


energy and fuel cell research in view of the high cost and the
limited global supply for platinum group metals (PGM).%’
Currently, few reports have demonstrated effective control
over the size and composition for the preparation of multi-
metallic nanoparticles and their catalysts.

We report herein the results of an investigation of the
synthesis of PtNiFe ternary alloy nanoparticles with average
particle sizes of a few nanometers and controllable composi-
tion. The approach involves molecular encapsulation of the
nanocrystals in a core-shell structure, which is defined as a
structure with a nanocrystal core and an organic shell in this
work. The synthesis is carried out in a single organic phase
with the control of ratios of the metal precursors, capping
agents, and reducing agents. This approach is an expansion of
an elegant protocol reported for the synthesis of binary PtFe
nanoparticles’” and recently modified for the synthesis of
ternary PtVFe nanoparticles.”® By manipulating the relative
concentrations of the three metal precursors, core-shell type
nanoparticles in which the PtNiFe nanocrystal core is
encapsulated with a monolayer shell of amines/acids were
successfully synthesized. The average diameters of the nano-
crystal cores were well controlled between 1.4 and 1.8 nm with
high monodispersity, and the composition could be precisely
controlled. We will also show an effective protocol for loading
the as-synthesized ternary nanoparticles onto a high surface
area carbon support and subsequent thermal treatment for
catalyst preparation. The catalysts were investigated for
their electrocatalytic activity for molecular oxygen reduction,
which was aimed at understanding the correlation between the
morphology and the electrocatalytic activity for the nano-
structured ternary alloys.

Experimental
Chemicals

Platinum(11) acetylacetonate (Pt(acac),, 97%) and nickel(11)
acetylacetonate (Ni(acac),, anhydrous, >95%) were purchased
from Strem Chemicals. Iron(i1) acetylacetonate (Fe(acac),,
99.95%), iron pentacarbonyl (Fe(CO)s), 1,2-hexadecanediol
(CH3(CH,)13CH(OH)CH,0H, 90%), octyl ether ([CHs-
(CH,)7],0, 99%), oleylamine (CH3(CH,);CH=CH(CH,)s-
NH,, 70%), oleic acid (CHz(CH,);CH=CH(CH,);COOH,
99+%), and Nafion solution (5 wt%) were purchased from
Aldrich. Optima grade sulfuric acid was purchased from
Fisher. Other solvents such as ethanol and hexane were
purchased from Fisher. All chemicals were used as received.

Synthesis

Our core-shell based synthesis method involved the formation
of the trimetallic nanocrystal core under the encapsulation
of the organic monolayer shell. Three metal precursors,
Pt''(acac),, Ni''(acac),, and Fe''(acac),, in controlled molar
ratios were used for the synthesis of PtNiFe nanoparticles.
These metal precursors were dissolved in an octyl ether solvent
together with a mixture of oleylamine and oleic acid as capping
agents. 1,2-Hexadecanediol was used as a reducing agent
for the reduction of the Pt, Ni and Fe precursors. The general
reaction for the synthesis of the (oleylamine/oleic acid)-capped
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Scheme 1 A schematic illustration of the synthesis of PtNiFe
nanoparticles.

PtNiFe nanoparticles is illustrated in Scheme 1. Pt''(acac),,
Ni''(acac), and Fe''(acac), are reduced to Pt°, Ni® and Fe® by
1,2-hexadecanediol. The composition of the Pt%,;Ni%,Fe’3
nanoparticles, where nl, n2 and n3 represent the atomic
percentages of each metal, is controlled by the feeding ratio of
the metal precursors which is expressed in molar percentages
(m1, m2, and m3). Possible by-products include CH3(CH,)13-
CH(OH)CH(=0) (aldehyde), CH3(CH,);3CH(OH)COOH
(carboxylic acid), and acac® anion, which were soluble in
the solvent and were discarded after precipitating out the
nanoparticles.

