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Md Ariful Hoque,a Gianluigi A. Bottonb and Zhongwei Chen*a

The durability of Pt catalysts in polymer membrane electrolyte fuel cells (PEMFCs) is critical to successful

implementation of this clean energy technology in transportation and stationary applications. Despite

reports on a variety of Pt nanostructures with improved durability, a clear understanding of the

structure–durability relationship is still missing as a rigorous correlative investigation is lacking. Using

five-fold twinned Pd nanowires as templates, we have prepared Pt nanotubular skeleton structures

which duplicate the crystal structure of the template. By comparing the durability of these structures

with commercial Pt/C catalysts and Pt nanotubes, we found that grain boundaries in Pt nanocatalysts

contribute most to the instability of the catalyst structures. These results not only highlight a strategy to

prepare more durable fuel cell catalysts, but also provide a new method to prepare elongated Pt

catalysts with controlled crystal structures, which together will perpetuate the commercial success of

this green energy conversion technology.
1. Introduction

With high efficiency and zero emissions at the point of opera-
tion, polymer electrolyte membrane fuel cells (PEMFCs) are
believed to be one of the most important technologies to sus-
tainably fulll soaring energy demands in the transportation
sector.1–3 Despite promising progress in the development of
non-precious catalysts,4,5 their performance and durability are
still lagging in comparison to state-of-the-art carbon supported
Pt or Pt alloy catalysts.6–9 As Pt catalysts, especially in the
cathode, comprise a large portion of the high cost of PEMFCs,10

extensive research efforts have focused on improving the
activity of Pt and Pt alloy catalysts in an attempt to decrease the
noble-metal content required to facilitate the inherently slug-
gish oxygen reduction reaction (ORR). Signicant progress has
been made on this front by nely controlling the
morphology,11–13 surface facet structures,14,15 surface elemental
proles,16–19 alloying elements,20 strain effects,21–23 structural
ordering24,25 and surface environments26 of Pt-based catalyst
materials. Despite some recent reports on the structural
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evolution of high performance alloy catalysts,27,28 progress in
the durability investigation of Pt catalysts is slow and some
fundamental questions still remain, greatly limiting the nal
widespread implementation of PEMFC systems.29–33

The main cause of catalyst deterioration in PEMFCs is the
potential uctuations at the cathode during start/stop cycles
which could be as high as 1.5 V.8 Under this potential, signi-
cant carbon corrosion occurs, resulting in the isolation and/or
detachment of Pt catalysts from the conductive support. This
occurrence, together with Ostwald ripening of Pt nanoparticles
and their dissolution and re-deposition, leads to decreased
electrochemically active surface areas (ECSAs) and provides
debilitating fuel cell performance loss.9,29,30 To improve the
durability of Pt catalysts, some research teams are investigating
the incorporation of gold34–36 or the use of more stable
supports37–41 while others are focusing on supportless Pt nano-
structures that can circumvent the detrimental occurrence of
support corrosion.42–53 Despite signicant durability improve-
ments observed for several supportless Pt-based catalysts,43–47

others show only very modest improvements,48–50 highlighting
the fact that the structure–durability relationships of this
paradigm of catalyst still remain elusive. Furthermore, the
performances of supportless catalyst-based electrodes, such as
nanostructured thin lm electrodes, are highly humidity
dependent, which may limit the compatibility under practical
conditions for transportation applications.54 While introducing
carbon black may improve the water management of support-
less catalysts, its related impact on PEMFC durability remains
unclear.
J. Mater. Chem. A, 2015, 3, 12663–12671 | 12663
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Herein, using ve-fold twinned Pd nanowires as templates,
we prepared Pt nanotubes with crystal structures duplicated
from the template. Aer an annealing treatment, the Pt nano-
tubes evolved into Pt nanotubular skeletons with preserved
crystal structures, albeit with a much lower density of crystal
boundaries. The prepared catalysts are then mixed with carbon
supports, and the durability under electrochemical testing
conditions is investigated and compared with state-of-the-art
Pt/C catalysts. It is revealed that the crystal boundaries in
elongated Pt nanostructures are prone to dissolution under
potential cycling, signicantly contributing to the instability of
the catalysts. Carbon corrosion, which inevitably results in
ECSA decay in carbon supported particle catalysts, is also found
to not pose an issue in these 3-D interconnected structures.
These results shed light on advanced, highly durable catalyst
development and will perpetuate the commercialization of
these sustainable energy conversion devices.
2. Experimental section
2.1 Synthesis of Pd nanowires

