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The poor durability and high cost of Pt nanoparticles has always been a challenge to the
commercialization of proton exchange membrane fuel cell (PEMFC)-powered vehicles. Pt-
based nanowires have better durability and catalytic activity. Hollow nanowires reduce Pt
consumption and thus save cost. In this paper, PtCo hollow nanowires with well-controlled
ultrathin wall thicknesses of 2~4 nm have been synthesized by electrospinning, annealing
and dealloying. To our best knowledge, these are the thinnest wall yet achieved by use of
electrospinning. The mechanism of hollow nanowire evolution is studied. It is found that the
temperature of reduction is crucial for the retention of the hollow structure. In contrast to
conventional Pt/C nanoparticles which lose 38% of their initial activity, these ultrathin
hollow nanowires exhibit well-preserved activities after 10000 cycles. Our studies raise

promising possibilities for synthesizing highly durable Pt-based catalysts.

Introduction

Industrial applications of polymer electrolyte membrane fuel
cells (PEMFCs)!'*! are limited by the slow kinetics of oxygen
reduction reaction (ORR).*} Pt nanoparticles are the major
active materials for ORR electrocatalysis.['>'* In attempts to
increase ORR activities, a number of novel structures have been
prepared and tested, including Pt-based nanoparticles supported
on mesoporous carbons with various compositions,>!*!
shape-controlled particles,!"*'® and core-shell structures.!!”>!
However, poor durability and high cost remain major
problems.”** Due to the high surface energy of nanoparticles,
they tend to grow and aggregate resulting in the loss of surface
area.?*?"1 Pt-based nanowires and nanorods have better
durability and enhanced activities compared to carbon-
supported Pt nanoparticles.?54,

There are a number of ways reported to make one-
dimensional nanowire structures, such as copper underpotential
deposition,?”)  chemical reduction,*®**"!  chemical vapor
deposition,™  template method,?**! electrospinning,***%"
etc. Among these methods, electrospinning is a facile way to
make an interweaving network of long wires (millimeters in
length) %595 while avoiding particle agglomeration.?***! In

This journal is © The Royal Society of Chemistry 2013

addition, hollow nanowires have been obtained by heating solid
precursor nanowires from electrospinning.®”’ The hollow
structure can provide lower Pt consumption and thus save cost,
and may even improve catalytic performance.’®>! However,
the wall is too thick (15~20 nm)P”! to effectively utilize
materials.

In this paper, we report dealloyed PtCo hollow nanowires
with ultrathin wall thickness (2~4 nm) formed by a single
electrospinning step followed by annealing and dealloying. This
is the thinnest size of wall reported to our best knowledge by
using the same or a similar method. The temperature of
reduction is found to be crucial for the maintenance of the
hollow structure. These long, ultrathin hollow nanowires
exhibit far better durability and higher ORR activities than
conventional Pt/C nanoparticles.

Results and discussion

PtCo, hollow nanowires of 40~50 nm diameter formed a
network after annealing in air. These wires were too long to be
measured (Figure la, b). After 5 h reduction in H, at 250 °C,
the wire diameter decreased to 30~40 nm while the hollow
structure was maintained (Figure 1c, d). It can be clearly seen
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that the wall is uniform and the thickness is around 5 nm
(Figure le). HAADF (Figure 1f) and elemental linear scans
along a cross section by energy-dispersive spectroscopy (EDX)
(inset in Figure 1f) confirmed the hollow structure. Both Pt and
Co have highest peaks on the edges, and also lowest ones along
the center of the wire. Their spectra overlay, indicating a
homogeneous distribution of Pt and Co atoms, i.e., PtCo alloys.

Figure 1. (a,b) SEM images of PtCo, hollow nanowires after
annealing in air up to 500 °C, (c,d) SEM images, (¢) TEM and
(f) HAADF of PtCo, hollow nanowires after reduction at 250
°C for 5 h (inset is a cross-sectional compositional line profile:
Pt (solid red) and Co (dashed black)).

