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FePt and CoPt Nanowires as Efficient Catalysts for the Oxygen

Reduction Reaction**
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The oxygen reduction reaction (ORR) is an important
cathode reaction used in fuel cells and metal-air batteries
for renewable energy applications."”! Platinum has been
studied extensively as an essential catalytic component to
reduce undesired overpotentials observed in the ORR.M
Previous computational and experimental investigations
have revealed that once alloyed with first-row transition
metals, such as Fe, Co, and Ni, Pt alloy thin films and
nanoparticles (NPs) can show dramatic activity enhancement
in ORR catalysis,>® especially when the Pt-skin structure is
formed on the surface of MPt.I” This enhancement is believed
to originate from the downshift of the d-band center of Pt in
the alloy structure; this downshift results in a decrease of the
bonding strength between Pt and the oxygenated species
(often called blocking species or spectators) and an increased
number of available Pt sites for oxygen adsorption.””) Recent
experiments also indicate that elongated Pt nanostructures
are less subject to dissolution, Ostwald ripening, and aggre-
gation than the Pt NPs in acidic conditions,* ! and that they
may be robust for catalyzing the ORR with high activity and
durability.

Herein, we report an advanced organic-phase synthesis of
thin FePt and CoPt alloy nanowires (NWs) for enhanced
catalysis of the ORR. Different from the previous approach
to FePt NPs!'"” and FePt NWs,!"*l the current synthesis through
decomposition of metal pentacarbonyl and reduction of
platinum acetylacetonate, [Pt(acac),], was performed in
sodium oleate solution of 1-octadecene (ODE) and oleyl-
amine (OAm). Depending on the metal carbonyl used, FePt
or CoPt NWs were obtained at a high synthetic yield and with
the desired control over alloy composition. Electrochemical
studies showed that these NWs were active catalysts for the
ORR. The specific activity and the mass activity of the 2.5 nm
wide FePt NWs reached 1.53 mA cm 2 and 844 mA mg ' Pt at
0.9 V (vs. reversible hydrogen electrode, RHE; 0.2 mA cm™
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and 110 mA mg~' Pt at 0.95 V), while those of the benchmark
Pt catalyst reached 0.32 mA cm 2 and 155 mAmg ' Ptat0.9 V
(0.080 mA cm™? and 35 mA mg~' Pt at 0.95 V). The annealed
6.3 nm wide FePt NWs showed an even higher specific activity
of 3.9 mAcm?at 0.9 Vand 0.46 mAcm 2 at 0.95 V.

The FePt or CoPt NWs were prepared by thermal
decomposition of iron pentacarbonyl, [Fe(CO);], or dicobalt
octacarbonyl, [Co,(CO);], and reduction of [Pt(acac),]. In the
synthesis, [Fe(CO);s] or [Co,(CO)g] was added to serve both as
a reducing agent and as an Fe or Co precursor for alloying
with Pt (Experimental Section). Inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) was used to analyze
the composition of the as-prepared FePt and CoPt NWs. We
found that the molar ratio of Fe/Pt or Co/Pt was important for
tuning the composition of FePt or CoPt NWs. For example,
the reaction of 0.5 mmol [Pt(acac),] and 1 mmol [Fe(CO);]
led to the formation of FeyPt;, NWs. With a fixed amount of
[Pt(acac),] (0.5 mmol), 0.57 and 0.32 mmol of [Fe(CO)s]
resulted in Fes.Pt,, and Fe,,Ptss NWs, respectively. Under the
same reaction conditions with a fixed amount of [Pt(acac),]
(0.5mmol) as in the synthesis of FePt NWs, 0.53 mmol
[Co,(CO)g] produced CogPt;; NWs, while 0.4 mmol
[Co,(CO)y] yielded Cos,Pteg NWs. In the synthesis of CoPt
NWs, the amount of [Co,(CO)s] added in the reaction mixture
was key to the formation of NW product. Too much (270 mg,
0.795 mmol) or too little (90 mg, 0.265 mmol) [Co,(CO)s]
would result in a mixture of NPs and thick NWs (Figure ST1A
in the Supporting Information) or a mixture of NPs and thin
NWs (Figure S1B). Figure 1 and Figure S2 in the Supporting
Information show the representative transmission electron
microscopy (TEM) images of the FePt and CoPt NWs with
diameters at (2.5 4+0.3) nm. The length of the FePt NWs is in
the range of 30-100 nm and that of CoPt NWs in the range of
50-500 nm. The FePt and CoPt NWs were further charac-
terized by X-ray diffraction (XRD; Figure S3 in the Support-
ing Information). The broadened diffraction peaks from these

Figure 1. TEM images of A) 2.5 nm wide FessPt,, and B) Cog;Pt;; NWs.
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NWs reveal the small dimension of the chemically disordered
fec crystal domains.™¥