Palladium chloride, polyvinylpyrrolidone (PVP, K-30) and
sodium iodide were purchased from Sinopharm Chemical
Reagent Co. Ltd. All other chemicals were purchased from
Sigma Aldrich. To make a stock solution, 800 mg PVP, 300 mg
NaI and 25 mg PdCl2 were mixed with 12 ml ultra-pure water
(18.23 MU) and the mixture was heated in a water bath at 50 �C
for 3 hours with magnetic stirring. The stock solution was
centrifuged at 10 000 rpm for 5min and transferred into a 20 ml
PTFE-lined stainless-steel autoclave. The sealed autoclave was
heated at 200 �C for 575 min and cooled down to room
temperature. Pd nanowires were collected by centrifuging at
10 000 rpm for 10 min. The products were cleaned several times
with ultra-pure water at 8000 rpm for 10 min each centrifuge
cycle and then dispersed in 8 ml ultra-pure water for the prep-
aration of Pt nanotubular skeletons.
2.2 Preparation of Pt nanotubular skeletons

To prepare Pt nanotubular skeletons, Pt nanotubes were rst
synthesized using Pd nanowires as templates. Briey, 8 ml of
Pd nanowire solution was mixed with an appropriate amount
of K2PtCl4 (5, 10, 20 or 30 mg), 4 ml ultra-pure water, 100 mg
PVP (MW ¼ 29 000) and 100 mg citric acid by magnetic bar
stirring. Aer total dissolution of PVP, the mixture was heated
at 80 �C for 3 hours with rigorous stirring to make Pd nano-
wire/platinum nanoparticle core/shell structures. The prod-
ucts were cleaned several times using ultra-pure water by
centrifuging at 8000 rpm for 10 min each cycle. Pd nanowires
were removed with 4 ml concentrated nitric acid at 50 �C
overnight. The prepared Pt nanotubes were cleaned with ultra-
pure water by centrifuging. Aer mixing with 6 mg Vulcan®
XC-72 carbon black, the products were freeze-dried and
annealed at 250 �C for 20 min with the protection of H2/Ar
(10%) at 140 ml min�1 to obtain the nal Pt nanotubular
skeletons.
12664 | J. Mater. Chem. A, 2015, 3, 12663–12671
2.3 Electrochemical testing

The electrochemical properties of Pt/C, Pt nanotubes and Pt
nanotubular skeletons were tested using PAR model
636 rotating disk electrode systems. The catalysts were
dispersed in 1 ml ethanol containing 4 ml (15 wt%) Naon by
sonication. The catalyst slurries were loaded onto the glassy
carbon electrode with a diameter of 5 mm and dried in an oven
at 60 �C. A reversible hydrogen electrode (RHE) and platinum
wire were used as reference and counter electrodes, respectively.
The catalyst thin lms were activated using cyclic voltammetry
(CV) in Ar purged 0.1 M HClO4 solution at a scan rate of
50 mV s�1. Then the catalytic activities were performed using
liner scanning voltammetry (LSV) in O2 saturated 0.1 M HClO4

solution at a scan rate of 10 mV s�1. The iR drop caused by
solution resistance was compensated.55 The durability test was
performed in N2 purged 0.1MHClO4 solution using CV between
0.05 and 1.3 V at a scan rate of 50 mV s�1 for 3000 cycles.
2.4 Physical characterization

