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’ INTRODUCTION

The rapidly increasing demand for natural resources world-
wide challenges scientists to develop renewable energy technol-
ogies with minimal use of scarce, expensive materials, such as
platinum, the best single metal catalyst for the reactions in proton
exchange membrane (PEM) fuel cells.1,2 Enhanced Pt mass
activities for the oxygen reduction reaction (ORR) in PEM fuel
cells were obtained with core�shell nanocatalysts having an
ultrathin Pt shell3�6 on a core containing other metals. In addi-
tion to an increase in surface area per Pt mass, high enhance-
ments in the area-normalized specific activity over Pt nanopar-
ticles were found with Pt- or Pd-alloy cores containing 3d
transition metals, such as Co, Ni, and Cu. However, a more chal-
lenging issue emerged as accelerated durability tests showed a
gradual loss of surface area and ORR activity for these advanced
ORR catalysts.6�9 On the positive side, the Pt shells remained
intact whether they were made by Pt monolayer deposition on a
core nanoparticle6,9 or via Pt enrichment at the surface by
dissolving off the non-Pt components of an alloy nanoparticle.7,8

The favorable or neutral segregation energy10 ensures a high
enrichment of Pt at the surface, and the increased dissolution
potentials for Pt on more reactive metals than on itself11 makes
the thin Pt shells less prone to dissolution. However, the seem-
ingly unstoppable loss of core materials is not well understood
and raises the question of whether the enhancement in Pt mass
activity is sustainable in acid fuel cells. Here, we first explain the
persistent dissolution based on the nanoscale Kirkendall effect;

thereafter, we demonstrate a new strategy to sustain activity
enhancement by using hollow-induced lattice contraction on Pt
shells.

The Kirkendall effect is a vacancy-mediated diffusion mechan-
ism proposed on the basis of the observation of a net mass flow of
a faster diffusing species balanced by the opposing flow of vacan-
cies that condense into voids in solids.12 Because of the enor-
mously increased surface-area-to-volume ratio of nanomaterials,
hollow nanoparticles13�15 or nanoporous materials16 may form
by an outward flow of the faster diffusing species in responding to
a reactive environment. The nanoscale Kirkendall effect also may
engender undesirable consequences, for example, the instability
of core�shell nanocatalysts, as mentioned above. In a mildly cor-
rosive environment, the faster diffusing 3d transition metals flow
out through lattice vacancies to the Pt surface, where they sub-
sequently dissolve. Therefore, even though a pinhole-free Pt shell
forms, the slow dissolution of activity-enhancing components in
the core may persist. This understanding led us to a new strategy
for designing active, durable ORR catalysts.

A hollow core is an interesting structure because it may induce
a desirable lattice contraction in a Pt shell without engendering
the instability caused by dissolution of core materials. Since the
ORR rate at high potentials is limited by the steps involving the
desorption of O and OH reaction intermediates,17,18 weakening
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ABSTRACT:Core�shell nanoparticles increasingly are found to be
effective in enhancing catalytic performance through the favorable
influence of the core materials on the active components at the
surface. Yet, sustaining high activities under operating conditions
often has proven challenging. Here we explain how differences in the
components’ diffusivity affect the formation and stability of the
core�shell and hollow nanostructures, which we ascribe to the
Kirkendall effect. Using Ni nanoparticles as the templates, we
fabricated compact and smooth Pt hollow nanocrystals that exhibit
a sustained enhancement in Pt mass activity for oxygen reduction in
acid fuel cells. This is achieved by the hollow-induced lattice contraction, high surface area per mass, and oxidation-resistant surface
morphology—a new route for enhancing both the catalysts’ activity and durability. The results indicate challenges and opportunities
brought by the nanoscale Kirkendall effect for designing, at the atomic level, nanostructures with a wide range of novel properties.
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the strength of oxygen binding by lattice contraction19,20 is an
effective route to enhance the ORR activity on nanocatalysts.4,21

Pt hollow nanoparticles made with Ag templates exhibit en-
hanced ORR activities but are not highly active and durable.22,23

Likely, their instability is due to their porous22 or dendrite-like23

shells because low-coordination sites are prone to dissolution.24,25

To achieve high, sustainable ORR activity, we developed meth-
ods to synthesize compact, smooth Pt hollow nanoparticles.

