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Dynamics of thermally induced composition redistribution of sandwich-like Pt-Ni octahedral electrocatalysts was studied
in situ using a variable-temperature environmental transmission electron microscope (ETEM). Dislocations were
observed and on heating treatment moved toward the surface over time, resulting in an alloy nanoparticle with signifi-
cant increase Ni content on the surface, which was confirmed by X-ray photoelectron spectroscopy. The thermally
treated Pt-Ni octahedral catalysts showed significant improvement in catalyzing oxygen reduction reaction over the as-
made nanoparticles, reaching values of 1.4 A/mgPt in mass activity and 4.8 mA/cm2

Pt in area specific activity. Our study
shows the important effect of postsynthesis treatment on the optimization of Pt and Ni atomic distribution, thus the cata-
lytic activity and stability; and the power of in situ ETEM in understanding the structural origin of enhanced catalytic
performance with atomic level of details. VC 2015 American Institute of Chemical Engineers AIChE J, 62: 399–407,

2016
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Introduction

Electrocatalysts are important for a range of applications,

such as polymer electrolyte membrane fuel cell,1 battery,2,3

and solar-fuel device.4 Heterogeneous electrocatalysis usually

involves the adsorption of reactant (molecule or ion), electron

transfer, and desorption of product from the surface. Thus, sur-

face state is key in electrocatalytic reaction, and the ability to

manipulate composition and atomic structure on or near the

catalyst surface can have great impact on the performance in

both activity and stability. In this context, bimetallic catalyst

becomes increasingly important for electrochemical reaction

because the process can be extremely sensitive to surface

structure and composition.1,5–7 For the control of catalysts

with well-defined surfaces, solution phase synthesis is proved

to be a promising route, because this method is capable for

producing monodisperse nanoparticles with uniform shape and

overall composition.8,9 These structural parameters are not

always independently tunable although,8,10 because several

factors determine the final surface composition, which can be

related to global surface energy and phase behavior (alloy or

intermetallic).9,11

Surface composition and structure of a pristine bimetallic

nanoparticle are unusually determined by the element that has

the lower intrinsic surface energy. However, when the particle

is exposed to a reactive environment or in the presence of cap-
ping ligand in solution, the dominant surface species becomes
the one that has a lower overall energy, which is a combina-
tion of intrinsic surface energy and adsorption energy of mole-
cules on specific atomic sites.12,13 It has been demonstrated
the surface composition of bimetallic nanoparticle can be very
sensitive to reactive environments using in situ X-ray spectros-
copy-based techniques.12–18 Moreover, the surface composi-
tion responds dynamically to the environment, showing
reversibility under cyclic gas atmospheres.12 In addition to
X-ray-based techniques, using the latest environmental trans-
mission electron microscope (ETEM),19–22 one can expect to
obtain valuable information on the structural or morphological
changes of nanoparticles in situ at high-spatial resolution
under reactive atmospheres.23 A combination of both X-ray
and ETEM techniques can, therefore, provide a comprehen-
sive picture of the dynamic behavior of bimetallic nanopar-
ticles to develop optimal processing conditions and design
principles.

Herein, we present the structural changes of as-made Pt-Ni
octahedral catalysts in situ during the postsynthesis thermal
treatment under processing temperatures using ETEM. The cor-
responding as-made and thermally treated carbon-supported Pt-
Ni octahedral catalysts were studied for the reduction of oxygen
under acidic conditions. So far, a large number of Pt-based alloy
nanoparticles were shown to be excellent oxygen reduction
reaction (ORR) catalysts.1,7,8,10,24–29 Transition metal segre-
gated in the subsurface is a critical feature of these ORR cata-
lysts of Pt-M (M5transition metal) nanoparticles.30–33 The
optimization in structure has often been done via postsynthesis
treatment thermally or electrochemically.34,35 Among the alloys
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of Pt and transition metals, Pt3Ni was shown to be among the
optimal alloy compositions that have the highest ORR perform-
ance. The as-made octahedral Pt3Ni catalyst tends to have high
Ni content preferentially segregated on surface of {111} fac-
ets.32 On treatment in chemical or electrochemical environ-
ments, these Ni atoms leached out preferentially from the
{111} facets, and the catalyst particles evolved into various
etched structures, such as, concave octahedron, hexapod, or
nanoframe.36–38

