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ABSTRACT: The ability to harness the metal coordination structures of
nanoalloy catalysts is critical for catalyzing the oxygen reduction reaction
because such a detailed atomic-scale structure dictates the surface binding site
and strength for molecular oxygen and oxygenated intermediate species in the
electrocatalytic process. This Article describes the results of an investigation of
the metal coordination structures of ternary (PtNiCo) nanoalloys and their
manipulation to enhance the electrocatalytic activity for oxygen reduction
reaction. The basic hypothesis is that such atomic-scale structure can be
manipulated by oxidative−reductive thermal treatment to influence the
binding site and strength of molecular oxygen and oxygenated species on the
nanoalloy surface. The results have revealed remarkable increases in both mass
activity and specific activity for the catalysts processed by the oxidative−
reductive treatment over those treated under nonreactive or low-degree
oxidative atmospheres before the reductive treatment. An increased degree of heteroatomic alloying among the three metal
components in the ternary catalysts and a decreased percentage of oxygenated metal species (NiO and CoO) have been revealed
by X-ray absorption fine structure spectroscopy for the catalysts treated by the oxidative−reductive treatment. An enrichment of
surface Pt has also been detected by X-ray photoelectron spectroscopy for such catalysts. A combination of the increase in the
heteroatomic alloying, the decrease in oxygenated metal species, and the enrichment of surface Pt by the oxidative−reductive
thermal treatment has therefore been concluded to be responsible for the enhanced electrocatalytic activity. The demonstration
of this new approach to manipulating the metal coordination structures forms the basis for an effective strategy in engineering
ternary nanoalloy catalysts, and has provided new insights into the role of such structures in the enhancement of the
electrocatalytic activity.
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■ INTRODUCTION
While proton exchange membrane fuel cells promise high
conversion efficiency, low pollution, and high power density for
a wide range of applications, a key challenge to the ultimate
commercialization of the energy conversion devices is the
development of robust, active, and low-cost catalysts.1,2

Currently, the study of Pt-based alloy catalysts for oxygen
reduction reaction (ORR) is a focal point in addressing the
challenge.3−15 The enhanced electrocatalytic activity in such
catalysts has been attributed to a number of factors,16−24

including lattice,19,20 electronic,10,21 and Pt-skin effects.22−24

Some of these factors can be controlled in different ways. For
example, the thermal treatment can induce changes in catalyst
properties such as particle size, shape, alloying degree, surface
enrichment, and so forth.18,25 Most of the studies have focused

on bimetallic catalyst systems largely because of the relative
simplicity in structural characterizations, whereas a limited
amount of work has centered on trimetallic catalyst
s y s t ems , 3− 1 1 , 1 4 , 1 5 , 1 9 , 2 0 , 2 6− 3 3 inc lud ing our own
work.3−11,15,28−33 One group of examples of the bimetallic
catalyst systems involves alloying Pt with Co or Ni, which have
been the center of focus in recent years both theoretically and
experimentally.28,34−40 In comparison, several trimetallic
catalysts have been shown to exhibit intriguing properties or
better electrocatalytic performance than bimetallic systems. For

Special Issue: Electrocatalysis

Received: January 31, 2012
Revised: March 20, 2012
Published: April 4, 2012

Research Article

pubs.acs.org/acscatalysis

© 2012 American Chemical Society 795 dx.doi.org/10.1021/cs300080k | ACS Catal. 2012, 2, 795−806

pubs.acs.org/acscatalysis


example, an X-ray photoelectron spectroscopic study of carbon-
supported Pt, PtCr, PtNi, PtCrCo, PtCrNi electrocatalysts
prepared by coprecipitation27 revealed that on the surface PtM/
C (binary) alloy electrocatalysts are rich in Pt, whereas ternary
electrocatalysts including both PtCoNi/C and PtCoCr/C
happen to be rich in base metals. Among these electrocatalysts,
Pt−Co/C electrocatalyst was found to possess a minimum
amount of platinum oxides and thus displaying the highest
electrocatalytic activity for anode reaction in direct methanol
fuel cells.27 The basic rationale for the trimetallic catalyst
approach by the introduction of a second base metal to form
PtMM′ (M = Ni, and M′ = Co) stems from the consideration of
additional synergistic properties in terms of the formation/
release of surface oxygenated species as a result of the difference
in redox potentials and structural or chemical ordering/
disordering because of the difference in lattice strain between
M and M′, in addition to the usual benefits of PtM as known in
most bimetallic approaches. This rationale has been supported
by some examples of trimetallic vs bimetallic nanoparticles in
the electrocatalytic ORR.3−7,28−33 In a recent study, the
electrochemical characterization and fuel-cell performance
tests on a Pt6Ni1Co1/C catalyst prepared by the incipient
wetness impregnation technique was shown to exhibit a higher
electrocatalytic activity toward oxygen reduction compared with
Pt/C.19 In our recent study of carbon-supported Pt36Ni15Co49
nanoparticles prepared by the molecular encapsulation method,
the electrocatalytic activity for ORR was shown to be not only
much higher than Pt and PtM (M = Co or Ni)28 catalysts but
also to increase with increasing thermal treatment temper-
ature.10 The enhanced activity has been attributed to lattice
strain, in which the fcc-type lattice constant was observed to
decrease with increasing thermal treatment temperature,
leading to an enhanced electrocatalytic activity.
Despite these prior studies, the fundamental issue on how

the metal−metal and metal−oxygen structures in the nanoscale
alloy catalysts, especially for highly active ternary nanoparticle
catalysts, play a role in the electrocatalytic activity has never
been explicitly addressed. This issue is important because the
atomic-scale metal−metal and metal−oxygen coordination
structures of the nanoalloy particles dictate the binding site
and strength of molecular oxygen and oxygenated intermediate
species on the nanoparticle surface in the electrocatalytic
process. There is therefore a clear need to develop the ability to
harness the metal−metal and metal−oxygen coordination
structures of the nanoalloy catalysts. Following our recent
understanding of the correlation between the atomic-scale
coordination structure and the electrocatalytic activity for a
different trimetallic catalyst system (PtNiFe),29 we describe
herein a novel approach to the manipulation of the metal−
metal and metal−oxygen coordination structures of the
PtNiCo/C catalysts for the enhancement of electrocatalytic
ORR activity. This approach involves thermal treatment of the
nano catalysts under different atmospheres including non-
reactive or minimum-reactive (N2) and oxidative (O2)
atmospheres, followed by thermal treatment under a reductive
atmosphere (H2). A combination of techniques that measure
long- and short-range order structures and surface composition,
including XAFS, XRD, and XPS techniques, have been utilized
to determine the metal−metal and metal−oxygen coordination
structures and the relative surface structures. The results have
provided fundamental insights into the role of the calcination
conditions in manipulating the structure of such ternary

catalysts and enabled the investigation of the role of atomic
scale mixing of the components in determining ORR activity.