’METHODS

Ni nanoparticles were electrodeposited on carbon powder support
(∼60 μg cm�2 Vulcan 72C, on a glassy carbon rotating electrode) by a
single potential pulse, typically about 0.4 s at�1.4 V and 20 s at�0.8 V
(vs Ag/AgCl, 3 M NaCl), in a deaerated solution of 0.1 M NiSO4 and
0.5 M H3BO3. Within 10 min, the open-circuit potential rose to a stable
value. Then the electrode was transferred into deaerated K2PtCl4 solu-
tion without exposure to air. Pt ions were reduced bymetallic Ni with the
amount controlled by the concentration of K2PtCl4 (0.05�1 mM) and
the duration of galvanic replacement (3�30 min). After rotating the
electrode in pure water to eliminate residual metal ions, about 20 poten-
tial cycles from 0.05 to 1.2 V versus the reversible hydrogen electrode
(RHE) were carried out in a deaerated 0.1 M HClO4 solution to com-
pletely dissolve Ni. The mass of metal components was determined
using inductively coupled plasma mass spectrometry. For large-scale
synthesis, Ni nanoparticles can be made using NaBH4 as the reducing
agent or other methods, and acid treatment is effective for removing the
remaining Ni after partial galvanic replacement. Details will be published
elsewhere after optimizing the synthesis procedures.
We measured the electrochemical surface area using the integrated

hydrogen-desorption charges from the voltammetry curves, assuming
0.21 mC cm�2. The ORR polarization curves were measured in forward
potential sweep at 10 mV s�1 with a 1600 rpm rotation rate. The kinetic
current at 0.9 V was calculated using jk = j/(1 � j/jL), where j is the
measured value at 0.9 V and jL is the mass transport limiting current
below 0.5 V. The solid Pt nanoparticle sample is commonly used Pt/C
(45% Pt by weight on Vulcan 72 carbon powder).
High-resolution transmission electron microscopy (TEM) imaging

and electron diffraction measurements were performed using the JEM-
2200MCO transmission electron microscope equipped with two aber-
ration correctors and an in-column Omega Filter. Electron diffraction
was used to determine average lattice constants of the Pt hollow nano-
particles. All of the data were acquired under the same conditions as that
for a standard gold-nanoparticle sample, and the positions of diffraction
rings at intensity maxima were quantified to a single pixel. The uncer-
tainty of the deduced lattice constant is about 0.001 nm determined by
the deviation from the average of the values obtained from four low-
index diffractions. Scanning TEM (STEM) measurements were per-
formed using the Hitachi HD2700C equipped with a cold field emission
electron source and a probe aberration corrector. In a vibration-isolated
and temperature-stabilized room, the spatial resolution is superior to
0.1 nm.26 The Zx-contrast (Z is the atomic number and x = 1.4�2)
STEM images were taken using a high-angle annular dark-field (HAADF)
detector with 27 mrad convergence angle and collection angles between
114 and 608 mrad in this study. We heated the samples using a double-
tile Gatan heating holder under a vacuum of ∼10�6 Pa.

X-ray diffraction experiments were carried out on beamline X7B (λ =
0.3184 Å) of the National Synchrotron Light Source at Brookhaven
National Laboratory. Sample powders were loaded into a 0.5 mm glass
capillary. Two-dimensional powder patterns were collected with a Perkin
Elmer image plate detector, and the diffraction rings were integrated
using the FIT2D code.27 The fitted parameters (lattice constant, particle
size, andmicrostrain) were obtained through a Rietveld refinement.28�30

Lanthanum hexaboride (LaB6) was used as the instrumental reference.

Density functional theory calculations were performed using the
Vienna ab initio simulation package (VASP)31,32 with the projector
augmented wave method (PAW).33 The generalized gradient approx-
imation (GGA) using the revised Perdew�Burke�Ernzerholf (RPBE)
functional34 was utilized to describe the exchange and correlation ener-
gies. We constructed a spherelike nanoparticle model as shown in
Figure 5c and fully optimized the structures. Only the Γ point was used
for k sampling, which is an effective approach for nonperiodic systems,35

and the cutoff energy was 400 eV. In our calculations, the 1.7 nm clusters
were used to model the solid and hollow nanoparticles. Larger lattice
contraction and consequently more weakened oxygen binding on the
hollow particle support the experimentally found trend. Accuratemodel-
ing of larger nanoparticles is not currently practical for DFT due to high
computational cost. The adsorption of atomic O at the (111) terrace of a
nanoparticle was calculated as a descriptor for scaling ORR activity. The
binding energy of oxygen (BE-O) is defined as BE-O = E[O�NP] �
E[NP]� E[O], where E[O�NP], E[NP], and E[O] are the calculated
electronic energies of an adsorbed oxygen species on a nanoparticle, a
clean nanoparticle, and triplet oxygen atom. Then, the differences of BE-
O of NPs (ΔBE-O) were calculated relative to the BE-O on Pt(111)
(�4.09 eV).