By controlling the relative concentrations of metal pre-
cursors such as platinum(ii) acetylacetonate, nickel acetylace-
tonate, and iron acetylacetonate, and capping agents such as
oleylamine and oleic acid, PtNiFe nanoparticles of different
compositions were synthesized. For synthesizing a typical
PtsoNigFes; nanoparticles, the following procedure was
used: 4.00 g 1,2-hexadecanediol (13.9 mmol), 0.37 g nickel
acetylacetonate (Ni(acac),, 1.37 mmol), 0.80 g iron(ir)
acetylacetonate (Fe(acac);, 3.15 mmol), 0.80 g platinum
acetylacetonate (Pt(acac);, 1.97 mmol), 4.0 mL oleylamine
(8.5 mmol), 1.2 mL oleic acid (3.77 mmol), and 240 mL octyl
ether were added to a 3-necked 500 mL flask under stirring.
The solution was purged with N, and heated to 230 uC. The
mixture was kept at 230 uC for 30 min. The solution appeared
black in color. After the reaction mixture was allowed to cool
down to room temperature, the solution was transferred to a
large flask under ambient environment. The product was
precipitated by adding ethanol (y 400 mL). The complete
precipitation was achieved either by overnight precipitation
or by centrifugation. The yellow-brown supernatant was
discarded. The black precipitate (nanoparticle product) was
dispersed in hexane (y 100 ml) and stored under N,.

The PtNiFe nanoparticles could also be synthesized using
different metal precursors. For example, Fe(CO)s was used to
replace Fe(acac), and could be thermally decomposed into
Fe®. In comparison with the synthesis of PtVFe nanoparticles
using a similar protocol,® the use of Fe(acac), rather than
Fe(CO)s as in the PtVFe synthesis was found to show better
control of the size of the PtNiFe nanoparticles.

Catalyst preparation

The catalyst preparation included the assembly of PtNiFe
nanoparticles on carbon black and the thermal treatment. The
assembly is a process to load the nanoparticles onto carbon
black materials through interactions between the capping
shells and the carbon surface. A typical procedure included
the following steps. First, 200 mg carbon black (ECP,
Ketjen Black International, Tokyo) was suspended in 700 mL
hexane. After sonicating for y 3 hours, y 91.5 mg PtNiFe
(Pt3oNiygFe,;) was added into the suspension. The suspension

1666 | J. Mater. Chem, 2006, 16, 1665-1673

This journal is  The Royal Society of Chemistry 2006



was sonicated for 30 min, followed by stirring for y 15 hours.
The suspension was evaporated slowly for y 8 hours by
purging N, while stirring. The powder was collected and dried
under N,. The thermal treatment involved removal of organic
shells and calcination of the alloy nanoparticles. All samples
were treated in a tube furnace using a quartz tube. The PtNiFe
nanoparticles supported on carbon (PtNiFe/C) were first
heated at 300 uC in 20% 0,-80% N, for 60 min for removing
the organic shells, and then treated at 400-550 uC in 15%
H,-85% N, for 60 to 240 min for calcination.

Measurements

Transmission electron microscopy (TEM). TEM measure-
ments were performed on a Hitachi H-7000 electron micro-
scope (100 kV). In this measurement, nanoparticle samples
were diluted in hexane solution and were drop cast onto a
carbon-coated copper grid followed by solvent evaporation in
air at room temperature.

Direct current plasma-atomic emission spectroscopy (DCP-
AES). The composition was analyzed using the DCP-AES
technique, which was performed using an ARL Fisons SS-7
Direct Current Plasma-Atomic Emission Spectrometer.
Measurements were made on emission peaks at 265.95,
231.60 and 259.94 nm for Pt, Ni and Fe, respectively. The
nanoparticle samples were dissolved in concentrated aqua
regia, and then diluted to concentrations in the range of 1 to
50 ppm for analysis. Calibration curves were made from
dissolved standards with concentrations from 0 to 50 ppm
in the same acid matrix as the unknowns. Instrument repro-
ducibility, for concentrations greater than 100 times the
detection limit, results in, § 2% error.

Thermogravimetric analysis (TGA). TGA was performed on
a Perkin-Elmer Pyris 1-TGA for determining the weight of
the organic shell. Typical samples weighed y 4 mg and were
heated in a platinum pan.

