® NP catalysts. In this work, we prepared 2.5 nm wide
FePtM NWs and found that these NWs could serve as seeds for
FePt coating. We synthesized the core/shell FePtM/FePt NWs
with FePt shell ranging from 0.3 to 1.3 nm and tested their
ORR catalysis in 0.1 M HCIO, solution. These NWs were
indeed more active and durable than the seeding NWs. The
optimal FePtPd/FePt NWs with 0.8 nm FePt shell had the
specific activity of 3.47 mA/cm® and mass activity of 1.68 A-
mg~' at 0.5 V (vs. Ag/AgCl), much higher than what the
commercial Pt had (0.24 mA/cm® and 0.141 A/mg Pt).

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. Oleylamine (OAm, > 70%), 1-
octadecene (ODE), sodium oleate, oleic acid (OA), Pt(acac), (acac =
aceylacetonate), Pd(acac),, HAuCl,-H,O, iron pentacarbonyl (Fe-
(CO);), hexane, isopropanol, ethanol, acetic acid (AA), and Nafion
(5%) were all purchased from Sigma-Aldrich. The C—Pt catalyst (20%
Pt mass loading containing 2.5—3.5 nm Pt NPs) was obtained from
Fuel Cell Store.

2.2. NW Characterization. X-ray diffraction (XRD) patterns were
collected on a Bruker AXS D8-Advanced diffractometer with Cu Ka
radiation (4 =1.5418 A). The inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) measurements were carried out on
a JY2000 Ultrace ICP Atomic Emission spectrometer equipped with a
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JY AS 421 autosampler and 2400g/mm holographic grating.
Transmission electron microscopy (TEM) images were acquired on
a Philips CM 20 operating at 200 kV. Scanning transmission electron
microscopy (STEM) analyses were carried out with a Hitachi
HD2700C (200 kV) with a probe aberration-corrector in the Center
for Functional Nanomaterials at Brookhaven National Lab. The 2D
electron energy-loss spectroscopy (EELS) mapping was obtained by
using a high-resolution Gatan-Enfina ER with a probe size of 1.3 A. A
power law function was used for EELS background subtraction.
Samples for TEM and STEM analysis were prepared by depositing a
single drop of diluted NWs dispersion in hexane on amorphous carbon
coated copper grids.

2.3. Synthesis of FePtM (M = Au, Pd) and FePt NWs. FePtAu
NWs were synthesized as follows. A 0.3-g sample of sodium oleate and
12 mL of ODE were mixed under magnetic stirring. Under a gentle
flow of N,, the mixture was heated to 200 °C to dissolve sodium
oleate. Once the clear solution was formed, the heating temperature
was lowered to 60 °C, and 0.2 g of Pt(acac), and 8 mL of OAm were
added. Under a N, blanket, the solution was heated to 110 °C and
0.09 mL of Fe(CO); was injected. The solution was further heated to
190 °C at the heating rate of 4—5 deg/min so that a clear black
solution was obtained. The solution was air-cooled to 120 °C within §
min, and under a vigorous magnetic stirring, 68 mg of HAuCl,-H,O
predissolved in a mixture of 1.2 mL of ODE and 0.8 mL of OAm was
injected. The solution was heated to 240 °C at 4—S deg/min and kept
at this temperature for 30 min. The reaction mixture was cooled to
40—50 °C before 20 mL of hexane and 30 mL of ethanol were added
to precipitate out the product, which was separated by centrifugation
at 9000 rpm for 10 min and dispersed in hexane.

FePtPd NWs were prepared similarly except that 0.15 g of
Pt(acac),, 0.11S g of Pd(acac),, and 0.07 mL of Fe(CO); were used.
This synthesis was different from what we published previously'” and
gave better seeding FePtPd NWs for the next-step seed-mediated
growth.

FePt NWs were also synthesized similarly. After Fe(CO); was
injected, the mixture was heated directly to 240 °C at 4—5 deg/min
and kept at this temperature for 30 min. The FePt NWs were used as a
control.