The catalysts were dispersed in ethanol and drop-cast on Al foil
for scanning electron microscopy (SEM) characterization. SEM
images were taken on a Zeiss ULTRA plus eld emission SEM
with a working distance of 10 mm. For transmission electron
microscopy (TEM) characterization, the catalyst slurries were
drop-cast onto a copper grid and dried under an infrared lamp.
TEM images, energy dispersion X-ray spectroscopy (EDS) and
electron diffraction (ED) patterns were collected using a JEOL
2010F TEM at a working voltage of 200 kV. HAADF TEM and
EDS mappings and line-scans were conducted using a JEOL
2010F TEM. High resolution TEM images were taken using both
JEOL 2010F and FEI Titan 80-300 HB.
3. Results and discussion
3.1 Preparation of Pt nanotubular skeletons

Pd nanowires were synthesized using a one-pot hydrothermal
method in which PdCl2 was reduced by PVP in the presence of
NaI.56 As shown in Fig. 1a and S1,† Pd nanowires with a uniform
diameter of around 25 nm and lengths ranging from several
hundred nanometers to the micro-meter scale were easily
synthesized using this method. High resolution transmission
electron microscopy (HRTEM) imaging and electron diffraction
pattern collection demonstrated the ve-fold twinned struc-
tures of Pd nanowires, consistent with previously reported
results.56 As shown in the top panel of Fig. 1a, the Pd nanowires
are composed of ve single crystals twinned with each other
along the h110i direction, forming a wire structure bounded by
{100} surfaces with a pentagonal cross-section. It should be
mentioned that ve-fold twinned nanowires of many other
metals such as Au, Ag and Cu have also been synthesized using
solution-phase methods.57–59

Pt was deposited on the surface of the Pd nanowires using
citric acid as a reducing agent in the presence of PVP. As shown
in Fig. 1b and S2,† Pt nanoparticles with an average size of ca.
5 nm were grown on the Pd nanowires. From the electron
diffraction pattern shown in Fig. 1b, one can only see the
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Preparation of Pt nanotubular skeletons. Top: schematic illustration of the preparation procedure. Middle: low resolution TEM and
electron diffraction (inserts) images. Bottom: high resolution TEM images. (a) Pd nanowires. (b) Pd nanowires epitaxially coated with Pt nano-
particles. (c) Pt nanotubes. (d) Pt nanotubular skeletons.

Fig. 2 Electron micrographs of Pd nanowires epitaxially coated with
Pt nanoparticles. (a and b) High-angle annular dark-field (HAADF) TEM
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diffraction spots from the 5-fold twinned structure which
reveals the epitaxial relationship between the Pd nanowires and
the Pt nanoparticles. This is conrmed by HRTEM imaging
(Fig. 1b) that clearly displays the continuity of the atomic lattice
structure extending from the Pd nanowires and through the Pt
nanoparticles. The epitaxial growth of Pt on Pd is not a surprise
considering the same face centered cubic (FCC) crystal structure
and minimal lattice mismatch (only 0.77%), whereby Pt thin
lms grown on Pd nanoplates epitaxially at low Pt loadings
using citric acid as a reducing agent have also been reported.60

Pd/Pt core/shell dendrite structures with epitaxial relationship
have also been synthesized using L-ascorbic acid as a reducing
agent.10 Although the weaker reducing ability of citric acid
compared with L-ascorbic acid could result in a smoother Pt
morphology, a rough Pt surface was obtained in this work likely
arising due to the higher Pt loadings compared with previous
reports.60 Actually, in our experiments, a smooth Pt shell could
also be obtained using citric acid as a reducing agent on Pd
nanoparticles when the Pt loading was controlled to be low.

Interestingly, the growth of Pt nanoparticles was found to
occur along the edge of the Pd nanowires as shown by scanning
electron microscopy (SEM) images provided in Fig. S2.† To
conrm this preferential growth effect, high-angle annular
dark-eld (HAADF) TEM imaging along with energy dispersive
X-ray spectroscopy (EDS) was performed with the results shown
in Fig. 2. From the HAADF TEM images (Fig. 2a, b, c and g), one
can clearly see that some areas along the length of the nanowire
are brighter, indicating a higher density of Pt atoms residing in
these areas. EDS colour mapping images shown in Fig. 2d–f
conrmed this observation, along with demonstrating a clear
distribution of Pd/Pt in a core/shell structure. This reveals that
This journal is © The Royal Society of Chemistry 2015
the inter-diffusion between Pt and Pd is limited at a relatively
low synthesis temperature of 80 �C. It should be mentioned that
the conventionally used galvanic replacement reaction
method43,50,54,57 to make nanotubes would inevitably introduce
alloying components that would confound investigations into
the structure–durability relationship. In contrast, the method
we developed here resulted in pure Pt nanotubes with
images. (c–f) Elemental mapping images. (g–i) Elemental line scans.