’RESULTS AND DISCUSSION

Ni nanoparticles were found suitable as templates to facilitate
the formation of single-void particles with complete Pt shells.
Compared to commonly used Ag templates15 or other relatively
noble metals, such as Cu, Ni has considerably lower reduction
potential and can be more easily dissolved in acid solution. These
properties appear to be responsible for the formation of nonpor-
ous, pure Pt hollow particles unreported previously. In one
method, we first electrodeposited Ni nanoparticles on carbon
powder supports, followed by their partial galvanic replacement
to form Ni�Pt core�shell nanoparticles. The remaining Ni
readily dissolved awaywithin 20 potential cycles in acid solutions,
resulting in Pt hollow nanospheres. We confirmed the complete
removal of Ni using electron energy loss spectroscopy in
TEM measurements and by mass determination using induc-
tively coupled plasma mass spectrometry (ICP-MS). We also
synthesized Ni nanoparticles using NaBH4. Acid wash (pH 1
H2SO4 or HClO4) was used to remove the remaining Ni after
galvanic replacement reaction with Pt ions. The Ni content in the
catalyst was found by ICP-MS to be less than 0.5% by weight.

Figure 1. (a, b) High-resolution STEM images of Pt hollow particles.
(c, d) Line-scans of the intensity profile nearly parallel (c) and
perpendicular (d) to the direction of the lattice plane. (e) Calculated
z-thickness versus x-distance at the y = 0 position for a hollow sphere.



13553 dx.doi.org/10.1021/ja204518x |J. Am. Chem. Soc. 2011, 133, 13551–13557

Journal of the American Chemical Society ARTICLE

We identified compact Pt hollow nanoparticles in high-resolu-
tion STEM images for the samples after electrochemical mea-
surements and tests of the catalyst’s durability. Particles with a
single lattice orientation across the entire particle, as depicted in
Figure 1a,b, denote the formation of hollows via lattice vacancy
exchange; i.e., channels or pinholes are not necessary to remove
the Ni cores. The sizes of the hollows are determined from the
distances between the intensity maxima along the line scans
shown in Figure 1c,d because, as illustrated in Figure 1e, the
maxima in the vertical thicknesses occur at the edges of a hollow.
We varied synthetic parameters to optimize the ORR activity and
durability. The best catalytic activity was found with the 3�9 nm
hollow spheres with a 1�2 nm thick shell, equivalent to 4�8
atomic layers.

Since a PEM fuel cell operates at 80 �C, we checked the
thermal stability of the Pt hollow nanoparticles using in situ TEM
to monitor the structure changes at elevated temperatures. The
samples were heated under vacuum. STEM images in Figure 2a
show no changes after an hour at 100 �C. The hollow particles
started to shrink above 250 �C as the temperature was raised in
steps at 50 �C/half-hour, as depicted in the TEM images mea-
sured at several holding temperatures (Figure 2b). The STEM
images taken at 20 �C after 1 h annealing at 400 �C (Figure 2c,d)
showedmoderate shrinking of the hollow, but not its elimination.
These observations indicate their much higher thermal stability
than that estimated for gold hollow particles.36 The main reason
likely is the lower diffusivity of Pt than Au.37 Generally, metals
with higher melting temperatures have lower diffusivities and thus
better stability. Particles also became more rounded as annealing
often yields structures with lower surface energy.

We compared the ORR activity of Pt hollow nanoparticles
with that of Pt solid nanoparticles using the rotating disk electrode

method at room temperature. While similar kinetic currents at
0.9 V were obtained from the two ORR polarization curves
(Figure 3a), their voltammetry curves in the inset differ signifi-
cantly due to mainly a 4-fold difference in the samples’ Pt mass
loadings. Electrochemical surface areas (ESAs) were determined
by integrated hydrogen desorption charges, which were used to
calculate the ESA per Pt mass and ORR specific activity shown in
Figure 3b. The surface area per mass is similar for the two
samples with the average particle size larger for hollow (6.5 nm)
than for solid (3.2 nm) particles. That means the effect of
significant mass-saving by hollow core in the former is about
the same as that of increased ratio of surface atoms on smaller
particles in the latter. Thus, the 4.4-fold enhancement in Pt mass
activity, which equals the product of ESA per Pt mass and ESA-
normalized specific activity, mainly results from increased spe-
cific activity.