■ EXPERIMENTAL SECTION

Chemicals. Platinum(II) acetylacetonate (Pt (acac)2, 97%)
and nickel(II) acetylacetonate (Ni(acac)2, anhydrous, >95%)
were purchased from Alfar Aesar. Cobalt(III) acetylacetonate
(Co(acac)3, 99.95%) was purchased from Strem Chemicals,
1,2-hexadecanediol (90%), octyl ether (99%), oleylamine
(70%), oleic acid (99+%), and Nafion solution (5 wt %)
were purchased from Sigma-Aldrich. Optima grade perchloric
acid was purchased from Fisher Scientific. Other solvents such
as ethanol and hexane were purchased from Fisher Scientific.
All chemicals were used as received. Water was purified with a
Millipore Milli Q system.

Synthesis. The general synthesis of PtNiCo nanoparticles
involved the use of three metal precursors, PtII(acac)2,
NiII(acac)2, and CoIII(acac)3, in controlled molar ratios. These
metal precursors were dissolved in an octyl ether solvent. A
mixture of oleylamine and oleic acid was added into the
solution and used as capping agent. 1,2-hexadecanediol was
used as a reducing agent for the reduction of the Pt-, Ni-, and
Co-precursors. The synthesis of the (oleylamine/oleic acid)-
capped PtNiCo nanoparticles involves the reduction reactions
of the three metal precursors. The composition of the
Pt0n1Ni

0
n2Co

0
n3 nanoparticles, where n1, n2, and n3 represent

the atomic percentages of each metal, is controlled by the
feeding ratio of the metal precursors. In a typical procedure for
the synthesis of Pt39Ni22Co39, for example, 4.2 g of 1,2-
hexadecanediol (4.88 mmol), 1.16302 g of cobalt acetylacet-
onate (Co(acac)3, 3.26 mmol), 0.7399 g of nickel acetylacet-
onate (Ni(acac)2, 2.88 mmol), 1.3802 g of platinum
acetylacetonate (Pt(acac)2, 3.51 mmol), 3 mL of oleylamine
(6.4 mmol), 3 mL of oleic acid (9.4 mmol), and 450 mL of
octyl ether were added to a 3-neck 1 L flask under stirring. The
solution was purged with N2 and heated to 105 °C. At this
temperature, N2 purging was stopped, and the mixture was
heated to 280 °C, and refluxed for 40 min. The product was
precipitated by adding ethanol. The black precipitate was
completely dried under nitrogen and dispersed in a known
amount of hexane.

Catalyst Preparation. The catalyst preparation included
the assembly of PtNiCo nanoparticles on carbon black and
subsequent thermal treatment. Briefly, 900 mg of carbon black
(Ketjen Black) was suspended in 500 mL of hexane. After
sonicating for ∼3 h, ∼300 mg of Pt39Ni22Co39 was added into
the suspension. The suspension was sonicated for 5 min,
followed by stirring for ∼15 h. The powder was collected and
dried under N2. The thermal treatment involved removal of
organic shells and annealing of the alloy nanoparticles. All
samples were treated in a tube furnace using a quartz tube. The
PtNiCo nanoparticles supported on carbon (PtNiCo/C) were
first heated at 260 °C in 0−15% O2/100−85% N2 for 30 min
for removing the organic shells, and then treated at various
temperatures in the range between 400 and 926 °C in 15% H2/
85% N2 for 120 min during the calcination process.

Measurements and Instrumentation. Transmission
Electron Microscopy. TEM was performed on a Hitachi H-
7000 electron microscope (100 kV) to obtain the particle size
and its distribution. 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
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temperature. HRTEM data were obtained using a JEOL JEM
2010F at an acceleration voltage of 200 kV.
Direct Current Plasma-Atomic Emission Spectroscopy.

DCP-AES was used to analyze the composition, which was
performed using an ARL Fisons SS-7 Direct Current Plasma-
Atomic Emission Spectrometer. 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. Detection limits, based on three standard deviations
of the background intensity, are 20, 2, and 5 ppb for Pt, Ni, and
Co. Standards and unknowns were analyzed 10 times each for 3
s counts. Instrument reproducibility, for concentrations greater
than 100 times the detection limit, results in < ± 2% error.
Thermogravimetric Analysis. TGA was performed on a

Perkin-Elmer Pyris 1-TGA for determining the weight of
organic shell. Typical samples weighed ∼4 mg and were heated
in a platinum pan. Samples were heated in 20% O2 at a rate of
10 °C/min.
X-ray Powder Diffraction. XRD was used to study the lattice

constants and particle sizes of the catalysts. Powder diffraction
patterns were recorded on a scintag XDS 2000 θ−θ powder
diffractometer equipped with a Ge(Li) solid state detector (Cu
Kα radiation). The data was collected from 2θ = 5° to 90° at a
scan rate of 0.02° per step and 5 s per point.
Electrochemical Measurements. Cyclic voltammetry (CV)

and rotating disk electrode (RDE) measurements were
collected on two instruments. The measurements were
performed using an EG&G 273 instrument or electrochemical
analyzer (CHI600a, CH Instruments) in three-electrode
electrochemical cells at room temperature. The polarization
curves were recorded after 50 potential cycles in the range of
0.02−1.2 V with a scanning rate of 100 mV/s in a nitrogen
saturated 0.1 M HClO4 solution. The electrochemical active
areas (ECAs) of the catalysts were obtained by integrating the
charge in the HUPD range in the CVs. The oxygen reduction
activity was measured using RDE. The potentials are given with
respect to reversible hydrogen electrode (RHE). The PtNiCo
data for all compositions other than Pt39Ni22Co39/C were
collected on this instrument. All electrolytic (0.1 M HClO4)
solutions were deaerated with high purity nitrogen before CV
and RDE measurements.