2.4. Synthesis of FePtM/FePt Core/Shell NWs. A controlled
amount of Pt(acac), was dissolved in a mixture of 15 mL of ODE, 1.5
mL of OAm, and 1.5 mL of OA at 110 °C under a gentle flow of N,.
Thirty milligrams of FePtPd or FePtAu NWs dispersed in 2 mL of
ODE was added and dissolved in the solution. Under a blanket of N,,
Fe(CO); was added and the solution was heated to 200 °C at 4—5
deg/min and kept at this temperature for 20 min. The solution was
cooled to room temperature, and 25 mL of ethanol was added,
followed by centrifugation (8500 rpm, 8 min). The FePtM/FePt NWs
were dispersed in 25 mL of hexane and reprecipitated by adding 25
mLof ethanol. The final product was dispersed in 10 mL of hexane for
further use.

2.5. Preparation of C-NWs. A dispersion of 20 mg of NWs in 20
mL of hexane was added into 30 mL of hexane containing 40 mg of
Ketjen carbon (EC-300J). The mixture was sonicated for 1 h. The
solvent was decanted and the black solid powder was washed twice
with ethanol. The powder was then suspended in 40 mL of AA and the
suspension was heated at 70 °C for overnight to remove the
surfactants around NWs.'® The AA-treated C-NWs were separated by
centrifugation, washed with water, and resuspended in a mixture
containing water, isopropanol, and Nafion (5%) (v:v:v 4:1:0.025) to
form a 2 mg/mL catalyst ink.

2.6. Eletrocatalysis for ORR. The electrochemical measurements
were performed at room temperature on a potentiostat (Autolab 302).
A glassy carbon (GC) rotating disk electrode (RDE) was used as the
working electrode, and Ag/AgCl (4 M KCl) and Pt wire were used as
the reference electrode and the counter electrode, respectively. Ten
microliters of catalyst ink was cast on a newly polished GC-RDE and
dried under ambient condition. Before data collection, all working
electrodes were cleaned by a steady-state potential sweeping from
—0.2 to 1.0 V at 50 mV/s in N,-saturated 0.1 M HCIO, solution. Once
the current—potential curve was stable, the cyclic voltammogram (CV)

at 50 mV/s was recorded. From this CV, the electrochemically active
surface area (ECASA) of the NW catalyst was determined by
integrating the area surrounded by the hydrogen desorption curve and
the CV baseline. The scan rate and rotation rate for ORR
measurement were 10 mV/s and 1600 rpm, respectively. The ORR
kinetic currents were calculated from the Levich-Koutecky equation'®
and normalized to the amount of Pt and to ECASA to get mass and
specific activities of the catalysts, respectively. The electrocatalytic
results were obtained by averaging three independent measurements
with an error margin <10%.

3. RESULTS AND DISCUSSION

The 2.5-nm wide FePtM (M = Pd, Au) NWs were first
synthesized through thermal decomposition of Fe(CO)s and
controlled consecutive reduction of Pt(acac), and Pd(acac), or
HAuCl,. The composition of FePtM was controlled by the
molar ratio of M to Pt(acac),. Inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) was used to
characterize the composition of the as-prepared FePtM NWs.
In the above synthesis of FePtPd and FePtAu NWs,
Fe;Pty,Pd;; NWs and Fe,Pty;Aujs were obtained. Figure
S1A,B (Supporting Information) shows the typical transmission
electron microscopy (TEM) images of FeysPt;,Pd;, (Figure
S1A, SI) and Fe,4Pt;,Au, s (Figure S1B, SI) NWs. These FePtM
NWs have an average diameter about 2.5 nm and a typical
length of 20—100 nm. The “nodes” along the wires are likely
caused by the preferred growth at the tip of the wire in the
OAm reverse micelle template.”® Under the current condition,
more Au- and Pd-rich FePtM NWs were difficult to obtain due
to the separate nucleation and growth of elemental Au and Pd
NPs at high Au and Pd salt concentrations.

By using these ultrathin Fe;sPt;,Pds,; and Fe,gPt;;Au;s NWs
as seeds (30 mg), FePtM/FePt core/shell NWs with controlled
shell thickness were easily made. For example, 0.02 mL of
Fe(CO); and 40 mg of Pt(acac), gave FePtM/FePt NWs with
a 0.3 nm shell, designated as FePtM/FePt-0.3 (Figure 1A,B),
0.04 mL of Fe(CO); and 80 mg of Pt(acac), resulted in a 0.8
nm FePt shell, designated as FePtM/FePt-0.8 (Figure 1C,D),
and 0.06 mL of Fe(CO); and 120 mg of Pt(acac), yielded a 1.3
nm FePt shell, designated as FePtM/FePt-1.3 (Figure 1EF).
During the growth of the FePt shell with different thickness, the
molar ratio of Fe(CO); to Pt(acac), was kept constant at 3:2.
The final molar ratio of Fe to Pt on FePtPd/FePt and FePtAu/
FePt NWs was around 22/78 and 26/74, respectively, which is
lower than the seeding NWs, indicating the chemical etching of
Fe upon Pt salt reduction."”