More importantly, the enhanced Pt mass activity on Pt hollow
nanospheres is highly sustainable in potential cycling tests. We
first found that 10 000 potential cycles, swept between 0.65 and
1.05 V at 50 mV s�1, did not cause any loss in ESA and ORR
activities. We then used pulsed potential cycles, 30 s alternatively
at 0.65 and 1.05 V. Stepping between two limiting potentials with
a long dwell time is a more severe test than linear sweeping cycles
because the dissolution of the low-coordinate atoms is most rapid
at 0.65 V, and the regeneration of defects, apparent by surface
roughening, is most pronounced at the high potential limit. This
mechanism is supported by the high dissolution rate at steps on
Pt(111) at 0.65 V and the 0.6 nm deep holes observed over the
entire surface area at 1.15 V.38 As shown in Figure 4, there is
about 33% loss in the ORR activity after 3000 pulse potential
cycles in 50 h but no further loss thereafter. In another test, we
found no loss of stabilized activity between 3000 and 10 000
pulse potential cycles lasting 7 days. In comparison, the ORR
activity of solid Pt nanoparticles (3.2 nm average diameter, 45%
Pt/C by weight), fell after 3000 cycles, and continued to do so
during an additional 3000 of them. Figure 4b shows that the
sustainable Pt mass activity on Pt hollow spheres is 0.58mAμg�1,
6-fold that on solid Pt nanoparticles after the 6000 cycle, 100 h
durability tests. These results are significant because Pt-alloy
catalysts maintained only about 2-fold enhancement in Pt mass
activity compared to Pt nanoparticles after 5000 potential cycles
(0.5�1.0 V at 100mV s�1) in PEM fuel cell tests.7 The durability
of the Pt-monolayer catalysts on Pd and Pd-alloy cores has been
improving, but they still show a considerable loss of Pd under
potential cycles above 1 V. This is largely due to the lower dis-
solution potential of Pd than that of Pt.

We attribute the remarkable sustainable ORR activity on Pt
hollow nanospheres partly to the lattice contraction induced by
the hollows. Figure 5a shows an example of well-calibrated elec-
tron diffraction measurements. An average lattice constant of
3.85 Å was determined from the positions of diffraction rings at
intensity maxima for the imaged Pt hollow particles. The average
lattice strain, εl, calculated by (a �a0)/a0 with a0 = 3.923 Å for
bulk Pt is �1.9%. Samples made with different synthesis para-
meters have shown lattice contraction ranging from �1.2 to
�2.0%. To further confirm significant hollow-induced lattice
contraction, we carried out X-ray diffraction measurements on Pt
hollow nanoparticles synthesized from chemically reduced Ni
nanoparticles. The average particle size was found smaller than
those in the samples used in TEM measurements. From the
peak positions, we deduced an average strain of �1.4% for Pt
hollow particles, compared with 0.4% for solid Pt nanoparticles

Figure 2. (a) STEM images of Pt hollow nanoparticles measured at
20 and 100 �C (after 1 h). (b) TEM images taken at several temperatures
during stepwise heating up at a rate of 50 �C/half-hour. (c, d) STEM
images measured at 20 �C before and after 1 h annealing at 400 �C.



13554 dx.doi.org/10.1021/ja204518x |J. Am. Chem. Soc. 2011, 133, 13551–13557

Journal of the American Chemical Society ARTICLE

Figure 3. (a) ORR polarization and voltammetry (inset) curves in oxygen-saturated and deaerated 0.1MHClO4 solutions, respectively, for solid (blue)
and hollow (red) Pt nanoparticle samples with 22 and 5 μg cm�2 Pt loading, respectively. (b) Comparison of the ESA per Ptmass measured by hydrogen
desorption charges and the ORR specific and Pt mass activities measured at 0.9 V in 10 mV s�1 potential sweeps.

Figure 4. (a) Sequential ORR polarization and voltammetry (inset) curves for Pt hollow nanocatalysts. (b) Pt mass activity as a function of potential
cycling time for Pt hollow and solid nanoparticles.