X-ray Absorption Fine Structure Spectroscopy. XAFS was
used to determine the metal−metal and metal−oxygen
coordination structures. Pt L3 edge (11,564 eV), Co K edge
(7,709 eV), and Ni K edge (8,333 eV) XAFS spectra were
collected on the bending magnet beamline 9-BM-B at the
Advanced Photon Source, Argonne National Laboratory. A
double-crystal Si (111) monochromator was used along with a
Rh-coated mirror to reduce harmonics. All spectra were
collected in transmission mode. Powder samples were pressed
into pellets with optimal thickness to ensure good quality data.
X-ray intensity before and after sample was measured by
ionization chambers filled with N2. In addition, a reference
spectrum of Pt, Ni, or Co foil for energy calibration was
collected simultaneously with each scan using an additional
ionization chamber. XAFS can be divided into two regions,
near-edge region or X-ray absorption near edge structure
(XANES) and extended region (EXAFS). Processing of
XANES and EXAFS data have been described and demon-
strated in our previous works.10,28,30,32 XANES spectra were
processed using Athena.41 Fitting of EXAFS spectra were
performed using Artemis.41 The fitting was limited to 2.0−16.0
Å−1 for Pt L3 edge spectra and 2.0−12.5 Å−1 for Ni and Co K
edge spectra, using a Hanning window with dk = 1.0 Å−1. The
fits were performed to both the real and imaginary parts of
χ(R) in the region of 1.0 < R < 3.2 Å. Similar analysis was also
performed on reference samples of Pt, Ni, and Co foils to
obtain S0

2, the amplitude reduction factor, for the subsequent
determination of the coordination numbers of the fitted
structure of the samples. The S0

2 values for Pt, Ni, and Co
were determined to be 0.84, 0.81, and 0.74, respectively.

X-ray Photoelectron Spectroscopy. XPS measurements
were performed to identify the oxidation states and abundance
of Pt, Co and Ni on the surface of the catalysts. The XPS
measurements were made by using a Physical Electronics
Quantum 2000 scanning ESCA microprobe. This system uses a
focused monochromatic Al Kα X-ray (1486.7 eV) source for
excitation and a spherical section analyzer. The instrument has
a 16-element multichannel detection system. The X-ray beam
used was a 100 W, 100-μm diameter beam that was rastered
over a 1.4 mm by 0.2 mm rectangle on the sample. The X-ray
beam was incident normal to the sample, and the X-ray
detector was at 45° away from the normal. The binding energy
(BE) scale was calibrated using Cu 2p3/2 feature at 932.62 eV
and Au 4f7/2 at 83.96 eV for known standards. The sample

Figure 1. (A) Schematic illustration of the thermal treatment protocols of the catalyst: MNC (T1)−RRC (T2) and ORC (T1, “LO” or “HO”)−RRC
(T2). Typically, 1.5% O2 refers to “LO” (i.e., low % of O2), and 15% O2 refers to “HO” (i.e., high % of O2). (B) TGA curves obtained for
Pt25Ni16Co59/C catalysts after MNC (N2, 260 °C) (a1); ORC (“HO”, 260 °C) (a2); MNC (N2, 260 °C)−RRC (400 °C) (b1); ORC (“HO”, 260
°C)−RRC (400 °C) (b2); MNC (N2, 260 °C)−RRC (926 °C) (c1); ORC (“HO”, 260 °C)−RRC (926 °C) (c2).
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experienced variable degrees of charging; thus, low energy
electrons at ∼1 eV, 20 μA and low energy Ar+ ions were used to
minimize this charging. The percentages of individual elements
detected were determined from the relative composition
analysis of the peak areas.

■ RESULTS AND DISCUSSIONS

1. Morphological Properties. The thermal treatment of
the PtNiCo/C catalysts involved heating the catalysts under
oxygen (oxidative reaction condition (ORC)) or nitrogen
(“minimum- or non-reactive” condition (MNC)) atmosphere
to remove the capping molecules followed by hydrogen
atmosphere (reductive reaction condition (RRC)) to calcine

the alloy structures (Figure 1A). PtNiCo/C was heated at 260
°C in N2 atmosphere for 30 min for the MNC treatment, or in
1.5%−15% O2 (in N2) for 30 min for the ORC treatment. The
post ORC or MNC catalysts were then treated at 400 °C in
15% H2 for 240 min for the RRC treatment. The complete
ORC−RRC and MNC−RRC treatment sequences are
illustrated in Figure 1A, where T1 and T2 represent the
temperatures for the first treatment (i.e., MNC or ORC) and
the subsequent treatment (RRC). In the ORC treatment,
different O2 concentrations were used, typically 1.5% or 15%
O2, which is labeled as “LO” (low O2) or “HO” (high O2).
Figure 1B shows a typical set of TGA data for Pt25Ni16Co59/

C nanoparticles after ORC followed by RRC at 400 or 926 °C.

Figure 2. TEM, HRTEM, and Fast Fourier Transform (FFT) micrographs for Pt39 Ni22 Co39/C catalysts after MNC (N2, 260 °C)−RRC (H2, 400
°C) (A) and ORC (“HO”, 260 °C)−RRC (H2, 400 °C) treatments (B). Particle sizes: 4.4 ± 0.5 nm (A) and 6.3 ± 1.2 nm (B).

Figure 3. (A) XRD patterns for samples of Pt39Ni22Co39/C catalysts as a function of O2 percentage in ORC (0% (a), 3% (b), 5% (c), 8% (d), 10%
(e), and 15% (f)) followed by RRC at 400 °C. f′ is for a catalyst treated in ORC (15% O2) followed by RRC at 926 °C. (B) Plot of fcc-type lattice
parameter (closed diamonds) and TEM size (closed circles)) and particle sizes (open circles from XRD, closed circles from TEM) as a function of
O2% in ORC.
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In comparison with MNC (N2, 260 °C) treated catalyst (22%
metal loading), the catalyst treated by ORC only showed no
detectable changes in metal loading because of a counter-
balance of removal of capping molecules and the formation of
metal oxides. In comparison with MNC−RRC (400 °C)
treated catalyst (22% metal loading), the catalyst treated by
ORC−RRC (400 °C) showed an increase in metal loading
(32% metal loading) because of burning of carbon support. In
comparison with MNC−RRC (926 °C) treated catalyst (22%
metal loading), the catalyst treated by ORC−RRC (926 °C)
showed a large increase in metal loading (52% metal loading),
indicating a significant burning effect at the higher temperature
treatment.
Figure 2 shows examples of the Pt39Ni22Co39/C catalysts

after the MNC−RRC and ORC−RRC treatments. The TEM
images and size distributions for the as-synthesized nano-
particles and the catalysts after ORC−RRC treatments with
different oxygen concentrations (1−10% O2) in the ORC are
given in the Supporting Information, Figures S1−S2. When
increasing the percentage of oxygen in ORC, an increase in size
of the PtNiCo/C nanoparticle catalysts was observed. A similar
trend of size increase with the annealing temperature was
observed for a catalyst with a different composition treated
under MNC−RRC condition.10 The nanoparticles are highly
crystalline, as shown by HRTEM and FFT images. In
comparison with the lattice fringe for the MNC−RRC treated
catalyst (0.226 nm), slightly smaller values for the ORC−RRC
treated catalyst (0.219 and 0.203 nm) are observed, indicative

of a mixture of (111) and (200) facets. The trend for the
reduction of the lattice fringes appears to be consistent with
trends of lattice constants observed using XRD technique as
described next.
The catalysts were further examined by powder XRD (Figure