The structure of the core/shell NWs was further
characterized by high-angle annular dark field (HAADF)-
scanning transmission electron microscopy (STEM), STEM-
electron energy-loss spectroscopy (STEM-EELS), and X-ray
diffraction (XRD). Figure 2A shows the HAADF-STEM image
of the FePtPd/FePt-0.8 NWs. Panels B and C of Figure 2 are
the high-resolution (HR) HAADF-STEM images (Z-contrast)
of a section of a single FePtPd-FePt NW. In Figure 2B, we
observe a different lattice image at the shell and core areas. The
shell thickness was directly measured to be ~0.8 nm. Figure 2C
is the middle section of the NW. The lattice fringes are clearly
seen and the spacing of the adjacent fringes along the wire
growth direction is 0.22 nm, corresponding to the {111}
interplanar distance of face-centered cubic (fcc) FePt
structure.'” Elemental distribution of a representative
FePtPd/FePt NW is investigated by 2D STEM-EELS mapping,
as seen in Figure 2D,E. Along the NW, Pd (green) concentrates
in the core region and Pt (blue) distributes evenly across the
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Figure 1. TEM images of FePtPd/FePt-0.3 (A), FePtAu/FePt-0.3 (B),
FePtPd/FePt-0.8 (C), FePtAu/FePt-0.8 (D), FePtPd/FePt-1.3 (E),
and FePtAu/FePt-1.3 (F).
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Figure 2. HAADF-STEM (A, D, F), high resolution HAADF-STEM
(B, C), and STEM-EELS mapping (29 X 66 pixels, spatial resolution
of 3 A) (E) images of FePtPd/FePt-0.8. (F, G) High-resolution (1.7
A) line-scan EELS analysis across one NW.

whole NW. More Fe (red) also locates inside the NW,
indicating that the Pt-rich shell is indeed formed during the
coating process. The core/shell structure was further confirmed

13881

by linear scan EELS with a higher spatial resolution across a
single NW (Figure 2F,G). We can see that Pt is evenly
distributed across the NW while Pd and Fe populate inside the
NWw.

Figures 3 and S2 (Supporting Information) show the XRD
patterns of the FePt, FePtPd, FePtPd/FePt, as well as FePtAu
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Figure 3. (A) XRD patterns of FePt, FePtPd, FePtPd/FePt-0.3,
FePtPd/FePt-0.8, and FePtPd/FePt-1.3 NWs.

and FePtAu/FePt NWs. Their (111) peaks appear at the same
diffraction angle due to the close lattice matching between Pd-
(or Au) and Pt-based structures.'” The (111) peak becomes
narrower with thicker FePt coating, indicating that the crystal
domains grow larger upon the FePt coating.

The ORR activity and stability of the FePtM/FePt NWs
deposited on C (C-FePtM/FePt, Figure S3, Supporting
Information) were studied in 0.1 M HCIO, solution. Figure
S4A (Supporting Information) shows the typical CVs of the C-
FePtPd/FePt with different shell thickness in N,-saturated 0.1
M HCIO, at a sweep rate of 50 mV/s. Hydrogen adsorption/
desorption appear in the range —0.2 to 0.15 V and metal
oxidation/reduction occur in the range 0.4 to 0.9 V. The
hydrogen desorption region was used to determine ECASA of
the NWs. Figure 4A shows the ORR polarization curves of the
C-FePtPd/FePt obtained at room temperature in O,-saturated
0.1 M HCIO, at 10 mV/s and a rotation speed of 1600 rpm.
We can see that these C-FePtPd/FePt have similar ORR onset
potential. But the C-FePtPd/FePt-0.8 exhibits a slightly more
positive half-wave potential than the two other kinds of C-
FePtPd/FePt. After being normalized over the NW ECASA,
the FePtPd/FePt-0.8 NWs show the highest specific activity of
347 mA cm? in all FePtPd/FePt NWs investigated (Figure
4B). We further studied ORR stability of the FePtPd/FePt-0.8
NWs by scanning the potential between 0.4 and 0.8 V (vs Ag/
AgCl) in the O,-saturated 0.1 M HCIOj at a scan rate of 100
mV/s. The CVs and ORR polarization curves of the FePtPd/
FePt-0.8 NWs before and after 5000 potential cycles are shown
in Figure 4C,D. After the stability test, the FePtPd/FePt-0.8
NWs only slightly lose their ECASA and have no ORR kinetic
change. ICP-AES analysis on the C-FePtPd/FePt before and
after the stability test showed nearly no Fe/Pt ratio changes
(from 15/85 to 14/86). Furthermore, the morphology of the
NWs was preserved after the stability test, as confirmed by the
TEM images of the FePtPd/FePt-0.8 NWs before and after the
stability test (Figure 4E,F).