X-ray diffraction patterns before and after reduction are
shown in Figure 2, indicating that almost all of the Co were in
the form of an oxide after annealing in air and the Pt was in a
noncrystalline form. After reduction in H,, the only observed
phases were PtCo alloys and Pt. The transition from oxide to
metal explains the size contraction upon reduction (Figure S1).

i a Pt-rich PtCo alloy
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Figure 2. X-ray diffraction of PtCo, hollow nanowires after (a)
annealing in air up to 500 °C, and (b) subsequent 5 h reduction
in H, at 250 °C.

The electron microscopy and XRD results lead us to
hypothesize that there are several stages in the hollow wire
formation process: (a) Electrospinning generated a solid
composite wire of polymer and metal salts (see the as-spun
composite wires in Figure S2). (b) Heat treatment in air
oxidized the polymer (to CO,, water, N,, et. al.) and the salts
from the surface inwards, initially forming metal oxide
nanoparticles dispersed within remaining unoxidized polymer.
As oxidation of the polymer progressed further, the oxide
particles gradually got connected and formed a rigid, porous
wall which fixed the diameter of the oxidized wire. (¢) Since
the wall was porous, it allowed oxygen to diffuse in to oxidize
the polymer and the metal salt inside. The vaporized water and
CO, diffused out and metal oxide was deposited inside next to
the wall or within the wall, forming a hollow wire. When the
oxidation process finished, the wire was completely hollow
with a wall thickness that is believed to depend on the initial
polymer concentration and the oxidation temperature. (d) In the
reduction stage, porosity allowed hydrogen to reduce the oxide
to metal, leading to shrinkage of the wire diameter. This
process is shown in Scheme 1.

: PVP/metal salts composite nanowire *: metal oxide nanoparticle «: metal nanoparticle

Scheme 1. Formation of the hollow PtCo structure starting
from as-spun composite nanowires.

Chen et al. studied the morphology evolution
comprehensively until the step of oxidation.””) Morphologies
under different reduction temperatures were studied here
(Figure 3a,b). At 350 °C, hollow nanowires seemed to be
melted a bit, leaving some pores on the surface. When the
temperature increased to 450 °C, nanowires turned to be beads-
connected without the hollow structure. These show that the
reduction temperature needs to be well controlled in order to
keep hollow nanowires. The microstructure of PtCo alloy might
be also influenced by the annealing temperature, although the
average composition of PtCo alloy (1:2) does not change.

in H, at (a) 350 °C, and (b) 450 °C.

By use of similar techniques (electrospinning and heat
treatment), Chen et al. *”! obtained similar hollow nanowires of
iron and cobalt oxide. Li et al. ! also prepared tubes of some
cobalt oxides by annealing in air. However, the wall thickness

This journal is © The Royal Society of Chemistry 2012
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of our hollow nanowires was the thinnest achieved to our best
knowledge by using the same or similar method.!**-%*!

After acid leaching in 1 M HNO; at 80 °C for 5 h, the
nanowire size had further decreased to 20~30 nm meanwhile
the network was well kept (Figure 4a). Atomic ratio of Pt:Co
changed from 1:2 initially to 1.4:1 by SEM EDX measurement
(Figure 4b). A clearer morphology with lattice fringes can be
seen in the TEM image (Figure 4c). The wall thickness was
only 2~4 nm. The surface is mainly composed of (111) atomic
plane of pure metallic Pt, with only a few of alloyed PtCo. This
indicates that most surface Co atoms have been removed by
acid leaching. This desired core-shell structure (i.e., Pt-rich
surface and PtCo alloy underneath the surface) is to resemble
the Pt-skin Pt;M bimetallic alloy nanostructures reported®*! to
have enhanced activity and durability. We chose a 5 h acid
leach because longer dealloying times caused the wires to
curve, although their diameter didn’t change much (Figure S3)
and thus the composition and resulted activity are believed to
be close under longer dealloying durations.

i
i
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Figure 4. (a) SEM image, (b) EDX spectrum, and (¢) TEM
image of hollow PtCo ultrathin nanowires after acid leaching
in 1 M HNO; at 80 °C for 5 h.