3A). The catalysts were subjected to thermal treatments under
different percentages of oxygen used in ORC followed by RRC
at 400 °C. The data reveal some significant lattice shrinking
from MNC (N2) to ORC (1.5% O2), but insignificant change
from 1.5% O2 to 15% O2 (Figure 3B). There is a clear decrease
of lattice constant from 0.3851 nm for 0% oxygen (where 100%
nitrogen treatment used for organic shell removal) to 0.3745
nm for 15%O2 in inert atmospheres. This decrease largely
occurred at <4% O2 condition, above which the decrease is very
small. This finding is in sharp contrast to the observation of a
gradual decrease in the fcc-type lattice constant for PtNiCo/C
catalysts treated by MNC−RRC condition as a function of the
treatment temperature.10 The lattice shrinking observed for the
catalysts treated under ORC−RRC condition at 400 °C
occurred largely at a few percentages of oxygen in the ORC.
The average size of the nanoparticles was also estimated

utilizing the Scherrer correlation between the crystallite size
(D) and the peak width (Δs, full width at half-maximum, λ =
0.154 nm for Cu Kα radiation) for Bragg diffraction. For ideal
single domain crystallites, crystallite size is the same as particle
diameter. For example, for the 15% O2 treated catalyst, the
calculated D value (6.1 nm) is close to the value determined
from TEM data (6.3 nm) as shown in Figure 3B. The particle

Figure 4. CV and RDE curves for (A) Pt39Ni22Co39/C and (B) Pt25Ni16Co59/C catalysts treated by MNC (N2)−RRC (400 °C) (a) and ORC
(“HO”)−RRC (400 °C) (b). Electrolyte: 0.1 M HClO4. CV curves were recorded after 10 cycles in the range of 0.02 V−1.2 V with a scan rate of 50
mV/s in nitrogen-saturated solution. RDE curves were recorded after 4 potential cycles in the range of 0.02 V−1.2 V with a scan rate of 10 mV/s at
1600 rpm in O2-saturated solution. Catalyst loading: 10 μg on GC electrode (0.196 cm2).
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sizes estimated from Scherrer equation were found to be
slightly smaller than the TEM-estimated ones. Despite the
small difference in the estimated sizes, a clear trend in size
increase was evident by both XRD and TEM techniques. The
fcc-type lattice parameters for the catalysts treated under
oxygen environment were significantly smaller than those
treated under nitrogen environment.10

2. Electrocatalytic ORR Activity. The catalysts with
different compositions were studied in CV and RDE measure-
ments. Values of the electrochemical active area (ECA), the
mass activity (MA), and the specific activity (SA) extracted
from the RDE and CV measurements are discussed for the
catalysts of two different compositions, Pt39Ni22Co39/C and
Pt25Ni16Co59/C. In Figure 4A, a representative set of CV data is
shown for Pt39Ni22Co39/C treated under MNC−RRC (A) and
ORC (“HO”)−RRC conditions. The characteristics in the
hydrogen adsorption/desorption region show subtle depend-
ence on the amount of oxygen. In contrast to the relatively
featureless characteristic for the MNC−RRC treated catalyst,
the ORC (“HO”)−RRC treated catalyst shows significant peak
features at 0.08−0.1 V and 0.20−0.24 V, which are associated
with (110) and (100) nanocrystal facets, respectively.42−44 The
hydrogen adsorption/desorption peaks at ∼0.20 V become
predominant for the oxygen treated catalyst. These differences
may reflect some changes in the surface structure and electronic
properties of the catalysts. By comparing the currents in the
kinetic region of the RDE curves (Figure 4A), there is a clear
indication of increasing kinetic current with increasing
concentration of oxygen in the ORC treatment. Similar
characteristics in CV and RDE data were obtained for
Pt25Ni16Co59/C catalysts subjected to similar treatments
(Figure 4B), with subtle differences in voltammetric peaks
and kinetic currents. The ECA, MA, and SA values were
determined from the CV and RDE data (Supporting
Information, Tables S1−S2).
In Figure 5, the mass and specific activity data are plotted as a

function of oxygen concentration in ORC in the ORC−RRC
treatments for Pt39Ni22Co39/C (A) and Pt25Ni16Co59/C (B)
catalysts. There is a clear trend showing the increase of the
mass activity and the specific activity with the oxygen
concentration in ORC. Note that the upper limit of the
oxygen concentration in the ORC for the activity increase
depended on the specific catalyst composition. In most cases,
the upper limit of concentration was 15−20% O2, after which

the activity showed a decrease due likely to significant burning
of the carbon support materials, as suggested by the TGA data.
In a few cases, this upper limit was lower than 15% O2,
suggesting differences in carbon burning for different catalysts.
Nevertheless, there is a clear general trend for the increase in
MA or SA by a factor of 2−3 from the MNC−RRC treated
catalysts to the ORC−RRC treated catalysts.
As shown by the TGA, TEM, and XRD data, there are clear