J. Mater. Chem. A, 2015, 3, 12663–12671 | 12665
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controllable surface structures. The EDS line scan across the
diameter of the nanowire (Fig. 2g–i) shows a non-uniform
distribution of Pd, which is consistent with the pentagonal
shape of the cross-section. The preferential growth of Pt nano-
particles on Pd nanowires was further conrmed by EDS line
scan results. With 20 mg K2PtCl4 used in the synthesis, 50.5% Pt
loading (wt%) was determined by EDS. As discussed above, the
Pd nanowires are composed of ve single crystal segments
twinned along the length of the nanowires and forming edge
structures at their boundary. Conrmed by SEM, TEM and EDS
results, Pt nanoparticle deposition along the edge sites of Pd
nanowires is preferred as shown schematically in the top panel
of Fig. 1b most likely arising due to both the geometrical
accessibility and preferential nucleation.

Even though the Pt nanoparticles follow the crystal structure
of Pd nanowires, including crystal lattice orientation in the
same direction, there exist many grain boundaries between the
Pt nanoparticles that offer the accessibility of corrosion
reagents such as nitric acid to selectively remove the Pd nano-
wire core. As shown in Fig. 1c and S3,† aer the removal of Pd
with nitric acid, hollow Pt nanotubes could be obtained, which
was clearly demonstrated by cross-sectional SEM images
(Fig. S3b†). The complete removal of Pd aer acid treatment is
conrmed by EDS. The electron diffraction pattern (Fig. 1c)
demonstrated that the crystal structure similarity of the Pd
nanowires was retained for the Pt nanotube structures. At lower
Pt loading (10 mg K2PtCl4), some areas of the obtained Pt
nanotubes became at (Fig. S3a†) aer mixing with carbon
black, demonstrating that signicant morphological changes
could occur when the Pt loading is not enough for a rigid
structure. For the 20 mg K2PtCl4 Pt loading sample, the cross-
sectional SEM image shown in Fig. S3b† clearly shows that the
pentagonal structure from the Pd nanowires remains. Inter-
estingly and in accordance with previous interpretations, one
can clearly see that the edge areas of the Pt nanotubes are
thicker than the facet areas, which conrms the preferential
deposition of Pt on the edges of Pd nanowires. The continuous
Pt lattice structure consisting of numerous grain boundaries is
clearly seen from TEM and HRTEM results shown in Fig. 1c.
Thus Pt nanotubes composed of nanoparticles oriented in a
5-fold twinned arrangement were prepared by replicating the
crystal structure of 5-fold twinned Pd nanowires.

To prepare Pt nanotubular skeletons, Pt nanotubes were
mixed with carbon and annealed at 250 �C in H2 (10% in Ar). It
could be clearly seen that the Pt nanotubes with a rough surface
evolved into nanotubular skeletons as shown in Fig. 1d and S4.†
Electron diffraction results shown in Fig. 1d show that the ve-
fold twinned structure of Pt nanotubes is still preserved. TEM
and HRTEM results show a Pt nanoskeleton structure with a
smooth surface and continuous lattice fringes along the length
of the structure. The tubular shape is also retained, as observed
in the SEM images shown in Fig. S4.† A close inspection of the
HRTEM results (Fig. 3) also reveals a tube like structure
composed of individual single crystal ligaments along the
length direction, although some unreleased dislocations could
also be observed. Together with the electron diffraction, these
results demonstrated a nanotubular skeleton structure with
12666 | J. Mater. Chem. A, 2015, 3, 12663–12671
preserved ve-fold twinned structure. It is interesting to note
that the nal structures of the Pt nanotubes are controlled by
the annealing temperature and Pt loadings. For higher
annealing temperatures (300 �C, Fig. S5†), Pt nanotubes
collapse into nanowires, while at lower temperatures, Pt nano-
tubular skeletons were obtained. It appears that the tubular
structure of Pt nanotubes could survive at lower annealing
temperature, while at the same time a portion of the Pt nano-
particles are melted to form ligament structures. It is believed
that the areas with high Pt nanoparticle density (i.e., edge sites)
form rigid foundation for the nanotubular skeletons, whereas
the areas with thinner Pt loading (i.e., basal plane sites) form
the connective ligaments. For the lower loading samples, the
nanotubular skeleton structure is not continuous, while for the
higher Pt loading sample, larger ligaments are formed given
that more Pt could be used during the structure sintering. The
Pt nanotubular skeletons together with Pt nanotubes offer a
platform to compare the durability of Pt nanostructures with
similar crystal structure but different extents of low coordina-
tion atoms.
3.2 Electrochemical characterization