X-Ray powder diffraction (XRD). The products were
identified by powder X-ray diffraction. Powder diffraction
patterns were recorded on a scintag XDS 2000 60— powder
diffractometer equipped with a Ge(Li) solid state detector
(CuKua radiation). The data were collected from 20 = 5uto 90u
at a scan rate of 0.02u per step and 5 seconds per point.

Fourier transform infrared (FTIR). FTIR spectra were
acquired on a Nicolet 760 ESP FT-IR spectrometer that was
purged with boil-off from liquid N,. The spectrometer was
equipped with a liquid nitrogen-cooled HgCdTe detector. The
nanoparticle powder sample was mixed with KBr powder and
ground into fine powders. The powders were pressed into
pellet at 15000 psi. The nanoparticle samples were dropped on
the Si wafers and dried by N,. The transmission IR spectra
were collected over the range of 400-4000 cm?*.

Electrochemical measurement. The hydrodynamic rotating
disk electrode (RDE) technique was used for measuring the
electrochemical activity of oxygen reduction. The standard

three-electrode configuration was used, and the reference
and count electrodes were in separate compartments of the
electrochemical cell. A glassy carbon based working electrode
with a geometric surface area of 0.196 cm? was used, and 15 pL
of the catalyst ink was pipetted and uniformly distributed over
the glassy carbon surface. To prepare the catalyst ink, 20 mg
supported catalysts were mixed with 20 ml Milli-Q water and
1 ml diluted Nafion solution (5 wt%). The solution was
ultrasonicated using a pulse ultrasonic probe for 10 min or
until a dark, uniform ink was achieved. Cyclic voltammetry
(CV) was performed at room temperature to clean the catalysts
surface. Sulfuric acid diluted with Milli-Q water to 0.5 M
was used as electrolyte, and it was deaerated with high
purity nitrogen before the measurement. The potentials were
controlled with respect to a saturated calomel electrode (SCE)
using a potentiostat from Solartron (MultiStat 1480). All
potentials reported in the paper are with respect to a reversible
hydrogen electrode (RHE). The rotating disk electrode
measurements were performed using a rotating disk electrode
system made by Pine Instrument. All measurements were
performed under the rotating speed of 2000 rpm. Mass-specific
activity was used throughout the paper.

Results and discussion
1. The as-synthesized PtNiFe nanoparticles

Structurally, the as-synthesized PtNiFe nanoparticles consist
of ternary nanocrystal cores and monolayer organic capping
shells. Each part of the structure consists of multiple com-
ponents. We carried out a series of characterizations using a
number of techniques, including TEM, DCP-AES, FTIR, and
TGA, to determine the average size and monodispersity of the
ternary nanoparticles, and the composition of metals in the
ternary nanocrystal cores.

The size and morphology of the PtNiFe nanoparticles were
analyzed using TEM. Fig. 1 shows a representative set of TEM
micrographs for two different samples of PtNiFe nanoparticles
(PtygNiigFess and PtzgNixgFes;). The size distributions were
determined from an analysis of y 2000 particles in the TEM
images. It is evident that the particle sizes are very well
controlled, and the size monodispersity is relatively high. A
close examination of the shapes of the individual nanocrystals
indicates that the nanoparticles are highly faceted nano-
crystals. Using the synthetic protocols as described in the
Experimental section, PtNiFe nanoparticles with average
diameters ranging from 1.4 nm to 1.8 nm have been obtained.
The size monodispersity in most cases was very high, ranging
from §0.2to §0.4 nm.

On the basis of the DCP-AES analysis of the composition
of PtNiFe nanoparticles, the efficiencies for the synthetic
conversion were found to be 70-80% for Pt, y 90% for Ni, and
y 60% for Fe. These values are dependent on the reaction
temperature, precursor concentrations, and reaction time. The
results showed that the trimetallic alloy composition of the
nanoparticles could be controlled by the feed ratio of the three
metal precursors in the synthetic solution. The data in Table 1
provide a quantitative comparison between the synthetic
feeding ratio and the nanoparticle composition for several
PtNiFe nanoparticle samples. While the average size was

This journal is  The Royal Society of Chemistry 2006

J. Mater. Chem, 2006, 16, 1665-1673 | 1667



— 20 nm

30

1.4%0.4nm

AR

P

Number (%)

A

2 4 6
Particle size (nm)

(A)
50
40+ 1.8+0.2 nm
= 3
£ 10 N
P N
o N
2 8
E 204 Ny
3 N
10 AN
RRN
N
N
0 SEINAR . .
2 4 [
Particle size (nm)
(B)

Fig. 1 TEM micrographs and size distributions for two samples of ternary nanoparticles: (A) PtygNijgFess; (B) PtagNisgFey;.