increases in particle size and metal loading from MNC−RRC to
ORC−RRC. For Pt39Ni22Co39/C, the particle size increased
from 4.4 ± 0.5 nm for MNC−RRC to 6.3 ± 1.2 nm for ORC−
RRC, and the metal loading increased from 28% to 36%. The
ECA values for this set of catalysts were 51.8 and 41.6 m2/gPt,
respectively. For Pt25Ni16Co59/C, the particle size increases
from 3.5 ± 0.4 nm for MNC−RRC to 6.2 ± 1.1 nm for ORC−
RRC, and the metal loading increases from 22% to 32%. The
ECA values for this set of catalysts were 48.4 m2/gPt and 66.4
m2/gPt, respectively. On the basis of the particle size increase
and the carbon burning induced metal loading increase, the
increase of MA from MNC−RRC to ORC−RRC cannot be
explained. On the other hand, the fcc-type lattice shrinking
seems to provide an account to the increase of MA from
MNC−RRC to ORC−RRC. However, it is still difficult to
explain why the MA increases with O2% in the ORC−RRC
treatment. In our recent report,10 there was a gradual increase
of activity in connection with a gradual decrease in lattice
constant with the RRC-treatment temperature for the MNC
treated catalysts with a slightly different composition. In this
work, while the further lattice shrinking is insignificant after
∼4% O2 in ORC, the activity continues to increase for catalysts
treated by up to ∼15% O2. In this dependence, the degree of
carbon burning showed a 10−15% increase. To further evaluate
the burning effect, the RRC was performed at a much higher
temperature (926 °C) for the ORC−RRC catalyst. In this case,
both MA and SA were found to drop significantly, reflecting the
dominance of the burning induced size increase. To understand
the exact mechanistic details, the metal−metal and metal−
oxygen coordination structural changes for catalysts subjected
to these different thermal processing atmospheres were
analyzed using XAFS and XPS techniques, as described in the
next two subsections.

3. Coordination Structures of the Metals. 3. Pt-
Coordination Structure. The possible nearest neighbors
around Pt include O (in Pt oxide), Pt (in Pt particle or

Figure 5. Comparison of mass and specific activities for Pt39Ni22Co39/C (A) and Pt25Ni16Co59/C (B) catalysts treated under different O2% in ORC:
0% (i.e., MNC−RRC), ORC (5%O2)−RRC, and ORC (15%O2, i.e., “HO”)−RRC.
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Figure 6. Original magnitude of Fourier transformed k2-weighted Pt L3 edge EXAFS spectra of Pt39Ni22Co39 catalysts after different treatments
(black solid lines): ORC (“LO”) (A), ORC (“LO”)−RRC (B) and ORC (“HO”)−RRC (C), and the corresponding fitting data (red dashed lines)
using Pt−Ni model.

Table 1. Structural Parameters Obtained from Fitting of Pt L3 Edge EXAFS Data for Pt39Ni22Co39/C after ORC with Different
O2% Followed by RRC at 400 °C

catalyst treatment scattering path N, coordination number R, bond length (Å) Debye−Waller factor (10−3 Å2) ΔE0 (eV) R-factor

ORC (“HO”) Pt−O 1.1 ± 0.2 1.99 ± 0.02 2.7 ± 2.5 4.4
0.0028Pt−Ni/Co

Pt−Pt 9.8 ± 0.6 2.74 ± 0.00a 7.1 ± 0.3 5.0
ORC (“LO”)−RRC Pt−O 0.5 ± 0.1 1.99 ± 0.02 2.2 ± 1.8 8.4

0.0005Pt−Ni/Co 3.1 ± 0.3 2.61 ± 0.01 8.2 ± 0.8 6.0
Pt−Pt 5.4 ± 0.5 2.69 ± 0.00a 6.5 ± 0.3 6.0

ORC (“HO”)−RRC Pt−O 0.3 ± 0.2 1.97 ± 0.05 3.5 ± 6.1 7.4
0.0004Pt−Ni/Co 4.8 ± 0.5 2.61 ± 0.00a 7.5 ± 0.7 6.0

Pt−Pt 4.9 ± 0.7 2.68 ± 0.00a 6.1 ± 0.5 6.0
aAn uncertainty of 0.00 means the value is smaller than 0.005.

Table 2. Structural Parameters Obtained from Fitting of Ni K Edge and Co K Edge EXAFS Data Using NiNi and CoCo Models
for Pt39Ni22Co39/C after ORC with Different O2% Followed by RRC at 400 °C

catalyst treatment scattering path N R, bond length (Å) DWF (10−3 Å2) ΔE0 (eV) R-factor

Ni K edge
ORC (“HO”) Ni−O 4.7 ± 0.4 2.04 ± 0.02 5.5 ± 3.3 −5.3 0.005

Ni−Nia 13.2 ± 3.0 2.96 ± 0.01 10.1 ± 2.2 −5.3
Ni−Pt

ORC (“LO”)−RRC Ni−O 2.8 ± 0.4 2.04b 5.5b −3.4 0.022
Ni−Nia 5.9 ± 4.2 2.96b 10.1b −3.4
Ni−Ni/Co 3.6 ± 1.3 2.56 ± 0.02 18.8 ± 8.8 −7.4
Ni−Pt 0.3 ± 1.3 2.61c 7.6c −7.4

ORC (“HO”)−RRC Ni−O 1.5 ± 0.4 2.04b 5.5b −3.9 0.013
Ni−Nia 4.5 ± 2.3 2.96b 10.1b −3.9
Ni−Ni/Co 1.2 ± 1.3 2.58 ± 0.02 12.6 ± 5.0 −7.9
Ni−Pt 3.2 ± 1.2 2.61c 7.1c −7.9

Co K edge
ORC (“HO”) Co−O 2.8 ± 0.4 1.92 ± 0.01 2.2 ± 1.8 −3.0 0.006

Co−Coa 8.8 ± 2.0 2.94 ± 0.01 13.1 ± 2.6 −3.0
ORC (“LO”)−RRC(H2) Co−O 2.1 ± 0.2 1.92b 2.2b −1.6 0.012

Co−Coa 4.7 ± 1.1 2.94b 13.1b −1.6
Co−Co/Ni 0.3 ± 1.7 2.60 ± 0.02 12.7 ± 0.9 −6.3
Co−Pt 3.1 ± 1.6 2.61c 7.6c −6.3

ORC (“HO”)−RRC(H2) Co−O 1.1 ± 0.1 1.92b 2.2b −1.8
Co−Coa 0.3 ± 1.3 2.94b 13.1b −1.8
Co−Co/Ni 2.4 ± 1.6 2. 60 ± 0.02 12.7 ± 0.9 −6.0
Co−Pt 5.0 ± 1.0 2.61c 7.1c −6.0

aSecond shell metal. bParameters are fixed at the best values determined from their corresponding ORC (“HO”) sample. cParameters are fixed at the
best values determined from the Pt L3 edge.
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alloy), Ni and Co (in Pt alloy with Ni and Co). Co and Ni have
very similar scattering features because of their almost identical
atomic number (27 for Co and 28 for Ni) and atomic radius
(the difference is about 0.007 Å). It was found that all Pt
EXAFS data could be well fitted with O, Pt, Ni (PtNi model) or
O, Pt, Co (PtCo model) in the first coordination shell, and the
fitting results showed no significant difference in the fitted
parameters within the associated uncertainties.
The original and fitted magnitude of Fourier transformed k2-