The as-synthesized FePt and CoPt NWs were studied as
catalysts in the ORR. To perform the tests, the NWs were first
deposited on a carbon (C) support (Ketjen EC-300J) by
sonicating the mixture of NWs and C (NW/C =4:6 by weight)
in hexane/acetone (v/v=2:1) and then washed with acetic
acid (99%) at 70°C to remove the surfactant.”® Upon this
acid wash, part of the Fe in the FePt NWs was etched away, as
confirmed by the change of the composition from Fe,,Ptsg,
FesPt,,, and FegPt;, to Fe sPtgs, Fe,Ptg, and Fe,;Pt,,,
respectively. After the same treatment with acetic acid,
a substantial amount of Co was lost, and less than 10% Co
was retained in the NW structure. This indicates that CoPt
NWs are more vulnerable to acid than FePt NWs. Figure 2 A
shows the typical cyclic voltammograms (CVs) of the Fe, Pty
NWs in Ar-saturated HCIO, (0.1m) with a sweep rate of
50mVs™. The corresponding CVs exhibit strong peaks
associated with hydrogen adsorption/desorption below 0.4 V
and Pt oxidization/reduction above 0.6 V. Figure 2B shows
a typical ORR polarization curve of the Fe,Pts, NWs
obtained at room temperature in O,-saturated HCIO,
(0.1m) at a sweep rate of 20mVs™' and a rotation speed of
1600 rpm. We can see that the electrochemical reduction

Figure 2. A) CVs and B) polarization curves of the Fe,,Ptg, NWs before
and after 4000 potential cycles between 0.6-1.0 V vs. RHE. C) Specific
ORR activities of different catalysts with the rotating disk electrode
(RDE) rotation rate at 1600 rpm (Tafel plot), and D) summary of
specific ORR activities of different catalysts at 0.9V and 0.95 V vs.
RHE. E, F) TEM images of the C-Fe,,Pts, NWs before (E) and after (F)
stability test. The electrocatalytic results were obtained by averaging
three independent measurements with an error margin <10%.
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reaches the diffusion limit below 0.8 V and a mixed kinetic-
diffusion control region between 0.8 and 1.0 V. The kinetic
current related to the ORR can be calculated from the
polarization curve by using mass-transport correction and
normalizing to electrochemically active surface area
(ECASA) and Pt amount. Similarly, CoPt NWs were studied.
The corresponding CVs and ORR polarization curves are
shown in Figure S4 in the Supporting Information. The
electrocatalytic behavior of these NWs was compared with
the commercial BASF 3.2 nm Pt catalyst supported on carbon
(C-Pt, 46 % loading). Figure 2 C shows the Tafel plots, which
describe the specific activities (j,, kinetic current density) as
a function of electrode potential, and a comparison of the
specific activities of Fe,,Pty, NWs, CogPty, NWs, and com-
mercial Pt catalysts at 0.9 V and 0.95 V (vs. RHE) is given in
Figure 2D. The specific activity of Fe,,Ptyy, NWs reaches
1.53mAcm 2 at 0.9V (0.20mAcm™? at 0.95 V), which is
higher than that of CogPty, NWs (0.64 mAcm~ at 0.9 V and
0.11 mAcm~ at 0.95 V) and of Pt catalyst (0.32 mAcm™> at
0.9 V and 0.08 mA cm™2 at 0.95 V). The lower activity of the
CogPty, NWs compared to Fe, Pty is likely caused by the
greater loss of Co from CoPt compared to that of Fe from
FePt in the acid solution.

We further studied the stability of Fe,Ptyy, NWs by
scanning the potential between 0.6 and 1V (vs. RHE) in
O,-saturated HCIO, (0.1m) at a scan rate of 100 mVs™.
Figure 2A,B also shows the CVs and ORR polarization
curves of the Fe, Ptg, NWs after 4000 potential cycles. We can
see that the Fe,,Ptyy NWs lost a very small portion of their
initial ECASA, and their ORR polarization curve overlaps
with the one before the stability test. Once immersed into the
HCIO, solution, the Fe,)Pty, was changed to Fe;Pty; and
further to Fe,4Ptg, after the stability test. This indicates that
the Fe/Pt ratio in FePt treated with acetic acid is well
stabilized and shows only a small change in the HCIO,
solution during the stability test. TEM analysis shows that
there is no visible morphology change for Fe,Pty, NWs
(Figure 2 E,F). The ORR stability performance of the CogPt,,
NWs is similar to that of the Fe, Ptgy NWs (Figure SSA,B in
the Supporting Information).