The electrochemical catalytic ORR activities of Pt nanotubes, Pt
nanotubular skeletons and commercially available Pt/C for
comparison are shown in Fig. 4. From Fig. 4a, one can see that
the Pt redox peaks of Pt nanotubes and Pt nanotubular skele-
tons shied toward higher potentials compared with the Pt/C
catalyst, which reveals weaker oxygen species binding energy of
these inter-connected structural surfaces.45–47 It has been well
documented that the catalytic activity of Pt nanostructures
towards the ORR will increase with an appropriate decrease in
the binding energy of oxygen species to the Pt surface.16–21 This
is because low coordination surface Pt atoms, such as those
present in nanoparticle structures, are prone to active site
blockage by oxygen containing spectator species (i.e., OHad)
induced by bonding strengths that are higher than optimal
values.61,62 With similar ECSA values, both the onset and half-
wave potentials of Pt nanotubes and Pt nanotubular skeletons
are higher than the Pt/C catalyst (Fig. 4b), which demonstrates
an improved catalytic activity towards the ORR. The measured
ECSA-based specic activities of Pt nanotubes, Pt nanotubular
skeletons and Pt/C catalysts are shown in Fig. 4c. Both Pt
nanotubes and Pt nanotubular skeletons show much higher
activities than the Pt/C catalyst in the whole potential range,
with Pt nanotubular skeletons demonstrating the highest
performance. Specically, the ECSA specic activities of Pt
nanotubular skeletons, Pt nanotubes and Pt/C at 0.95 V vs.
reversible hydrogen electrode (RHE) are 0.14, 0.11 and 0.04 mA
cm�2, respectively. The specic activity of Pt nanotubular skel-
etons is 3.5 times that of the Pt/C catalyst, which may be caused
by the lower amount of low-coordination Pt atoms in the
extended surface structure of Pt nanotubular skeletons.

The specic surface areas (SSAs) of Pt nanotubes and
Pt nanotubular skeletons were measured to be 22.4 and
21.1 m2 g�1, respectively. These numbers are comparable with
reported values of elongated catalysts that range from �10 to
This journal is © The Royal Society of Chemistry 2015
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Fig. 3 HRTEM images of Pt nanotubular skeleton. (a) HRTEM image from the highlighted area in Fig. 1d. (d–f) Band pass filtered and color coded
HRTEM images from one ligament in (a). (b) and (c) Band pass filtered and color coded HRTEM images from another ligament in (a). Some
dislocations are marked by white arrows.
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�25 m2 g�1.19,42–45 For example, the nanostructured thin lm
catalysts42 developed by using 3M are �10 m2 g�1, and decrease
further to 9 m2 g�1 aer heat treatment.19 Considering Pt
nanotubular skeletons are heat treated and have excellent
durability, the measured SSA of 21.1 m2 g�1 compares favorably
with 3M catalysts.19,42 The similar SSA of Pt nanotubular skele-
tons compared with Pt nanotubes, despite a signicantly
Fig. 4 Electrochemical properties of Pt nanotubular skeletons. (a) Cyclic
Linear sweep voltammetry curves in O2 saturated 0.1 M HClO4, scan rat
potentials. (d) ECSA retention after cycling between 0.05 and 1.3 V in N2