weighted Pt L3 edge EXAFS spectra and their corresponding
fitted parameters using the PtNi model are presented in Figure
6 and Table 1 (see Supporting Information, Figure S3 and
Table S3 for the fitting data using PtCo model). The biggest
difference exists between the ORC (“HO”) (i.e., ORC under
high concentration of O2 (15%)) only and the ORC−RRC
treatments. No Pt−Ni/Co can be fitted for ORC (HO),
indicating no or negligible formation of Pt−Ni/Co alloy
without the H2 reduction. The RRC treatment led to the
reduction of Pt oxide, as shown by the significantly larger Pt−O
coordination number (CN(Pt−O)) of ORC than those of
ORC−RRC. In contrast, the fitted CN of Pt−Ni for ORC
(“LO”)−RRC and ORC (“HO”)−RRC is a clear evidence of
the formation of Pt−Ni/Co alloy, which also leads to a
significant reduction of Pt−Pt bond distance from 2.74 Å for
ORC to 2.69 Å in the presence of alloy for ORC (“LO”)−RRC
and 2.68 Å in the presence of alloy for ORC (“HO”)−RRC
catalysts.
The different oxygen treatments before the H2 reduction

apparently lead to different alloying between Pt and Ni/Co.
Surprisingly, higher O2 concentration results in better alloying.
The CN(Pt−Ni/Co) increases from 3.1 ± 0.3 for ORC
(“LO”)−RRC to 4.8 ± 0.5 for ORC (“HO”)−RRC based on
the PtNi model fitting while the CN(Pt−Pt) shows a small
decrease from 5.4 ± 0.5 to 4.9 ± 0.7 although the change is
insignificant statistically. The small decrease or insignificant
change of CN(Pt−Pt) shows that the increase in CN(Pt−Ni/
Co) can not only be attributed to the growth of particle size.
The increase in CN(Pt−Ni/Co) indicates better atomic level
mixing of the three metals. However, the lack of a statistically
significant corresponding increase in the total metal coordina-
tion (Pt−Pt plus Pt−Ni/Co) numbers, indicates that the
particle size was not much larger, although according to the
TEM measurements (Supporting Information, Tables S1 and
S2) the particle size was slightly larger for the ORC (“HO”)−
RRC samples.
Comparison of the results from the two different fitting

models show that regardless of fitting model, the bond distance
and Debye−Waller factor of Pt−Ni/Co bond are accurately
determined; thus, when later fitting Co and Ni EXAFS data, we
fix the bond distance and Debye−Waller factor (DWF) of Co−
Pt and Ni−Pt bonds at the values determined from Pt L3-edge
EXAFS data because (1) Co−Pt and Pt−Co as well as Ni−Pt
and Pt−Ni share same bond distance and DWF; and (2)
because of limited available EXAFS data at Ni and Co edges
bond distance and DWF of Co−Pt and Ni−Pt bonds cannot be
determined accurately by fitting.
Ni and Co Coordination Structures. Global fitting was

performed with Ni and Co K edge EXAFS data.29 The fitted
parameters are presented in Table 2 (see also Supporting
Information, Figures S4−S7). The Ni K edge EXAFS data for
ORC are well fitted with a model Ni oxide having oxygen at
2.03 Å in the first shell and Ni at 2.97 Å in the second shell
(bond distances are in good agreement with that in NiO),

indicating no or negligible metallic Ni in Ni particles or Pt−Ni/
Co alloy without RRC. The CN(Ni−O) is significantly larger
for ORC (“HO”) than those for ORC−RRC. For ORC
(“LO”)−RRC, negligible alloying between Ni and Pt is
observed (a small CN of 0.3 with overwhelming uncertainty
of 1.3). In contrast, significant Ni−Pt alloying is present for
higher oxygen concentration treatment as proved by the fitted
CN(Ni−Pt) for ORC (“HO”)−RRC (3.2 ± 1.2). Thus, a
higher degree of oxidation in ORC results in better alloying
between Pt and Ni after RRC. This analysis also provides a way
to measure the CN of Ni around Pt, as demonstrated in our
recent work.29 Using the same approach, the CN(Pt−Ni) is
found to be 0.2 (±0.7) for ORR (“LO”)−RRC and 1.8 (±0.7)
for ORR (“HO”)−RRC (see Table 2).
Very similar to the Ni speciation, the biggest difference in Co

speciation also exists between ORC and ORC−RRC. The data
for ORC are very well fitted with a model Co oxide having
oxygen at 1.92 Å in the first shell and Co at 2.94 Å in the
second shell, indicating no or negligible metallic Co in Co
particles or Pt−Ni/Co alloy. In addition, the fitted CN(Co−Pt)
for the ORC−RRC is a clear evidence of the alloying between
Pt and Co. The different oxygen concentration in ORC also
lead to different Co−Pt alloying after RRC, as suggested by the
much larger fitted CN(Co−Pt) for ORC (“HO”)−RRC (5.0 ±
1.0) than that of ORC (“LO”)−RRC (3.1 ± 1.6). Using the
intrinsic correlation between CN(Pt−Co) and CN(Co−Pt),29
the CN (Pt−Co) is found to be 3.1 (±1.6) for ORR(“LO”)−
RRC and 5.0 (±1.0) for ORR(“HO”)−RRC catalyst (see Table
2) since there is equal amount of Pt and Co in the samples.
Comparing the CN(Pt−Co) and CN(Pt−Ni), it is concluded
that in ORC−RRC catalyst more Co is alloyed with Pt than Ni.
This finding resonates with the observation from the Pt EXAFS
data that higher O2 concentration results in better alloying.