Table 1 Composition data determined by the DCP-AES technique
for PtNiFe nanoparticles synthesized at different synthetic feed ratios

Feed ratio Product composition

PtasNiisFesg
PtogNizgFess
Pt3oN i1 Feso
Pt3;:N i31|:638

Ptzg N i18 Fes4
Pt3;:N i34FE35
Pt30 N izg Fes
Pt30 N i37 F933

found to show some dependence on composition, the change in
particle size is relatively small, which is similar to the PtVFe
nanoparticles in our previous report.?®

In Table 2, the atomic compositions of the nanoparticles
and precursors are compared for protocols using two different
types of Fe precursors, where identical Pt and Fe precursor
concentrations were used, and the feed ratios of the metal
precursors were kept the same. In the case of using iron
carbonyls, both Pt''(acac), and Ni''(acac), are reduced to Pt°
and Ni° by 1,2-hexadecanediol, whereas Fe®(CO)s is thermally
decomposed into Fe. The average particle size derived from

the use of Fe’(CO)s was found to be larger than that derived
from using Fe''(acac), as precursor. The Fe composition in the
synthesized nanoparticles decreased when Fe®(CO)s was used
as precursor. This observation suggests that the conversion
efficiency for the thermal decomposition of Fe(CO)s is lower
than that of Fe(acac), reduction in terms of forming PtNiFe
nanoparticles. In general, it is concluded that the synthesis
conditions can effectively produce nanoparticles with con-
trollable size and composition.

2. Assembly of PtNiFe nanoparticles on carbon support and
subsequent thermal treatment

The preparation of catalysts from the as-synthesized PtNiFe
nanoparticles involved two steps: the assembly of PtNiFe
nanoparticles on carbon black and the subsequent thermal
treatment. The assembly of PtNiFe nanoparticles onto carbon
black support materials is detailed in the Experimental section.
A representative  TEM micrograph of carbon-supported
Pt3oNisgFes; nanoparticles with a metal loading of 30% is

Table 2 Composition data (based on DCP-AES analysis) for the synthesis of ternary PtNiFe nanoparticles using different precursors

Metal precursors Feed ratio (atom%)

Particle composition® Particle avg. size

pPt'(acac),
Ni''(acac),
Fe''(acac),
pPt'(acac),
Ni''(acac),
Fe’(CO)s

& Error bar , 2%.

Pt (26%) : Ni (15%) : Fe (59%)

Pt (26%) : Ni (15%) : Fe (59%)

PtogNiygFes, 1.4 § 0.4nm

Pt33NizgFesg 29 § 1.3nm
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shown in Fig. 2A. The particle sizes remain unaffected after
loading and dispersing onto the carbon materials. The slight
increase in average size (from 1.8 nm to 1.9 nm) could be due to
carbon background effects. Similar morphological properties
were also observed for a sample of Pt3gNis;Fess/C (Fig. 2B).

The removal of organic shells and calcination of the carbon-
supported ternary PtNiFe/C catalysts were achieved by
thermal treatment under controlled temperature and atmo-
sphere. Fig. 3 shows representative TEM images for the
thermally-treated Pt3gNiygFe41/C and PtygNis;Fess/C catalysts.
The average particle sizes after the thermal treatment were
found to be slightly increased in comparison with those before
the thermal treatment. For Pt3gNiygFes1/C, the size increased
by y 0.2 nm, and for PtzyNiz;Fezs/C it increased by y 1.1 nm.
The actual increase in particle size was dependent on the
temperature and time of the thermal treatment.