The C-FePtAu/FePt NWs were also studied for ORR.
Figures S4B (Supporting Information) and SA show the CVs
(Figure S4, Supporting Information) and ORR polarization
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Figure 4. (A) ORR polarization curves of C-FePtPd/FePt-0.3, C-
FePtPd/FePt-0.8, and C-FePtPd/FePt-1.3 in O,-saturated 0.1 M
HCIO, solution at 293 K. (B) Summary of specific activities for ORR
at 0.5 V vs Ag/AgCl (4 M KCl). (C) CVs and (D) polarization curves
of the FePtPd/FePt-0.8 NWs before and after 5000 potential cycles
between 0.4 and 0.8 V (vs Ag/AgCl). (E, F) TEM images of the C-
FePtPd/FePt-0.8 NWs before (E) and after (F) stability test.

curves (Figure SA) for the C-FePtAu/FePt NWs. All three
different C-FePtAu/FePt have nearly the same ORR polar-
ization curves and similar specific ORR activity (Figure SB). It
seems that different from Pd in the FePtPd/FePt structure, Au
in the core has little effect on ORR activity of the FePt shell.
Nevertheless, C-FePtAu/FePt does show the desired stability,
as demonstrated by the C-FePtAu/FePt-0.8 in their CVs
(Figure SC), ORR polarization curves (Figure SD), and TEM
images (Figure SE,F).

Electrocatalytic activities of different NW catalysts were
further normalized and compared with the commercial Pt
catalyst. Figure SSAB (Supporting Information) shows the
CVs (A) and ORR polarization curves (B), and Figure 6
summarizes the specific (A) and mass activities (B)
comparisons (ji, kinetic current density) of the FePtPd/FePt-
0.8, FePtAu/FePt-0.8, FePt, and FePtPd NWs as well as
commercial Pt catalysts at 0.5 V. Among these catalysts, the
FePtPd-FePt-0.8 NWs show the highest specific activity,
reaching 3.47 mA/ cm?, much higher than the FePtAu-FePt-
0.8 NWs (1.69 mA/cm?), FePt NWs (1.59 mA/cm?), FePtPd
NWs (0.65 mA/cm?), and commercial Pt (0.24 mA/cm?). We
can conclude that compared to Au, Pd in the core/shell NWs
does help to enhance ORR activity to a greater degree. The Pt
mass activity of the FePtPd-FePt-0.8 NWs is 1.68 A/mg Pt. As
a comparison, the mass activity of the commercial Pt is at 0.141
A/mg Pt.

Recent studies in multicomponent NP catalyst for ORR have
revealed that Au is more electropositive than Pt and can
efficiently stabilize Pt from easy oxidation during ORR.>" Using
Au as a stabilizer, core/shell structured Au/FePt NPs have been
synthesized and studied for ORR. Indeed Au/FePt NPs are

25
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Figure 5. (A) ORR polarization curves of C-FePtAu/FePt-0.3, C-
FePtAu/FePt-0.8, and C-FePtAu/FePt-1.3. (B) Summary of specific
activities for ORR at 0.5 V vs Ag/AgCl (4 M KCl). (C) CVs and (D)
ORR polarization curves of C-FePtAu/FePt-0.8 NWs before and after
5000 potential cycles between 0.4 and 0.8 V (vs Ag/AgCl). (E, F)
TEM images of the C-FePtAu/FePt-2 NWs before (E) and after (F)
stability test.
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Figure 6. ORR specific (A) and mass (B) activity summaries of the
FePtPd/FePt-0.8, FePtAu/FePt-0.8, FePt, and FePtPd NWs as well as
the commercial Pt NPs at 0.5 V vs Ag/AgCl (4 M KCl).