This journal is © The Royal Society of Chemistry 2015
smoother surface, may arise due to increased exposure of the
inner surface of the tube-like structures aer heat treatment.
We additionally showed much improved Pt ECSA specic
activity enhancement for Pt nanotubes and Pt nanotubular
skeletons, whereby the 3.5 times activity enhancement in
comparison to the Pt/C catalyst is signicant considering that
further activity gains can be obtained by alloying.16,17 It is also
voltammetry curves in N2 purged 0.1 M HClO4, scan rate: 50mV s�1. (b)
e: 10 mV s�1. (c) Pt ECSA specific kinetic current densities at different
purged 0.1 M HClO4, scan rate: 50 mV s�1.

J. Mater. Chem. A, 2015, 3, 12663–12671 | 12667
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Fig. 5 Structural evolution of Pt nanotubular skeletons. (a) TEM images of Pt/C before (top) and after (middle) the acceleration durability test. (b)
TEM images of Pt nanotubes after (top and middle) ADT. (c) TEM images of Pt nanotubular skeletons after (top and middle) ADT, HRTEM images
were band pass filtered and color coded to enhance visibility. Bottom: schematic illustration of the structural evolution.
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worth mentioning that PtNi alloy nanoframe structures have
recently been prepared and show 22 times specic activity
enhancement toward the ORR compared with Pt/C catalysts.11

With similar 3-D interconnected structures, it is believed that
the performance of Pt nanotubular skeletons could be further
improved by alloying with Ni or Cu using in situ alloying
methods22,23 or post seed-based diffusion routes.63,64

As mentioned above, the unique structures of Pt nano-
tubular skeletons and Pt nanotubes make them suitable
candidates to investigate the structural evolution during accel-
erated durability testing (ADT) in comparison with the Pt/C
catalyst. The ADT was performed in N2 purged 0.1 M HClO4 at
30 �C with potential cycling between 0.05 and 1.3 V vs. RHE, a
range in which both carbon corrosion and Pt dissolution could
occur.8,9 The potential range we selected here is much wider
than the relatively more benign potential values used in many
investigations (i.e., 0.6–1.1 V vs. RHE).34 This is because we
wanted to investigate and understand the electrochemical
durability of the developed materials under much more severe
electrochemical conditions. Catalyst degradation was investi-
gated by monitoring changes in the Pt ECSA. As shown in
Fig. 4d, Pt nanotubular skeletons and Pt nanotubes performed
much better than the Pt/C catalyst throughout the entire test
duration. Aer 3000 cycles, only 25.7% of the pristine ECSA was
le for the Pt/C catalyst, while 76.0% and 59.1% of the initial
ECSA remained for Pt nanotubular skeletons and Pt nanotubes
12668 | J. Mater. Chem. A, 2015, 3, 12663–12671
aer the same procedure. Although mixed with carbon black,
the 76.0% ECSA remains of the Pt nanotubular skeleton is
better than that of the previously reported supportless nano-
porous Pt6Ni1 alloy catalyst where 63.1 and 50.0% of the ECSA
remained aer 1000 and 4000 cycles of ADT, respectively, in
0.1 MHClO4 at 30 �C between 0.04 and 1.3 V vs. RHE with a scan
rate of 20 mV s�1.46 It also compares favorably with other Pt
nanostructure carbon black mixed catalysts such as multi-
armed star-like Pt nanowires on the carbon catalyst, where only
60% of pristine ECSA remained aer 4000 cycles of ADT in 0.5M
O2-purged H2SO4 solution at room temperature, with a scan rate
of 50 mV s�1, even within a much narrower potential window
(i.e., 0.6–1.2 V vs. RHE).45
3.3 Structural evolutions during the accelerated durability
test