As reported in our recent study of PtVFe nanoparticles,®
FTIR characterization provides qualitative information on
the structures of the molecules capped on the surface of the
nanocrystal cores. The FTIR spectral characteristics for
oleylamine, oleic acid, and (oleylamine/oleic acid)-capped
PtNiFe nanoparticles are compared. A number of diagnostic
bands have been detected and are shown in Table 3. The band
at 'y 1712 cm?? can be attributed to the carbonyl stretching
mode of ~CO,H in oleic acid. The bands at 1580-1650 cm??!
for -NH, (and -NH3") are attributed to bending modes
in oleylamine. The bands at y 1560 and y 1465 cm?! are
attributed to the asymmetric and symmetric stretching modes

— 20 nm

of —C0O,2. The detection of the bands at 1650, 1560, and
1465 cm?* and the weak band at 1717 cm?? in the PtNiFe
nanoparticle sample indicate that the capping monolayer shell
consists of more oleylamine and less oleic acid. In the high
frequency region, the overall similarity suggests the similar
monolayer structures due to the similarity of hydrocarbon
chains between oleylamine and oleic acid. The C-H stretching
bands at 2953 and 2872 cm?* correspond to methyl stretching
modes, the bands at 2925 and 2853 cm??* correspond to the
asymmetric and symmetric methylene stretching modes. The
methylene stretching bands are slightly higher in wavenumber
(5-8 cm??) than those observed for highly ordered or
crystalline-like alkyl chains (2917 and 2948 cm?') on planar
or large-sized metal particles®® which are characteristic of
monolayer packing on smaller-sized particles,*=*? and similar
to alkanethiolate monolayers on 2 nm sized gold nano-
particles.® The band at 3002 cm?! is attributed to C-H
stretching next to a C=C bond. This finding is consistent
with the presence of the structural unit in both oleylamine and
oleic acid.

The removal of the shell components and the presence of
possible surface reactivities after the thermal treatment were
examined. The C—H stretching bands (2800-3000 cm? 1) were
not detected in the FTIR spectrum for PtNiFe/C after the
thermal treatment. This observation indicates the effective
removal of alkyl chains of the organic capping shells. The
disappearance of diagnostic bands for C=0O (in OCO,H)
stretching (y 1717 cm??) and N-H bending (1650 cm??)
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Fig. 2 TEM micrographs and size distributions of carbon supported PtyoNixgFes; (A, loading 33%) and PtzoNiz;sFess (B, loading 33%)

nanoparticles.
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Table 3 Summary of the diagnostic FTIR bands (cm??) for the as-
synthesized PtsoNiygFe4; nanoparticles, oleylamine, and oleic acid

Pt3oNizgFes;

Mode assignment nanoparticles Oleylamine Oleic acid
va(CH3) y 2953 y 2953 y 2953
vs(CHg) y 2872 y 2872 y 2872
va(CH>) 2924 2924 2925
vs(CHp) 2853 2853 2854
v(COOH) y 1717 — 1712
v(NH,and NH3") 1650 1580-1650 —
va(CO,?) y 1560 — —
v5(CO,?) 1465 1465 1465
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provides further evidence for the removal of oleylamine and
oleic acid.

The relative core-shell mass percentages and loading of
particles on carbon were further determined using TGA. Fig. 4
shows typical TGA data for the as-synthesized PtzgNixgFes;
nanoparticles (A) and carbon-supported PtzogNiygFey; after the
thermal treatment (B). The slight decrease in temperature at
y 320 uC in Fig. 4A and y 430 uC in Fig. 4B were due to
exothermic oxidation of the organic shell (Fig. 4A) and the
carbon support (Fig. 4B), respectively. As evidenced in the
TGA data (Fig. 4A), the organic monolayer shells are
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Fig. 4 TGA curves obtained for the as-synthesized, (oleylamine/oleic acid)-capped PtzoNisgFes; nanoparticles (A) and PtzoNixgFe,;/C catalyst
after the thermal treatment (B). Heating rate: 5 uC min®? for (A) and 20 uC min?* for (B).
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completely removed around 300 uC. The 2% weight loss
observed at y 100 uC is attributed to the loss of water in the
samples. The loss of organic materials can be determined by
subtracting the water loss from the total weight loss. It was
found that there was 61% organic component in the as-
synthesized PtzoNixgFes; nanoparticles. On the basis of the
TGA data and a spherical model for the monolayer-capped
trimetallic nanoparticle, the percentage of organic capping
shell in the Pt3yNixgFe4; nanoparticles could also be estimated.
The approximate number of metal atoms for a spherical
nanoparticle with a core size of 1.8 nm is y 209, and the
approximate number of alkyl chains in a densely-packed
monolayer dispersion on the surface of the nanoparticle is
y 71.%° Using the above model and the average atomic
weight for PtzoNixgFes; (98.4), the organic mass fraction
for a full monolayer coverage of oleylamines or oleic acids
on the nanocrystal surface can be estimated. The result
yields 48% and 49% for a full monolayer coverage of
oleylamine and oleic acid on the nanocrystal, respectively.
The result that the monolayer-capped trimetallic alloy
nanoparticles consist of 48-49% of organic weight on average
is somewhat smaller than the weight percentage determined
from the TGA data (61%). One of the possible origins could
be attributed to the residual solvent (octyl ether) in the as-
synthesized nanoparticles.