We choose carbon-supported, sandwich-type Pt-Ni octahe-

dral nanoparticles in this work. The in situ ETEM study was

performed at a mild annealing temperature of 200–2108C

under vacuum. This condition was also used to post-treat as-

made Pt-Ni octahedral nanoparticle catalysts on carbon sup-

port. Ex situ X-ray photoelectron spectroscopy (XPS) was

used to study both the as-made and annealed (2108C, vacuum)

Pt-Ni nanoparticle catalysts; while cyclic voltammetry (CV)

and polarization curve were used to examine their ORR

performance.

Experimental

Materials and chemicals

All chemicals were used as received without further purifi-

cation. Platinum acetylacetonate (Pt(acac)2, Strem Chemical,

98%); nickel acetylacetonate (Ni(acac)2, Sigma-Aldrich, 95%);

oleylamine (OAm, Sigma-Aldrich, technical grade, 70%); oleic

acid (OAc, Sigma-Aldrich, technical grade, 90%); diphenyl

ether (Sigma-Aldrich, 99%); n-butylamine (Sigma-Aldrich,

99.5%); hexane (Sigma-Aldrich, >95%); chloroform (Macron,

>99%); ethanol (Decon Labs, 200 proof); methanol (Macron,

>99%); argon gas (Ar, Airgas, C.P. grade); carbon monoxide

gas (CO, Airgas, C.P. grade).

Synthesis of Pt-Ni octahedral nanoparticles

To synthesize Pt-Ni octahedral nanoparticles, a solution of

20 mg (0.05 mmol) of Pt(acac)2, 7 mg (0.027 mmol) of Ni

(acac)2 was mixed with 9 mL of oleylamine (OAm), 1 mL of

diphenyl ether, and 50 lL of oleic acid (OA) in a 25-mL

three-neck round bottom flask immersed in an oil bath at

1308C. The flask was connected to a Schlenk line through a

condenser. The reaction mixture turned into a transparent yel-

lowish solution at this temperature after 2 min. The flask was

then evacuated with a rotary pump (Edward RV 12) and

purged with Ar for six cycles to remove air and moisture. The

solution was then bubbled with CO gas and transferred to a

second oil bath at 2108C. Throughout the process, the flask

was connected to the Schlenk line. The typical flow rate of CO

gas was set at 120 cm3/min and the reaction time was 30 min.

The rest of steps followed the procedure for synthesis of Pt-Ni

octahedral nanoparticles reported previously.8 The solid prod-

ucts were washed and separated by dispersing the reaction

mixture in 2 mL of chloroform and 10 mL of ethanol, fol-

lowed by centrifugation at 5000 rpm for 5 min. This procedure

was repeated three times. The final products were dispersed in

hexane for further characterization.

Preparation of carbon-supported catalysts

Carbon black (Vulcan XC-72) was used as support for mak-

ing platinum nickel catalysts (Pt-Ni/C). In a standard prepara-

tion, carbon black particles were dispersed in chloroform and

sonicated for 1 h. A designed amount of Pt-Ni nanoparticles

suspension in hexane was added to this dispersion of carbon

black at the nanoparticle-to-carbon-black mass ratio of 20:80.
This mixture was further sonicated for 30 min and stirred

overnight. The resultant solids were precipitated out by cen-

trifugation and dried under an argon stream. The solid product
was then redispersed in n-butylamine at a concentration of

0.5 mg-catalyst/mL in a capped glass vial. The mixture was

kept under stirring for 3 days under ambient air conditions and
then collected using a centrifuge at a rate of 5000 rpm for 5

min. The precipitate was redispersed in 10-mL methanol by

sonicating for 15 min and then separated by centrifugation.
This procedure was repeated three times. The final samples

were dispersed in ethanol for further characterization. For ex
situ thermal treatment, carbon-supported catalysts were
annealed at 2108C in a tube furnace (GSL-1500X, MTI Corpo-

ration) for 1 h and cooled down under vacuum (9.8 kPa or

0.097 atm). The treated catalyst was then used for electro-
chemical measurements.