Durability test was conducted by cycling the RDEs in N,-
saturated dilute electrolyte (0.1 M HCIO4) 10000 times from
0.6 to 1.0 V vs. RHE at a sweep rate of 50 mV s at room
temperature (Figure 5). It can be seen from Figure Sa that CVs
before and after cycling overlay well. The electrochemical
surface area is 26 m? g'lpt, which is, as expected, about half of
that seen for conventional nanoparticulate Pt/C (53.8 m? g
'p0).1%%) Importantly, the ORR polarization curve is also well
retained after 10000 cycles (Figure 5b). There is nearly no
change either in the half wave potential or in the diffusion
current of the polarization curve, suggesting that there is neither
activity loss nor obvious composition change. This is superior
to most cycling stabilities of Pt-based electrocatalysts reported.
The morphology was well maintained and no obvious
composition change was observed after the cycling test for
many small Pt-based nanowires (maximum pm in
length).#%4%674 Qur PtCo hollow nanowires are ultralong (in
the magnitude of mm) and the wire diameter is large (20-30
nm). More importantly, they form a self-interweaving network.
Therefore, the excellent durability is believed to arise- from the
stable long-interweaving nanowires, which do not undergo
significant agglomeration or Ostwald ripening.**77! By
comparison, commercial Pt/C nanoparticles lose 38% of
specific activity and 25% of mass activity after 10000 cycles
(Figure 5c,d). The rapid decline of activities for Pt/C results
from the agglomeration, Pt dissolution and ripening of
nanoparticles.”*?37% It should be noted that PtCo/C

This journal is © The Royal Society of Chemistry 2012
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nanoparticles have a close specific activity (~700 pA/cm?p,) and
higher mass activity (0.34 A/mgPt) than PtCo hollow
nanowires and Pt/C nanoparticles,!®” but their cycling stability
is similar to Pt/C nanoparticles due to the same reasons of
nanoparticle agglomeration and ripening mentioned above.!'””
81 It is also noteworthy that the activities of PtCo hollow
nanowires are higher than those of Pt/C and also other
nanowires such as Pt nanotubes,® star-like Pt nanowires, "
porous PtFe nanowires,?” etc. The activity enhancement could
arise from several sources. The continuous nanowires are
curved in only one direction, while nanoparticles are curved in
all directions. Therefore the mean coordination number of the
surface Pt atoms is expected to be higher for continuous
nanowires vs. nanoparticles, decreasing the bonding strength of
O-containing adsorbates and increasing ORR activity.l'! The
presence of the Co alloying element can also increase the
activity. Figure 4c shows the presence of lattice fringes
corresponding to (111) planes of PtCo and Pt. These catalysts
partially benefit from the very high activity previously seen for
(111) planes of large Pt-alloy crystals.™
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Figure 5. (a) CV curves of dealloyed hollow PtCo ultrathin
nanowires recorded at 0 and 10000 cycles in N,-saturated 0.1
M HCIO, solution at a sweep rate of 20 mV s, (b) ORR
polarization curves of dealloyed hollow PtCo ultrathin
nanowires recorded at 0 and 10000 cycles in O,-saturated 0.1
M HCIO, solution at a sweep rate of 5 mV s, a rotation speed
of 1600 rpm, (c) specific activities, and (d) mass activities of
dealloyed hollow PtCo ultrathin nanowires at 0.9 V versus
RHE, in comparison with those of Pt/C calculated from refs. 37
and 65.