From the mass change in Fig. 4B, the metal loading was
determined to be 35% (without oxide correction). In com-
parison with the metal loading used in the synthetic feeding,
y 33% for the assembly of the ternary nanoparticles on a
carbon support, the TGA-determined metal loading is higher
by y 6%. This is likely due to oxidation of some of the metals
in the TGA analysis, in addition to possible methanation of
carbon during the thermal treatment under hydrogen. By
analyzing the residuals from the TGA experiments using
DCP-AES, 5-10% oxide was detected in the residual. After the
oxide correction, the actual loadings determined were quite
close to the feed loading.

The alloy properties of the catalysts were examined using the
XRD technique. Fig. 5 shows a typical set of XRD patterns for
Pt3oNixgFes; nanoparticles on carbon before and after the
thermal treatment. The XRD pattern for the carbon black is

11
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Fig. 5 XRD patterns for PtyNiygFes; nanoparticles supported on
carbon before (a) and after (b) the thermal treatment at 400 uC. The
XRD pattern for blank carbon (c) is included for comparison.

also included for comparison. The broad peak at low angles is
from carbon support materials. The XRD data revealed a
typical fcc pattern. The fact that the diffraction peaks of
metallic platinum shift to higher angles due to lattice shrinking
resulting from the doping of smaller nickel and iron atoms
supports the formation of the alloyed nanocrystalline cores.
The diffraction peak positions appear to fall in between those
for the monometallic Pt and those for monometallic Ni
and Fe. For example, the strongest peak for Pt appears at 20 =
40.5u, slightly higher than the Pt(111) peak (20 = 39.81).%
Diffraction peaks corresponding to the strongest Ni(111) (20 =
44.50) and Fe(110) (20 = 44.7u) known in the literature are
apparently insignificant in the patterns. Since the (111) peak
for the PtFe alloy nanoparticles (20 = 41.2u") is absent in the
pattern, the presence of PtFe nanoparticles in our PtNiFe
nanoparticles should be minimal.

Before thermal treatment (curve a), the XRD data for
PtNiFe nanoparticles on carbon showed some features
indicative of a chemically disordered structure. Traces of a
v-Fe,O3; phase were detected in the PtNiFe nanoparticles.
After the thermal treatment, some rearrangement of Pt, Ni
and Fe atoms in the nanoparticles likely occurred, leading to a
long-range chemically ordered fcc structure since no secondary
phase (y-Fe,O3) was detected (b). The preliminary studies
show that a tetragonal-type structure of the PtFe type is
formed upon annealing for PtNiFe. Fe and Ni may substitute
each other so we may have a ternary alloy of the tetragonal
type (Fe/Ni)Pt. No signature of a second phase is observed
in this case.

The average sizes estimated from the Scherrer equation?®?
were 3.0 nm and 3.9 nm for the nanoparticles before and after
thermal treatment, respectively, which are slightly higher than
the values determined from TEM data (1.9 nm and 2.1 nm).
Since the XRD peak width is related to domain sizes, the larger
sizes determined from XRD could reflect some local particle
agglomeration on the carbon surface, which was observed by
TEM, especially for samples with a higher loading.