Characterizations

Transmission electron microscopy (TEM) and high-

resolution transmission electron microscopy (HR-TEM)
micrographs were taken on a FEI TECNAI F-20 field emission

microscope at an accelerating voltage of 200 kV. Scanning
transmission electron microscopy (STEM) micrographs and

energy dispersive X-ray (EDX) elemental spot analysis and

line scans were performed using the high-angle annular dark-
field mode on JEOL 2010F STEM with Schottky field emitter

at an accelerating voltage of 200 kV. Inductively coupled

plasma optical emission spectrometry (ICP-OES) was per-
formed using a Perkin Elmer 2000DV ICP-OES spectrometer.

XPS was acquired using Kratos Axis ULTRA (Manchester

UK) spectrometer with a monochromatic Al source. The XPS
spectrum analysis was done using CasaXPS software with

Shirley type baseline. To make an XPS specimen, as-made Pt-

Ni octahedral nanoparticles, after extensive washing with
chloroform, were drop-casted on Si wafer and treated under

the same condition as mentioned above. The atomic ratio

between Pt and Ni were calculated by integrating Pt 4f (60–84
eV) and Ni 2p (845–885 eV) peaks with a sensitivity factor of

6.115 and 3.845, respectively.

In situ ETEM study

In situ heating experiment was conducted using a Hitachi
H9500 ETEM at an accelerating voltage of 200 kV. This

ETEM is equipped with a variable-temperature heating holder
made of a tungsten wire. Carbon-supported catalyst dispersed

in ethanol was loaded on the tungsten heating wire, which was

premounted on the in situ holder, using a fine-tip paint brush.
The catalyst was transferred by dipping the brush in the etha-

nol solution and deposited on the heating wire by gentle brush-

ing. The catalyst-deposited heating wire was then left sitting
on bench for 30 min to allow the evaporation of ethanol. The

holder was then introduced into the Hitachi H9500 ETEM and

connected to a DC power supply for resistive heating.
Survey of the sample was done at room temperature under

standard operating conditions. Once the particle of interest

was located, electron beam was blocked by closing the gun

valve and temperature of heating wire was raised. Tempera-
ture of the sample was determined by the current-temperature

relation chart (Hitachi). The current was slowly increased to

390 mA (2008C) and maintained throughout the rest of the
experiment. Once the current reached 390 mA, TEM micro-

graphs were recorded using the Gatan Orius SC200 CCD
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camera, and Gatan digital micrograph software. The TEM
images were recorded by taking screen shot videos with Cam-
Studio software during the course of experiment. Electron irra-
diation was kept minimized during the course of experiment
and the gun valve was opened only during image acquisition,
which was typically less than 1 min with a current density of
1.18 3 10211 A/cm2. The sample was then left in dark for
another 5 min before the next imaging cycle. Image analysis
and processing was done using Digital Micrograph (DM,
Gatan) and ImageJ software. Detail procedures for image
processing are described in Supporting Information.

Electrochemical measurement

A three-electrode cell was used to measure the electrochem-
ical properties of these alloy catalysts. The working electrode
was a glassy-carbon rotating disk electrode (RDE) (area:
0.196 cm2). A 1 cm2 platinum foil was used as the counter
electrode and a HydroFlex hydrogen electrode was used as the
reference, which was placed in a separate compartment.
Hydrogen evolution reaction was used to calibrate this hydro-
gen electrode before the tests. All potentials were referenced
to the reversible hydrogen electrode (RHE). The electrolyte
was 0.1-M HClO4 aqueous solution, diluted from 70% double-
distilled perchloric acid (GFS Chemicals) with MilliporeQ
ultrapure water. The mass of metal in each Pt-Ni/C catalyst
was determined by thermogravimetric analysis (TGA) using
an SDT-Q600 TGA/DSC system from TA Instruments at a
ramp rate of 108C/min to 6008C in air followed by annealing
at 6008C for 30 min under a forming gas of 5% hydrogen in
argon at a flow rate of 50 mL/min. To prepare the working

electrode, 5 mg of the Pt-Ni/C catalyst (20% based on the

weight of alloy nanoparticles) was dispersed in 10 mL of the

mixed solvent and sonicated for 5 min. The solvent contained

a mixture of deionized water, isopropanol, and 5% Nafion at

the volumetric ratio of 8:2:0.05. Twenty microliter of the sus-

pension was added onto the RDE by a pipette and dried in air.