The structures of the catalysts aer ADT were characterized by
TEM and results are shown in Fig. 5. The pristine Pt/C catalyst
shows a characteristic morphology that includes Pt nano-
particles of 2–3 nm in diameter uniformly distributed on carbon
black particles of ca. 30 nm. Aer ADT, severe particle size
increases are observed, consistent with previously reported
results.31,32,46 On the other hand, Pt nanotubes and Pt nano-
tubular skeletons undergo different structural evolutions, both
of which turned into a similar tubular structure with diamond
shape ligaments. From the HRTEM results shown in the middle
This journal is © The Royal Society of Chemistry 2015
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panels of Fig. 5b and c, it is clearly observed that the lattices are
continuous from one diamond to another along the entire
length of the structure. Close examination of the surface reveals
that most of the surface is covered by atomic steps composed of
high index facets such as {210}, {310} and {311} (see Fig. 5c).
Clearly, the structural evolution of Pt nanotubular skeletons
and Pt nanotubes is dramatically different than Pt/C catalysts,
even though these catalysts are also mixed with carbon black
during the electrochemical tests. The nal structures of both Pt
nanotubes and Pt nanotubular skeletons aer ADT show a
network structure composed of diamond shape knots. This is
believed to be a relatively stable structure resulting from the
ADT conditions employed. It has been reported that Pt tetra-
hexahedral nanocrystals with high index surface could be
synthesized by square-wave potential excursion during which
the preferential adsorption of oxygen atoms at stepped Pt atoms
was proposed to be the driving force for the formation of this
structure.65 With similar potential cycling conditions and a
stepped-surface, it is believed that a similar driving force guided
the formation of diamond shape structures during ADT. It is
obvious that the structural change of Pt nanotubes is much
higher than that of Pt nanotubular skeletons despite the similar
nal structures. This observation is consistent with the
increased ECSA loss of Pt nanotubes through ADT. The similar
nal structure of Pt nanotubes and Pt nanotubular skeletons
may be guided by the same underlying crystal structures.

Both improved durability and minimized structural changes
of Pt nanotubes and Pt nanotubular skeletons were observed in
comparison to Pt/C, demonstrating that carbon corrosion is
vital to the durability of carbon supported Pt nanoparticle
catalysts but not a big problem for 3-dimensional Pt nano-
structures. In fact, as shown in the schematic illustrations in
Fig. 5, Pt nanotubes and Pt nanotubular skeletons are sur-
rounded by carbon rather than supported by carbon. Therefore,
the carbon corrosion will result in Pt nanoparticle migration,
aggregation and detachment for Pt/C, but won't necessarily
result in structural changes for Pt nanotubes and Pt nano-
tubular skeletons. Further comparison between Pt nanotubes
and Pt nanotubular skeletons demonstrates that the structures
of Pt play a vital role in durability improvement. With similar
crystal structure, the signicant difference between Pt nano-
tubes and Pt nanotubular skeletons is that Pt nanotubes have
rough surfaces with more low-coordinated Pt atoms and thin Pt
nanolms as grain boundaries connecting Pt nanoparticles on
the surface. These low-coordinated Pt atoms and thin Pt
nanolms disappear aer annealing (for the preparation of Pt
nanotubular skeletons) and also aer ADT on Pt nanotubes.
These results demonstrate the unstable nature of low-coordi-
nated Pt atoms and thin Pt nanolms which should be avoided
in the design of new catalysts.

4. Conclusions

In conclusion, Pt nanotubes and Pt nanotubular skeletons have
been synthesized using ve-fold twinned Pd nanowires as
templates. The preferential Pt deposition on the edge of Pd
nanowires is the key for the nal formation of Pt nanotubular
This journal is © The Royal Society of Chemistry 2015
skeletons. The crystal structure of Pd nanowires was duplicated
by epitaxial casting and preserved in the Pt nanotubes and Pt
nanotubular skeletons. By following the structural evolution
and ECSA decay, it was found that the presence of low coordi-
nated Pt atoms on the surface is the source of durability decline
for these 3-D interconnected Pt nanostructures, while carbon
corrosion, which is vital to the stability of carbon supported Pt
nanoparticles, is not a signicant issue. These results reveal the
structure–durability relationship of Pt nanostructural catalysts
which sheds light on the development of advanced fuel cell
catalysts and will benet the practical applications of Pt nano-
structures in related elds.
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