Figure 5. (a) Electron diffraction pattern (right-bottom corner) measured for Pt hollow nanoparticles. (b) Profiles of X-ray powder diffraction intensity
for solid (blue) and hollow (red) Pt nanoparticles with obtained average particle diameter, d, average lattice strain, εl, and microstrain strain, εm, from
fitting (see Methods and Figure S1 of the Supporting Information). (c) DFT calculated changes in binding energy of oxygen on Pt nanoparticles from
that on Pt(111), �4.09 eV, versus calculated surface strains (average in-plane Pt�Pt distance of all surface atoms compared to that of DFT calculated
bulk Pt, 2.824 Å) using solid and hollow (green color is used for the inner layer to clarify the bilayer-thick shell) spherelike models.
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(Figure 5b). These results confirmed significant hollow-induced
lattice contraction in the multilayer Pt shells.

To better understand the nanoscale effects on lattice spacing
of metal nanoparticles, we note two recent findings: (1) The
small particles, especially those below 5 nm, induce lattice con-
traction in metal nanoparticles due to the significant curvature
effect,21,25 experimentally demonstrated on Au, the noblest of
metals,39 and on Pt and Cu nanoparticles made and kept under
vacuum;40 and (2) a 5 nm air-exposed Pt nanoparticle exhibited a
slightly expanded core, but up to 4.8% lattice expansion at the
surface.41 These observations suggest that, generally, lattice con-
traction on small metal nanoparticles is unobservable because the
surface of most of them become oxidized in air at room tem-
perature, including Pt (the second most noble metal); such
surface oxidation causes lattice expansion affecting the entire
particle. This effect is significant because it is amplified in a
continuous cycle. Surface oxidation induces lattice expansion and
roughens the nanoparticles’ surface; such more loosely bounded
surfaces are more prone to oxidation. Therefore, having a
smooth, oxidation-resistant surface is important for sustaining
lattice contraction in metal nanoparticles. While the air-formed
surface oxide on Pt nanocatalysts is stable under vacuum, it can
be easily removed electrochemically. Usually, its reduction cur-
rent peak only appears in the first negative potential sweep from
the open circuit potential.

By fitting the XRD intensity profiles,42 we determined the
lattice strain, εl, from the peaks’ positions and themicrostrain, εm,
from the peaks’width and shape (see Figure S1 of the Supporting
Information). The latter comes from locally generated stress
caused by the presence of dislocations and point defects, result-
ing in nonuniform deviations in atomic distances from an average
value, i.e., εm = |ad � a|/a, that broaden the diffraction peaks, in
addition to broadening due to particle size.43�45 For metal
nanoparticles, such microstrains often exhibit high values on sur-
faces rich in low-coordination sites, and that is associated with the
lattice expansion due to oxygen adsorption on these sites. Under
this condition, we can estimate the average atomic spacing using
as = a (1 + εm). Thus, the surface strain, defined as the average
spacing of surface atoms with respect to that in the bulk Pt, is
calculated by εs = as/a0� 1 = (1 + εl)(1 + εm)�1.On the basis of
the lattice strains and microstrains given in Figure 5b, the surface
strains are 5.8 and 0.7%, respectively, for the solid- and hollow-
particle samples. Our 5.8% surface strain for the Pt solid
nanoparticles is consistent with up to 4.8% expansion at the
surface of a Pt nanoparticle reported by a STEM study.41 The
hollow-particle sample has 50% smaller microstrain, suggesting
there are fewer defects or low-coordination sites at the surface,
consistent with our TEM observations of well-rounded hollow
particles. The positive surface strains on solid and hollow
particles indicate that the surface-oxidation-induced expansions
overwhelm the nanoscale-induced contractions on small Pt
nanoparticles. A change from positive to negative surface strain,
i.e., having a net contraction on average with respect to the
Pt(111) surface, can happen by improving the synthesis method
to obtain a higher yield of well-rounded, compact hollow spheres.