The loading amount of Pt-Ni alloy nanocatalysts on the RDE

was determined to be 9.3 lgPt/cm2. The CV measurement was

carried in argon-saturated 0.1-M HClO4 solution at room tem-

perature with a scan rate of 50 mV/s. ORR activity was deter-

mined in a 0.1-M HClO4 solution which was purged with

oxygen for 30 min prior to, and during testing. The scan rate

for ORR measurement was set at 10 mV/s in the positive

direction. Data were used without iR-drop correction.

Results and Discussion

Figure 1 shows the electron microscopy (EM) micrographs,

EDX line scan, and a three-dimensional illustration of as-

made Pt3-Ni octahedral catalysts. These nanoparticles showed

monodispersity and were uniform in size and shape (Figure

1a). The average edge length of these octahedral nanoparticles

was 11.3 6 1.3 nm. The vast majority of the particles had a

dark contrast core and shell with a light contrast layer sand-

wiched in between. High-resolution TEM (HRTEM) images

showed the lattice fringes had a d-spacing of 2.15 Å in the

core, 2.20 Å in the shell, and 2.09 Å in the layer sandwiched

in between (Figure 1b). High-angular dark-field STEM was

used to further analyze this unique three-layered structure,

because Z contrast is quite distinctive for these two metal

Figure 1. EM characterization of as-made Pt-Ni octahedral nanocrystals: (a) low and (b) high magnification TEM
micrographs, (c) low and (d) high magnification dark-field STEM images, (e) EDX line scans for Pt and Ni
elements (square: Pt, triangle: Ni) and (f) schematic drawing of the sandwich-like three-layered structures.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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elements in such STEM micrographs (Figures1c, d). The STEM
study shows unambiguously the core and shell had higher inten-
sity (heavier metal, i.e., Pt) than the middle layer. Average size
of the core was about 5 nm and thickness of the outer surface
layer was 1.5 nm, approximately equivalent to seven atomic
layers. Thickness of the middle region was �5 nm.

The EDX line scan (Figure 1e) provides a semiquantitative
compositional analysis along the trajectory in Figure 1d. The
Pt La line had three peaks located in the outer shell and core
regions (blue squares fitted with green line), while Ni Ka line
had two peaks (orange triangles fitted with red curve) in the
subshell layer. A quantitative spot analysis shows that the
composition of as-made Pt-Ni octahedral nanoparticle was
Pt77Ni23 in the central region, Pt54Ni46 in the subshell-layer,
and Pt71Ni29 in the outer shell region (Supporting Information
Figure S1). The ICP-OES analysis showed that the nanopar-
ticles have a Pt to Ni atomic ratio of 54:46. These convergence
evidence indicates Pt and Ni did not distribute uniformly in
as-made octahedral particles, instead they had a sandwiched
nanostructure with Pt rich in both the core and shell regions,
as being illustrated in Figure 1f.

Figure 2 shows a series of in situ HRTEM micrographs of a
representative Pt-Ni octahedral nanoparticle taken at 2008C
for a time period of 25 min. These micrographs were taken
with 5-min intervals with an exposure time of 15–30 s to elec-
tron beam during each image acquisition. The contrast inside
these TEM nanoparticles varied, reflecting the change in com-
position and structure, especially those features related to lat-
tice strain. On annealing, boundaries of the 2-nm thick outer

Figure 2. In situ TEM micrographs of a Pt-Ni nanoparticle taken under vacuum annealing conditions at 2008C, over
a time period of (a) 0, (b) 4, (c) 10, (d) 15, (e) 20, and (f) 25 min, respectively.

Scale bar is 2 nm, applicable to all.