much more stable than the Pt or FePt NP catalysts in ORR
conditions.”® Furthermore, Fe in the FePt shell does help to
improve ORR activity due to the alloy effect,”” making the Au/
FePt more active and stable than Pt for ORR. Compared with
Au, Pd is less electropositive and coupling Pd to Pt cannot
improve catalyst stability unless Pd/FePt core/shell structure is
made.”* On shape-dependent catalytic studies, ultrathin NWs,
such as FePt and CoPt NWs,'? are found to be more efficient
catalysts for ORR due to their stronger adsorption to carbon
microparticles and their better electron conductivity between
the reaction sites and the carbon support. But adding Pd to
FePt NWs, as seen in trimetallic FePtPd alloy NWs, does not
improve the ORR catalysis of these NWs, rather it makes them
better catalysts for the methanol oxidation reaction.'”
Combining what we have learned from the core/shell and
NW structures, we can conclude that the Au and Pd effect on
ORR is better demonstrated in a core/shell NW structure. We
have tested the synthesis of Au and Pd NWs for FePt coating
but failed. However, FePtPd and FePtAu NWs are readily
prepared to serve as seeds. Therefore, we have synthesized
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FePtM/FePt NWs with FePt shell thickness controlled in less
than 1.5 nm. Such FePtM/FePt provides an excellent NW
platform for studying the M effect on ORR. Indeed, with
FePtPd/FePt NWs, we have a new class of core/shell
electrocatalysts that are even more efficient than FePt NWs
for ORR. From Figure 6, we can see that the specific and mass
activities of the FePtPd/FePt NWs are about 2.2 and 3.4 times
those from the FePt NWs. Different from Pd, Au does not
improve the ORR activity in the FePtAu/FePt NW structure—
the slight activity increase shown in Figure 6 is from the Fe
alloy effect,” but it does stabilize the core/shell NW catalyst in
the ORR condition. The higher ORR activity observed from
the FePtPd/FePt NWs than from the FePtAu/FePt NWs may
be attributed to the electronic effect of Pd to FePt, which
further downshifts the d-band center of Pt, facilitating O,
adsorption, activation, and desorption.”*** In the ORR stability
tests, both FePtAu/FePt and FePtPd/FePt core/shell NWs
show impressive stability without activity degradation after
5000 potential cycling between 0.4 and 0.8 V (vs. Ag/AgCl).
This stability enhancement comes likely from both strong NW/
carbon support interaction and the controlled Pt—Pt strain in
the core/shell structure. We should mention that in the
FePtM/FePt structure, too thin a coating cannot form a
uniform shell around the core and too thick a coating makes
the NWs similar to pure FePt NWs. A 0.8 nm coating seems to
be critical to form uniform coating and for the shell to “feel” the
core effect on its d-band shift (electronic effect) and Pt—Pt
distance (strain effect). All in all, the FePtPd/FePt NWs with a
0.8 nm FePt shell are the most efficient NW catalysts ever
reported for ORR.

4. CONCLUSIONS

We have developed a seed-mediated growth method to prepare
core/shell FePtM/FePt (M = Pd, Au) NWs. Through
controlled decomposition of Fe(CO); and reduction of
Pt(acac), in the presence of 2.5 nm wide FePtM NW seeds,
0.3—1.3 nm thick FePt shell can be deposited around the
FePtM core. These FePtM/FePt NWs have shell thickness and
core composition-dependent activity for ORR in 0.1 M HCIO,
solution and the FePtPd/FePt-0.8 NWs have the highest
activity: their specific and mass activities reach 3.47 mA/cm?
and 1.68 A/mg at 0.5 V (vs. Ag/AgCl), respectively, which are
2.2 and 3.4 times higher than those of FePt NWs, and 14.5 and
12.5 times higher than the values from the commercial Pt
catalyst. The present FePtM/FePt-0.8 NWs are also stable in
the ORR condition and have nearly no ECASA drop, no ORR
polarization curve shift, and no NW morphology change after
5000 potential cycling between 0.4 and 0.8 V (vs. Ag/AgCl).
The core/shell FePtM/FePt NWs, especially the FePtPd/FePt-
0.8 NWs, are the most efficient NW catalyst ever reported for
ORR. The synthetic concept demonstrated here is not limited
to FePtM/FePt, but can be extended to other multimetallic
core/shell NWs containing Ni and Co. These core/shell NWs
should be robust and have high potentials to serve as
commercially viable catalysts for ORR and for fuel cell
applications.
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