Experimental

Synthetic procedures. A precursor solution was prepared
using polyvinylpyrrolidone (50 mg ml', PVP, 1.3x10° MW,
Aldrich), hexachloroplatinic acid (15 mM, H,PtClg*6H,0,
Aldrich), cobalt nitrate (30 mM, Co(NO;),*6H,0, Aldrich) and
tetrabutyl ammonium chloride (1 mM, TBAC, surfactant,
Aldrich), all dissolved in methanol (Aldrich). The atomic ratio
of Pt to Co in the precursor solution was 1:2. Electrospinning
was applied with a solution feed rate of 0.15 ml h™! and with +9
kV applied to the needle vs. a collecting substrate positioned 9
cm away. As-spun nanowires were annealed up to 500 °C in air
for 90 hours to completely get rid of the PVP polymer (Figure
S4). They were then reduced in H, at 250 °C for 5 hours to
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transform into metal. The PtCo, nanotubes were then immersed
in 1 M HNOj; at 80 °C for 5 hours to dissolve and dealloy some
Co from the surface.

Characterization. The morphologies and compositions of the
catalysts were characterized by a field-emission scanning
electron microscope (FESEM, Zeiss-Leo DSM982) operating at
a voltage of 10 kV and by a scanning transmission electron
microscope (FE(S)TEMFEI Tecnai F20) equipped with a Gatan
high-angle annular dark field detector (HAADF) at an
accelerating voltage of 200 kV. X-ray diffraction work was
performed on a Philips X'Pert High Resolution Materials
Research Diffractometer using Cu Ko radiation (A=1.54 A).
Thermogravimetric analysis was conducted on a TGA Q500
(TA Instruments), with temperature increased up to 650 °C at a
rate of 10 °C min"' under sequential flows of ultra-dry high
purity N, air and H,,

Electrochemical measurements. Acid-leached PtCo hollow
nanowires mixed with Vulcan carbon black (2 mg) were
ultrasonically dispersed in a solution containing ultrapure water
(1.2 mL, Milli-Q® system, Millipore, MA USA), 2-propanol
(0.3 mL, HPLC grade, Sigma-Aldrich, USA) and Nafion®”
solution (10 pL, 5.37%, Sigma-Aldrich, USA). Then a drop of
the well-dispersed catalyst (10 pL) was placed onto a polished
glassy carbon (GC) disk electrode and dried in a gently flowing
nitrogen environment for 1 h. Pt mass loading was 13.33 pgp,
cm?2. 0.1 M HCIO, was used as the electrolyte, diluted from
70% concentrated HCIO, (GFS Chemicals, doubly distilled)
with ultrapure water (Millipore MilliQ system). Rotating disk
electrode (RDE) measurements were conducted in a 3-electrode
electrochemical cell setup. Cyclic voltammograms (CVs) were
measured at a scan rate of 20 mV s in N,-saturated 0.1 M
HCI10,. Electrochemical surface area was determined from the
hydrogen adsorption area subtracted by the double layer in the
CV curve, with the use of 210 pC cm™ as the adsorption charge
of a hydrogen monolayer. Oxygen reduction activities were
measured at a rotation speed of 1600 rpm in O,-saturated 0.1 M
HClO, at a scan rate of 5 mV s, all at room temperature.
Durability performance was tested by potential cycling on the
RDE from 0.6 to 1 V at 50 mV s for 10000 cycles. All the
potentials in this paper are given relative to the RHE.

Conclusions

In summary, long PtCo hollow nanowires were obtained by
electrospinning, annealing and acid leaching, resulting in the
thinnest wall thicknesses of only 2~4 nm to our best
knowledge. The temperature of reduction is found to be
important to keep the hollow structure. These dealloyed hollow
ultrathin nanowires showed far superior durability in terms of
both resistance to surface area loss and, more importantly,
activity loss when compared with commercial Pt nanoparticle
catalysts.
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Long PtCo hollow nanowires with ultrathin wall thicknesses of only
2~4 nm (to our best knowledge, these are the thinnest wall by similar
methods) show significantly well-preserved durability for the

oxygen reduction reaction.
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