Figure 3. Representative filtered amplitude image of
the corner region of a Pt-Ni octahedral nano-
particle.

This image was generated using the top right portion of

the image shown in Figure 2a. Position of the disloca-

tions are marked with circles. [Color figure can be

viewed in the online issue, which is available at wileyon-

linelibrary.com.]
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shell became less distinguishable over time, accompanied with
rounding off of the facets of octahedral nanoparticles. The het-
erogeneity in composition created strong driving force for
atoms to move within the as-made Pt-Ni octahedral nanopar-
ticles at elevated temperatures, resulting in redistribution of
both Pt and Ni elements. To extract the lattice movement
information from these TEM images, we used the inverse Fou-
rier transform technique to generate filtered images based on
diffraction patterns obtained using FFT (see Supporting Infor-
mation for detail, Figures S2 and S3). The filtered image pro-
vides information of the lattice fringes in the <111>
direction. Figure 3 is a representative filtered amplitude image
of upper right region of the octahedral nanoparticle shown in
Figure 2a. The positions of dislocation, highlighted with
dashed white circles, were clearly visible in multiple places.
As the values of intrinsic (111) lattice spacing between Pt and
Ni are quite different (2.265 vs. 2.034 Å), these dislocations
likely originated from the misfit and near the boundary regions
between Pt-rich core/shell and the subshell layer in between.

Figure 4 shows the TEM micrographs and the fitting curves
of the dislocation movement for the above octahedral nanopar-

ticle. The locations of observed dislocations were highlighted
with white squares. These dislocations moved outwards and
eventually settled near the surface during the course of experi-
ment (Figures 4a, b). As dislocation tends to exist at the posi-
tion where large lattice mismatch occurs, that is, the
dislocations tend to concentrate at the boundaries between the
shell and subshell or the subshell and core regions, the migra-
tion of dislocations suggest the movement of Ni in the subshell
layer toward the surface, or effective counter diffusion of Pt
and Ni atoms in the particle. Migration of dislocations toward
the surface occurred along both <111> and <100> directions
(Figure 4). The dislocation moved about 1.2 nm toward the
{100} surface over a period of 25 min (Figure 4c) and
0.78 nm in 20 min toward the {111} surface (Figure 4d). The
final positions of the dislocations were about 2.4 nm from the
{100} surface and �1.6 nm from the {111} surface. Distance
between the position of dislocation and surface had an expo-
nential decay relationship with respect to time along both
directions (Figures 4c, d). Our data also show migration along
the <111> direction reaching final stage, that is, steady state,
faster than the <100> direction. Fick’s second law of one-

Figure 4. (a, b) TEM micrographs and (c, d) fitting curve of dislocation movement as a function of time along (a, c)
<100> and (b, d) <111> directions, respectively, within a Pt-Ni nanoparticle.

The fitting curves were drawn based on the Fick’s law. The squares highlight the positions of the edge of dislocation planes. The

black squares were used to obtain the distances from the surface. Scale bar is 2 nm, applicable to all. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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dimensional diffusion was used to gain semiquantitative
understanding of the dislocation movement

@C

@t
5D

@2C

@x2
(1)

where C is a function describing the concentration of either Pt
or Ni as a function of time (t) and position (x). D is the diffu-
sion coefficient. The solution of the time-dependent term has
the general formula of

C x; tð Þ5A xð Þ � T tð Þ (2)

T tð Þ5e-Dk2t (3)

where the constant k is inversely proportional to the distance
between the two boundaries. Equation 3 is essentially describ-
ing how fast the metal atoms reach equilibrium. On reaching
equilibrium, the dislocation seized to move toward the surface.
Thus, there should be a correlation between the movement of
position of dislocation and the migration of metal atoms. If
one of the two boundaries is set at the surface and the other is
in close proximity to the dislocations, the initial location of
the dislocations was 2.59 nm (L111) and 3.64 nm (L100) away
from {111} and {100} surfaces, respectively. The ratio
between the square of L100 and L111 (L100

2/L111
2) is 1.975.