We further verified the occurrence of hollow-induced lattice
contraction from a theoretical point of view using DFT calcula-
tions. Since the structural optimization of sizable clusters is
computationally intensive, we used the 1.7 nm solid and hollow
(two atomic layer thick shell) spherelike models as shown in
Figure 5c. The effects of a hollow on surface strain and oxygen
binding energy are illustrated by comparing the calculated results

without experimental complications. The calculated surface
strains display a larger lattice contraction on the hollow particle
(�4.47%) than on the solid one (�3.26%), consistent with our
experimental findings of a smaller atomic spacing for hollow sam-
ples (0.7%) than for solid (5.8%) ones despite the different signs
in the surface strains. As discussed above, surface oxidation causes
the lattice expansion of Pt nanoparticles, an effect that is not
included in theoretical modeling. In addition, we expect a smaller
surface contraction for larger nanoparticles with and without hol-
low since their curvature flattens out with increasing particle size.
Thus, the size gap (1.7 nm model versus >3 nm particles in the
samples) also restricts a direct comparison. Nevertheless, the
DFT calculations verified higher lattice contraction and weaker
oxygen binding (Figure 5c) on hollow than solid Pt nanoparti-
cles. Previously reported enhancements in ORR specific activity
result from the weakened oxygen binding energy through mis-
match-induced lattice contraction and/or the ligand effect, as
demonstrated with Pt3Ni single crystals

46 and Pt3Y polycrystal-
line crystals.47 Due to the instability of the non-noble metal in
subsurface layers of nanoparticles under PEM fuel cell operating
conditions, these effects may diminish when the Pt shell thickens.
Thus, hollow-induced lattice contraction is a new route for sus-
taining enhanced ORR activity on nanocatalysts.

In addition to these effects of lattice contraction and smooth
surface morphology, the favorable geometric effects of hollow
particles also play an important role in enhancing mass activity
and stability. Using a spherelike icosahedron cluster model, we

Figure 6. (a) Surface area per Pt mass and the ratio of high-coordina-
tion atoms to the total number of surface atoms, Nh�c/Ns, as a function
of particle size calculated using an icosahedra cluster model. (b) ORR
active area per Pt mass calculated by multiplying total surface area with
Nh�c/Ns.
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calculated the surface area per Pt mass as a function of particle
size for solid and hollow Pt particles (see Supporting Information
for more details on the formula used). As Figure 6a shows, the
surface area per Pt mass is 2.04 cm2 μg�1 for a monolayer-
thick hollow particle, assuming the atomic density of that of the
Pt(111) surface. For hollow particles with thicker shells, the
surface area per mass decreases with increasing particle size. The
value for a 4�8 monolayer-thick, 10 nm hollow particle is still
about double that of the same-sized solid particle. Furthermore,
we show (dashed line in Figure 6a) that for small nanoparticles,
there is a sharp increase in the ratio of the high-coordinate sites
on terraces to the total number of surface atoms, Nh�c/Ns, with
increasing particle size. Because the ORR rate is limited by O-
and OH-desorption on Pt18 at high potentials, the less reactive
high-coordinate (111) terraces are the most conducive to the
ORR.21,48 Thus, the product of surface area and Nh�c/Ns repre-
sents the ORR-active area (Figure 6b). The value for solid par-
ticle is at its maximum around 3 nm and declines with rising
particle size. However, the rate of Pt dissolution increases sharply
with declining size, especially below 5 nm.24 The dilemma in
optimizing particle size for high activity and durability is largely
avoided with hollow particles, for which the ORR-active area per
Pt mass is high from 3 to 12 nm.

In summary, we demonstrated, using atomically resolved
STEM images, the formation of compact, nonporous Pt hollow
nanospheres through partial galvanic replacement of Ni nano-
particles. This finding offers an opportunity to simultaneously
enhance catalysts’ activity and durability for the ORR. Favorable
lattice contraction is achieved on compact Pt hollow nanoparti-
cles without the complications stemmed from a less noble metal
core. Although the inner surface of a complete hollow particle is
not involved in reaction, a hollow nanoparticle affords larger
particle size than a solid one with the same mass, thus signifi-
cantly increasing the amount of the high-coordination surface
sites per Pt mass. Such sites are very important for enhancing the
ORR activity and catalyst’s stability. Besides electrodeposition,
which is convenient for tuning the size of Ni particles, we syn-
thesized Pt-hollow catalysts using wet chemical synthesis method
and used these particles in XRD studies. We found that the
surface strain of metal nanoparticles, determined by XRD-measured
lattice strain and microstrain, strongly correlates with the ORR
catalysts’ performance. Hence it affords us a useful tool in further
optimizing synthesis conditions. Without size- and/or shape-
control agents, the synthesis methods developed are environ-
mentally friendly and low cost, illustrating the promise of nano-
engineering for practical applications.
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