3. Electrochemical activity for oxygen reduction reaction

The electrocatalytic activities for the oxygen reduction reaction
(ORR) were measured by the hydrodynamic rotating disk
electrode (RDE) technique. A representative set of RDE
polarization curves and calculated Tafel plots is shown in Fig. 6
for molecular oxygen reduction by the carbon supported
Pt31NissFess nanoparticles treated at 400 uC. The data are
also compared with those derived from a commercially
available Pt/C catalyst with a core size of 2.6 nm. As expected
for ORR at this type of catalyst, the electron transfer number
(n) is found to be close to 4 based on a Levich plot analysis
of the RDE data. It is shown that there is a higher kinetic
current (Fig. 6A) and more positive reduction potential
(Fig. 6B) for PtNiFe/C.

For examining the mass activity for ORR, the kinetic
current was normalized by the amount of platinum used. Fig. 7
compares the electrocatalytic activities for oxygen reduction
reaction of the PtNiFe/C catalyst synthesized by our synthesis
method with a catalyst with similar composition prepared
by a co-precipitation method and a commercially available
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Fig. 6 RDE curves (A) and Tafel plots (B) for ORR at Pt3;NizsFess/C catalyst (curves b, metal loading 30%, treated at 400 uC) and commercially
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Fig. 7 Comparison of the electrocatalytic activities of carbon-
supported PtNiFe ternary alloy catalysts prepared by a co-precipita-
tion based synthetic method and our core-shell based synthetic
method. A commercially available Pt/C catalyst is included for
comparison.

standard Pt/C catalyst with a core size of 2.6 nm. The catalyst
prepared by the co-precipitation method had a composition of
PtssNizgFeyo, an average size of 3.0 nm, and an XRD (111)
peak 20 value of 41.50u It is evident that the PtNiFe/C catalyst
prepared by the core-shell based synthesis method exhibits a
much higher activity. For instance, the PtNiFe/C catalyst
prepared by the coprecipitation method showed a 40%
increase in molecular oxygen reduction under similar loading
and test conditions in comparison with the commercially
available Pt/C catalyst. In contrast, the PtNiFe/C catalyst
prepared by the core—shell based synthesis method displayed a
relative activity almost 5 times greater than that of the
commercially available Pt/C catalyst. A large increase of the
intrinsic Kkinetic property is evident for the ternary catalysts,
demonstrating that PtNiFe/C catalysts prepared by the core—
shell based synthesis method have not only a synergetic effect,
but also a much higher efficiency of utilization towards oxygen
reduction. For the latter, we believe that this observation likely
reflects the fact that our nanoparticles are all located on the
surface of the supporting carbon whereas the traditional
synthesis method cannot avoid burying some nanoparticles
inside of the micropores of carbon, which are not accessible by
molecular oxygen.

One of the most important findings is that the PtNiFe/C
catalyst offers much higher electrocatalytic activity towards
molecular oxygen reduction in comparison with the commer-
cially available Pt/C catalyst. The electrocatalytic activities
display the order: PtNiFe/C (prepared by our synthesis and
thermal treatment protocols) > PtNiFe/C (prepared by tradi-
tional co-precipitation method) > Pt/C. This order demon-
strates the effectiveness of controlling the alloy composition in
enhancing the electrocatalytic performance. The fuel cell tests
of this material are under way, and will be reported later.

Conclusion

In conclusion, a size- and composition-controllable synthesis
protocol has been demonstrated for the preparation of PtNiFe
ternary alloy nanoparticles. This protocol involves molecular
encapsulation of the nanocrystals for engineering the size and
composition. It has also been shown that the PtNiFe nano-
particles can be easily loaded and dispersed on the carbon
support materials with uniform dispersion and controllable
metal loading. Enhanced electrocatalytic ORR activity has
been observed for the carbon-supported PtNiFe nanoparticles.
By manipulating the relative concentrations of the metal
precursors, our protocol produces PtNiFe nanoparticles with
an average size of 1.4-1.8 nm and controllable atomic
composition. The chemical composition found in the nano-
particles can be correlated with the composition of the
metal precursors used for the synthesis. In addition, our
synthetic protocol can deliver much higher catalyst utilization
than those prepared via conventional methods, which has
important implications for the better design of fuel cell cathode
catalysts.
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