From Figures 4c, d, the fitted rate constant for dislocations
migrating along the (111) Dk111 and (100) Dk100 directions are
0.238 and 0.148 min21, respectively, with a ratio of 1.608
between the two. If the diffusivity inside a crystal is independ-
ent of the diffusion direction, the ratio should be identical
between the fitted rate constant Dk100/Dk111 and L111

2/L100
2.

The calculation shows a nearly 20% variation between the two
values using highly simplified model, indicating that the diffu-
sion coefficient of the dislocation along the <111> and
<100> directions might be different, with the diffusion coeffi-
cient is about 1.23 times larger in the <100> direction. This

phenomena may origin from the different packing density of
atoms in the (100) and (111) surfaces, with a less densely
packed planes along the <100> direction. The calculated val-
ues of diffusion coefficient are on the order of 1022 to 1021

nm2/min (10222 to 10221 m2/s) along the <100> and <111>
directions. While these values are very rough estimations as
the assumption of the fixed boundary conditions could not
really be applicable directly in the solid catalyst, they are
much higher than the volume diffusion coefficient of Pt and
Ni extrapolated from high-temperature measurements (8.63 3

1028 nm2/min, or 1.44 3 10227 m2/s).39–41 Hence, the move-
ment of the dislocation should reflect the grain boundary like
diffusion assisted by the local atomic movement around the
end regions of dislocation planes.42 A control experiment was
performed on the Pt-Ni octahedral nanoparticle at room tem-
perature under similar operation procedure to evaluate the
effects of electron beam (Supporting Information Figures S4
and S5). We did not observe the outward movement of dislo-
cations, although we did observe variations is dislocation
position.

XPS spectroscopy was performed on the carbon-supported
Pt-Ni octahedral nanoparticles before and after annealing in
vacuum at 2108C for 1 h (Figure 5). The survey scans indicate
the surface contains Pt, Ni and C, and O elements. Pt existed
as pure metallic form, judging by the position and shape of the
binding energy peaks for Pt 4f lines. Surface Ni was present in
both metal and oxide forms, with oxide as the dominant phase,
judging by the position of Ni 2p lines. Thus, the binding
energy peak at 531 eV, which corresponds to O 1s line, could
come from both the surface absorb species and nickel oxides.
The observation of surface nickel oxides was expected, as the
samples were not stored under inert atmosphere and Ni metal
atoms reacted readily with oxygen to form NiOx on exposure
to air. Our XPS data show the surface, including the near sur-
face region, was composed of 90 atomic percent (at %) of Pt

Figure 5. XPS spectroscopy of (a) as-made and (b) vacuum-annealed Pt-Ni octahedral catalysts, showing the sur-
vey scan (left), Pt 4f (middle), and Ni 2p (right) regions, respectively.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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and 10 at % of Ni for the as-made Pt-Ni octahedral catalyst.
The composition changed to 51 at % of Pt and 49 at % of Ni
for the surface regions after the sample was treated at 2108C
under vacuum for 1 h. The increase of surface Ni content was
accompanied with the increase of oxide form of Ni species.
Similar relation between surface Ni ratio and its oxidation
state was also reported for PdNi.43 The XPS analysis provides
direct evidence of surface enrichment of Ni after the thermal
treatment and agrees well with the composition change result-
ing from the outward movements of dislocation observed by
in situ ETEM.

A direct consequence of redistribution of metal elements in
a bimetallic nanoparticle catalyst is the change of its catalytic
activity. Under the harsh acidic condition for ORR, activated
surface of Pt-Ni or other Pt-based bimetallic catalyst typically
consists of a Pt skin and Ni or other metal subsurface layer.30

The carbon-supported Pt-Ni octahedral nanoparticle catalyst
transformed the top 1.5-nm Pt-rich shell with more Ni contents
on thermal treatment (Scheme 1). The CV shows flat curves
for the hydrogen adsorption/desorption regions, indicating
Pt(111) facet-dominant surfaces. Interestingly, the OH adsorp-
tion and desorption peaks between 0.6 and 0.8 V (vs. RHE)
decreased continuously during the initial five CV cycles (Fig-
ure 6). The disappearance of these OH related peaks can be

attributed to the dissolution of non-Pt metal from the surface,
which was observed previously in other bimetallic electrocata-
lysts (Pt-Co and Pt-Cu).32,33 After 20 CV cycles, most of Ni
atoms on the outmost surface of the treated catalysts were dis-
solved into the acidic electrolyte, resulting in the formation of
Pt skin.