We should note that the composition-dependent ORR
activity of FePt and CoPt NWs is not well represented by the
FePt and CoPt NWs owing to the loss of Fe and Co during the
acetic acid treatment. Nonetheless, the present FePt NWs
have the highest specific activity for the ORR among all
reported elongated Pt-based ORR catalysts.™'*!"l The mass
activity of FeyPtsy NWs is 844 mAmg' Pt, exceeding the
DOE 2015 target at 440 mAmg' Pt (DOE = U.S. Depart-
ment of Energy)."” The enhancement in both ORR activity
and stability observed in FePt NWs arises very likely from the
Pt topmost atoms arranged along a long NW facet, as well as
from the strong interaction between the NWs and the carbon
support, which hinders NW dissolution, Ostwald ripening,
and aggregation.®10:11]

The thicker (6.3 nm) FePt NWs showed even better
specific ORR catalysis. These NWs were synthesized by
growing FePt over the preformed 2.5 nm FesPt,, NWs
(Experimental Section). By wusing this seed-mediated
growth, we were able to tune the diameter of FePt NWs
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from 2.5 to 6.3 nm with nearly precise composition control at
FessPty,. TEM images (Figure S6 in the Supporting Informa-
tion) prove that these NWs are fairly uniform. XRD of these
NWs (Figure S7 in the Supporting Information) shows
diameter-dependent line broadening diffraction patterns,
indicating that the thicker NWs have larger FePt crystal
domains. These 6.3 nm FePt NWs were subject to the acid
treatment and thermal annealing at 400 °C under Ar+3 % H,
for 2 h. The morphology of the 6.3 nm FePt NWs was nearly
unchanged after these acid and annealing treatments (Fig-
ure 3 A; their composition was FesPtg,). In contrast, none of

(A)

m Annealed 6.3 nm FePt NWs
6.3 nm FePt NWs

==2.5 nm FePt N\Ws

(10 2.5 nm CoPt NWs

g Commercial Pt

&
50 nm ,‘_ l\'
—

Figure 3. A) TEM image of the 6.3 nm FePt NWs deposited on the
carbon support after annealed at 400°C for 2 h in Ar+3% H,.

B) Summary of ORR specific activities of the annealed 6.3 nm FePt
NWs, as well as of the un-annealed 6.3 nm FePt NWs, 2.5 nm FePt
NWs, 2.5 nm CoPt NWs, and commercial Pt at 0.9V and 0.95V (vs.
RHE).

the thinner NWs could survive such a combined treatment;
they were broken down into irregular particulate structures
(Figure S8 in the Supporting Information). A comparison of
the activities of different catalysts for the ORR in HCIO,
(0.1m; Figure 3B) shows, that the treated 6.3 nm FePt NWs
have the best ORR specific activity at 3.9 mAcm™ at 0.9 V
(vs. RHE) and 0.46 mA cm™ at 0.95 V. The ORR stability of
the 6.3 nm FePt NWs was also studied in O,-saturated HCIO,
(0.1m) by cycling the potentials between 0.6-1.0 V (vs. RHE)
for 4000 cycles. As shown in the CVs (Figure S9A in the
Supporting Information) and ORR polarization curves (Fig-
ure S9B), the treated 6.3 nm FePt NWs have no ECASA drop
and ORR polarization shift.

The enhanced ORR activity and stability of the acid/
annealing-treated 6.3 nm FePt NWs is likely caused by the
formation of Pt skin on the surface of NWs, similar to what
has been demonstrated in the MPt alloy NPs."7"l The
formation of Pt skin along each 6.3 nm FePt NW may be
proved by CVs (Figure S9C) and CO stripping curves (Fig-
ure S9D) of the annealed 6.3 nm FePt NWs, which show the
typical suppressed H,, region (H,,q=underpotentially
deposited hydrogen; Figure S9C) and the intensity drop of
the CO oxidation peak (Figure S9D) associated with the
presence of a Pt-skin surface.'”"! Owing to the altered
electronic/adsorption properties of a Pt-skin surface, the CO
stripping peak was used to estimate the ECASA of the
catalyst by integrating the area of the CO stripping peak.!
The ECASA of the annealed 6.3 nm FePt NWs was estimated
to be 1.51 cm?, which was larger than 1.22 cm* determined
from the conventional approach using the H,,4 curve. This is
characteristic of the formation of a Pt-skin structure.!'”') We
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should note that under the same testing conditions, the mass
activity of the acid-treated 6.3 nm FePt NWs is lower than
that of the 2.5 nm FePt NWs owing to the larger percentage of
Pt embedded inside the 6.3 nm FePt NWs.