Ni and Co Oxide Contents in the Treated Catalysts from
EXAFS. The XAFS-measured metal-O coordination number is
an average number of oxygen over all phases in the sample.
Take Ni as an example; Ni may take the following forms, Ni
oxide, Ni particle, or Ni alloy. Only the Ni oxide form has
nonzero oxygen coordination number. Thus, the measured CN
(Ni−O), that is, the coordination number of O around Ni, can
be derived as:

− = − = ×
−

CN(Ni O)
N(Ni O)

N(Ni)
N(Ni)

CN(Ni O)
N(Ni)o

o

(1)

where N(Ni−O) and Ni(Ni) are the numbers of Ni−O pairs
and total Ni atoms in the catalyst (including all Ni forms), and
CN(Ni−O)o and Ni(Ni)o are specifically the coordination
number of O around Ni and the total Ni atoms in the Ni oxide,
respectively. Thus, the proportion of Ni oxide in the catalyst, or
Ni oxide content, can be calculated from eq 1 as follows:

= = −
−

Ni oxide content
N(Ni)
N(Ni)

CN(Ni O)
CN(Ni O)

o

o (2)

Usually, we cannot expect the CN(Ni−O)o of the oxide in
ORC (“LO”)−RRC or ORC (“HO”)−RRC treated catalysts to
be exactly the same as in ORC (“HO”). However, under our
experimental conditions, on the outer surface of Ni oxide, Ni
may well be fully coordinated with O. Thus, as a good
approximation, the Ni−O CNs of the oxide in all samples are
assumed to be the same. In this way the oxide content of
different samples can be compared. For ORC (“HO”), EXAFS
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analysis has shown that Ni is all in oxide form. Hence, its oxide
content is 100%, that is, CN(Ni−O)o = 4.2 (see Table 2).
Using eq 2 and CNs in Table 2, the Ni oxide content is
determined to be 2.6/4.2 = 62% and 1.6/4.2 = 38% for ORC
(“LO”)−RRC and ORC (“HO”)−RRC treated catalysts,
respectively. The Co oxide contents are similarly obtained,
yielding 83% and 50% for ORC (“LO”)−RRC and ORC

(“HO”)−RRC treated catalysts, respectively (Supporting
Information, Table S4). Note that this calculation serves as
one useful estimate but is not conclusive because of the
associated uncertainties and the assumptions.

Ni and Co Oxide Contents in the Treated Catalysts from
XANES. Another way to estimate the oxide content of Ni or Co
involves analyzing XANES spectra using the linear combination

Figure 7. XANES spectra at Ni K edge (A) and Co K edge (B) for PtNiCo/C catalysts treated under ORC (“HO”) (a), ORC (“LO”)−RRC(H2)
(b), and ORC (“HO”)−RRC(H2) conditions (c). Insets: relative Ni or Co alloy (red bars) and their oxide (green bars) compositions extracted form
Ni K and Co K edge data using linear combination fitting (Supporting Information, Table S4).

Figure 8. XPS spectra in the Pt4f (A), Ni2p (B), and Co2p (C) regions for samples of Pt39Ni22Co39/C catalysts as a function of oxygen: 0% (a),
1.5% (b), 3% (c), 5% (d), 10% (e), and 15% O2 (f) in the ORC and treated at 400 °C in the RRC (black dotted line: original curves, blue dashed
lines: fitted curves; and red dashed lines: deconvoluted peaks). (D) A comparison of XPS-derived and DCP-derived atomic compositions for Pt,
brown), Ni (orange) and Co (green) for samples under different states or treatments: (#1) NP from DCP, (#2) NP/C from DCP, (#3) NP/C after
MNC−RRC from XPS, and (#4) NP/C after ORC (“HO”)−RRC from XPS. The dashed lines show the composition of each metal for the as-
synthesized nanoparticles obtained from DCP analysis.
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fitting method. Take Ni again as an example. The analysis starts
with identifying Ni XANES spectra that can cover major
possible Ni species. Since Ni is in either oxide or alloy form, at
least two components are needed for the analysis. From EXAFS
measurements, it is known that Ni is in oxide form for the ORC
(“HO”) treated catalyst. Thus its XANES spectrum represents
one component for Ni oxide in the linear combination fitting.
In addition, if metallic Ni is assumed to have the same XANES
spectrum as Ni foil, then only two component spectra are
needed and the spectrum of Ni foil will be the other
component for the fitting. Thus, the Ni oxide content in the
ORC (“LO”)−RRC and ORC (“HO”)−RRC treated catalysts
can be determined. The same procedure was also performed for
Co spectral analysis. This analysis was performed with Athena41

(see Supporting Information, Table S4). The fitting results are
very close to the results derived from the EXAFS data. In
comparison with predominant metal oxides in the ORC only,
the ORC−RRC treated catalysts showed a significant reduction
of metal oxides. The detected metal oxides were due to
exposure of the catalysts to ambient conditions after the
treatment. As shown in Figure 7, it is evident that less Ni and
Co oxides were observed from XANES data for the ORC
(“HO”)−RRC in comparison with the ORC (“LO”)−RRC,
indicating an important role played by preoxidation of the
nanoalloy. The increase of the O2 concentration in the ORC
led to a clear increase of Ni (or Co) in the alloys and reduction
of NiO and CoO oxides (Figure 7 inset). The detected changes
in coordination numbers translate to an increased alloying
degree and a decreased oxide (NiOx and CoOy) formation for
the treatment under an increased O2%. Note that the above
estimate of the Ni and Co oxide contents is not conclusive due
the associated uncertainty (see Supporting Information).
Nevertheless, there is a relative change of the Ni and Co
oxide species in the catalysts that were exposed to ambient
condition after the treatments. The amount of oxide species of
these elements is directly related to the change of the extent of
alloying. It is the extent of alloying of the Ni and/or Co with
the Pt that has played a major role in determining the difference
in the catalytic activities of these catalysts.
In summary, there are several key findings from XAFS. First,

the CNs of Pt−Ni for ORC (“LO”)−RRC (Pt−Ni/Co CN =
2.9) and ORC (“HO”)−RRC (Pt−Ni/Co CN = 4.5) are
clearly indicative of the formation of Pt−Ni/Co alloy, which
also leads to a reduction of Pt−Pt bond distance from 2.74 Å
for ORC (Pt particle core) to 2.69 Å for ORC (“LO”)−RRC
and 2.68 Å for ORC (“HO”)−RRC. The high oxygen content
in the ORC results in better alloying between Pt and Ni/Co
upon the RRC treatment, and more Co than Ni alloys with Pt
partly because there is more Co than Ni in the samples. In
addition, there is a significant decrease in oxide content (see
Supporting Information for their estimation) for the ORC with
a higher %O2, which may play a role in the enhanced activity of
the ORC (“HO”)−RRC over ORC (“LO”)−RRC or MNC−
RRC catalysts.
4. Relative Surface Composition. The question on how

the above changes are linked to the changes in the surface
composition was examined using the XPS technique. On the
basis of the asymmetric shapes of the spectra in the Pt 4f, Ni 2p,
and Co 2p regions, there are apparently components
corresponding to higher oxidation states. As shown by spectral
deconvolution of Pt(4f), Co(2p3/2), and Ni (2p3/2) in Figure
8A−C (and Supporting Information, Table S5), Pt, Ni, and Co
with different oxidation states were clearly detected, which