These octahedral catalysts with Pt skin were then used as
catalyst for ORR. A huge positive shift of 58 mV was
observed in the ORR polarization measurement after the first
two cycles (Figure 7). The ORR polarization shifted by
another 28 mV in the same direction in the subsequent cycles
before the curve was finally stabilized. The initial big jump of
58 mV could be attributed to the optimization of surface struc-
ture by removing additional Ni atoms, most likely in the top
surface region. The gradual shift during the subsequent ORR
polarization cycles was from the leaching of Ni atoms from
the more inner and subsurface regions. Besides the applied
potential, strong affinity between Ni and O atoms should also
contribute to this process.31,33 The surface structure, compos-
ing of Pt skin on Ni-containing subsurface, further optimized
the reaction of oxygen with surface Pt atoms by shifting the
binding energy more negatively than Pt3Ni, namely, toward
the value corresponding to the maximum current density of
volcano plot. The kinetic current density (is) at 0.9 V had a

Figure 6. Initial CV scans of thermally treated Pt-Ni/C
octahedral catalysts.

The CV was performed in 0.1-M HClO4 under Ar. Dis-

sociation of surface Ni was evident judging by the disap-

pearance of peaks between 0.6 and 0.8 V (vs. RHE).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Scheme 1. Proposed change in composition of the sandwich-structured octahedral Pt-Ni ORR catalyst after post-
synthesis thermal and electrochemical treatment steps.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. ORR polarization curves of thermally treated
Pt-Ni octahedral catalyst after CV treat-
ments.

Insets show the area specific and mass activity values

after the designated number of cycles. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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six-time increase, changing from 0.42 to 2.49 mA/cm2, and

the half-wave potential (Vhalf-wave) increased from 0.78 V for

the initial to 0.866 V for the final ORR sweeps (Figure 7

inset). The catalyst had a final specific surface activity of 4.8

mA/cm2
Pt and mass activity of 1.4 A/mgPt. On the contrary, the

as-made Pt-Ni sandwich catalysts had an ORR surface specific

activity of 1.2 mA/cm2
Pt with little change over CV and ORR

cycles (Supporting Information Figure S6).
A careful examination of CV curves shows the hydrogen

adsorption/desorption region became narrower after cycling

(Figure 8, inset). This change could be due to the oxygen-

induced enrichment of Ni at surface and subsurface layer,

which also altered the OH adsorption (Figure 8). Theoretical

studies suggest that the adsorption strength of oxygen on the

(111) surface of Pt-Ni with a Pt skin layer is slightly weaker

than the required for maximum ORR activity.44 Our study sug-

gests that the formation of Ni-enriched near surface alloy layer

changed the adsorption strength of oxygen in comparison to a

pure Ni subsurface layer, because Ni in Pt causes the upshift

of the d-band center of the {111} surface of Pt-Ni toward the

value expected for maximum ORR activity.44,45 Based on the

above TEM, XRD, XPS observations and ORR characteriza-

tion, a composition-redistribution process can thus be derived

and is summarized in Scheme 1.

Conclusion

In sum, in situ ETEM study under reacting conditions,

together with XPS data, provide direct evidence to show dislo-

cation movement is one structural factor likely to be the origin

for much enhanced ORR catalytic performance. The three-

layered structure of Pt-Ni octahedral nanoparticle catalyst that

has Pt-rich shell and core is rather unique and worthwhile for

further exploration. The degree of enhancement in ORR activ-

ity (1.4 A/mgPt in mass activity and 4.8 mA/cm2
Pt in area spe-

cific activity) is very high. This study highlights the

tremendous potentials of postsynthesis treatment and useful-

ness of in situ ETEM in understanding the structural origins,

and subsequently the design principle of optimal electronic

and surface geometric configurations for catalyst.
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