In summary, FePt (or CoPt) NWs have been synthesized
in high yield by using a simple organic-phase decomposition
of [Fe(CO)s] (or [Co,(CO)y]) and reduction of [Pt(acac),] in
a solution of ODE and OAm containing sodium oleate. By
controlling the molar ratio of [Fe(CO)s] or [Co,(CO)s] to
[Pt(acac),], the FePt (or CoPt) NW composition can be
readily tuned. When treated with acetic acid, these FePt (or
CoPt) NWs become active and stable for the catalysis of the
ORR. The surface specific and mass activities of the FePt
NWs reach 1.53 mA cm 2 and 844 mAmg ' Pt, which are 4.7
and 5.5 times higher than those of the commercial BASF
3.2 nm Pt catalyst. The FePt or CoPt NWs are also very stable
in HCIO, (0.1m) solution with almost no ECASA drop and
ORR polarization shift after the stability test. The annealed
6.3 nm FePt NWs showed an even higher specific activity of
3.9mAcm % These NWs represent a new class of robust
catalysts for the ORR and may be more applicable in
practical fuel cells and other related energy devices.

Experimental Section

Synthesis of 2.5 nm MPt (M = Fe, Co) NWs: Under a gentle nitrogen
flow and magnetic stirring, sodium oleate (0.3 g) was dissolved in
ODE (12 mL) by heating the suspension to 180°C. The solution was
cooled to 60°C, followed by the addition of [Pt(acac),] (0.2 g) and
OAm (8 mL) and further heating to 115°C. Under a blanket of
nitrogen, different amounts of [Fe(CO)s] and [Co,(CO)s] (dissolved
in 1,2-dichlorobenzene) were injected into the reaction solution. The
solution was further heated to 240°C at a heating rate of 4-5°Cmin™"
and kept at this temperature for 25 min to make FePt and CoPt NWs
with different compositions. Hexane (30 mL) and ethanol (50 mL)
were added to precipitate the product. The product was separated by
centrifugation at 9500 rpm for 10 min.

Seed-mediated synthesis of FePt NWs thicker than 2.5 nm:
[Pt(acac),] (0.08 g) was dissolved in ODE (10 mL), OAm (1 mL), and
OA (1 mL) by heating the mixture to 115°C under N, protection.
FesPt,, NWs (30 mg) dispersed in ODE (2mL) and [Fe(CO);s]
(0.032 mL) were added under a N, blanket. The solution was then
heated to 240°C and kept at this temperature for 25 min. The solution
was cooled to room temperature, and ethanol (25 mL) was added to
precipitate the NWs by centrifugation (8500 rpm, 8 min). The product
(3.7 nm FePt NWs) was dispersed in hexane (25 mL) and precipitated
by adding ethanol (25 mL). It was redispersed in hexane (10 mL) for
either catalytic use or for further NW growth. Under the same
conditions as in the synthesis of 3.7 nm FePt NWs, 40 mg [Pt(acac),]
and 0.016 mL [Fe(CO)s] led to 4.6nm FePt NWs, whereas
60 mg [Pt(acac),]/0.024 mL [Fe(CO)s] and 80 mg [Pt(acac),]/
0.032 mL [Fe(CO);] yielded 5.5 and 6.3 nm FePt NWs, respectively.

NW activation for the ORR: NWs (20 mg in 20 mL hexane) were
mixed with Ketjen carbon (30 mg) suspended in a mixture of hexane/
acetone (v/v 2:1, 30 mL). The mixture was sonicated for 1h. The
loading amounts of NWs on the carbon support were calculated to be
25.2% and 23.8% for FePt and CoPt, respectively, according to the
ICP results. The C-NW catalyst was separated by centrifugation,
washed two times with hexane, and mixed with acetic acid (30 mL).
The suspension was heated at 70°C for overnight.") Thermal
annealing of the C-FePt NWs was performed under a condition
similar to the treatment of C-NiPt NPs.'"¥ The as-prepared C-FePt
NWs were first thermally treated in air at 200°C overnight, and then
mixed with HCIO, (0.1m, 20 mL) overnight to remove Fe on the
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surface of FePt NWs. Finally, the acid-treated C-FePt NWs were
annealed in Ar+3 % H, at 400°C for 2 h. All catalysts were dispersed
in a mixture containing water, isopropanol, and Nafion (5%) (v/v/v
4:1:0.05) to form a 2 mgmL " ink.

Electrochemical test: 20 pL. of catalyst ink (2 mgmL™') were
casted on the newly polished glassy carbon electrode and dried at
ambient condition. The Pt loading amount was 6.50 and 4.52 pg for
FePt and CoPt, respectively. The test solution was HCIO, (0.1m). The
catalysts were cycled at room temperature with a scanning rate of
50 mVs'in the Ar-saturated solution until stable CVs were obtained.
The ORR polarization curves were measured at a scanning rate of 10
or 20 mVs~! in the O,-saturated HCIO, (0.1m) solution at 1600 rpm.
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