correspond to surface oxides of these metals, in qualitative
agreement with the data from the XANES spectra.
The BE values for Pt 4f7/2, Ni 2p3/2, and Co 2p3/2 are

practically identical for the Pt39Ni22Co39/C and treated
catalysts. However, there is a significant difference between
the individual BE values for as-synthesized PtNiCo nano-
particles and carbon supported/calcined counterparts of the
same composition. For example, the Pt0 4f7/2 bands were
observed at 71.7 to 71.8 eV for the Pt39Ni22Co39/C samples
loaded on carbon and treated under different conditions of
oxygen (0−15%) followed by hydrogen treatment at 400 °C
(Figure 8A). The Co0 2p3/2 peaks are in the range of 780.7−
780.9 eV for Pt39Ni22Co39/C treated under different conditions
of oxygen and annealed at 400 °C (Figure 8B). However, the
Ni0 2p3/2 peaks were observed in the range of 853.8 to 853.9 eV
(Figure 8C) for Pt39Ni22Co39/C and treated under different
conditions of oxygen and annealed at 400 °C. The systematic
shift in Pt4f, Ni2p, and Co2p peak positions after thermal
treatment could be due to the support and enhanced alloying
effect.
For Pt39Ni22Co39 catalyst treated by ORC at different O2%,

the compositions determined from the XPS data yielded
variable compositions (Pt30−38Ni19−25Co42−45) (Figure 8D and
Supporting Information, Table S6). The difference between the
bulk analysis data and the surface analysis data was significant
particularly for Co species whose XPS composition was found
to be significantly higher for all ORC-treated samples. By
comparing with the MNC−RRC treated catalyst, there is an
observable increase of Pt at the expense of Ni and Co for the
ORC (“HO”)−RRC catalyst which showed a composition of
“Pt38Ni19Co43”, suggesting surface enrichment of Pt. At >10%
O2, the detected Pt increases close to the bulk composition as
determined from DCP-AES analysis (Supporting Information,
Figure S8A). Similar trends with subtle differences were also
observed for other catalyst compositions such as Pt18Ni23Co59/
C treated at 400 °C, and Pt36Ni15Co49/C treated by different
temperatures (Supporting Information, Figure S9, Table S6).
For the temperature dependency study under N2 and hydrogen
treatment conditions, there was no significant difference
between the bulk and surface compositions. However, in the
presence of oxygen and lower temperature treatment under
reductive annealing conditions, a surface enrichment phenom-
enon could occur, resulting in a surface that was base metal rich
(Co and Ni) or Pt metal rich depending on the actual
composition. The difference between the bulk and surface
analysis data was significant particularly for Co species whose
XPS composition was found to be significantly higher for all
oxygen treatment conditions.
The correlation of the relative change in the amount of

surface oxide species with the percentage of oxygen used in the
ORC was also examined. The XPS analysis results (Supporting
Information, Figure S8B) showed a clear decrease in the
amount of detected oxygen from MNC−RRC to ORC−RRC
with increasing O2% in the ORC. It decreased from 11% for the
MNC−RRC catalyst to 7% for the ORC (10−15%O2)−RRC
catalysts. While the decrease could in part reflect the particle
size growth under ORC condition, the difference of the
detected oxygen between the MNC−RRC and ORC−RRC
catalysts is clearly consistent with the EXAFS/XANES analysis
results, confirming that the O-species originate largely from the
nanoparticle surfaces. The significant difference in terms of the
relative surface element enrichment between the catalysts
treated under the two different gas environments is believed to
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reflect the impact of surface oxide formed in the ORC
treatment to the metal alloying and atomic redistribution upon
the subsequent RRC treatment environment as revealed by the
XAFS data analysis. There is a relative enrichment of surface Pt
over Ni/Co on the ORC−RRC catalyst in comparison with
MNC−RRC catalyst.

■ CONCLUSIONS
Taken together, the observed enhancement of the electro-
catalytic activity by the controlled ORC−RRC treatment can be
attributed to combination of metal−metal and metal−oxygen
coordination structures and their surface redistributions
(Scheme 1). The metal−metal and metal−oxygen coordination

structures reconstruct in the RRC toward a higher degree of
alloying in the nanoparticle and a lower propensity of metal
oxidation on the surface. This process is also accompanied by
enrichment of Pt on the surface at the expense of Ni or Co.
The higher degree of alloying favors the reduction of the fcc-
type Pt−Pt lattice distances, which together with the surface
enriched Pt, enhances the activation of the molecular oxygen.
The reduced propensity of surface oxidation favors the
availability of surface sites for removing oxygenated species
adsorbed on the Pt sites following the reduction of molecular
oxygen. Both the mass activity and the specific activity for the
catalysts treated under oxygen atmosphere in the ORC−RRC
treatment were found to increase by a factor of 2−3 in
comparison with those treated under nitrogen in the MNC−
RRC treatment. In addition to the decrease of the fcc-type
lattice parameter, a higher percentage of alloys and lower
percentages of surface oxides is found for the catalysts treated
under a higher oxygen atmosphere in the ORC−RRC
treatment than those treated under nitrogen or traces of
oxygen followed by RRC treatment. The catalysts treated under
a higher oxygen atmosphere in the ORC exhibit a lower Ni−O/

Co−O coordination number and an enrichment of surface Pt
than those treated under nitrogen or traces of oxygen in the
MNC or ORC before the RRC treatment. A combination of
the increase in the alloying degree, the decrease in oxide
content, and the enrichment of surface Pt for the catalysts
treated by the oxidative−reductive thermal processing has been
concluded to be responsible for the enhanced electrocatalytic
activity for ORR. The reconstruction of the alloy in the
oxidative−reductive thermal processing provides new insights
into the role of metal−metal and metal−oxygen coordination
structures in the enhancement of the electrocatalytic activity.
We note that while the most active catalyst is shown to

consist of Pt rich PtNiCo alloy with the excess Ni and Co
present as oxygenated metal species or oxides, this conclusion
can only apply to the structure of the catalyst before the
electrochemical test. The data do not provide information
concerning the change of the surface composition upon
exposing the catalyst to the acidic electrolyte for the
electrochemical test. In the acidic electrolyte, the surface oxides
could dissolve, leaving only a reconstructured alloy surface
behind. Different nanoalloys may undergo different surface
reconstruction upon exposing to the acidic electrolyte. How the
change of the surface composition correlates to the structure of
the as-prepared/as-processed catalyst is yet to be determined,
which is part of our further investigation that will involve the
use of in situ spectroscopic-electrochemical techniques.
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