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Figure 7. Energy density versus cycle number of a HPB/EC:DEC:LiClO,/
LiMn,O4 three-electrode cell at 25°C and a C/5 rate. The energy density
is calculated on the basis of the anode and cathode mass only.

different times, and iii) cooling to room temperature in 12 h. The
products were removed from the walls of the ampoules, extracted with
refluxing THF to eliminate the soluble parts, if any, and dried under
reduced pressure (10~ mbar). For simplicity, the final product is here-
after referred to as HPB carbon.

The physical, chemical, and morphological characteristics of the
HPB carbon were checked by X-ray diffraction (XRD) and by scan-
ning electron microscopy (SEM, Oxford Instruments LEO 1450VP).
XRD experiments were carried out by means of a Phillips X Pert Pro
diffractometer, using Cu Ko radiation (260 range 10°-60°, step size
0.05°, time/step 7.2 s).

The HPB carbon was ball-milled for a fixed period of time
(10 min) to improve its morphology in view of electrode perfor-
mance. For the electrochemical tests, the HPB was prepared in the
form of a thin-film electrode (0.1 mm) by doctor-blade casting of a
slurry of HPB, poly(vinylidene difluoride) [PVdF, binder], and fine
Super P powder (electronic additive) onto a copper foil current col-
lector [10]. Lithium manganese spinel, LiMn,O,, was prepared by
solid-state synthesis using a stoichiometric amount of LiOH-H,O
(Aldrich, 99.5 %) and MnO, (Aldrich, 92 %). The reagents were first
mixed in n-hexane, then the dried precursor was treated two times at
800°C for 12 h in air and finally ground in an agate mortar. The
structure was checked by X-ray diffraction. The Li/Mn ratio, mea-
sured by inductively coupled plasma (ICP) emission spectroscopy,
was found to be 0.98/2.

A procedure similar to that described for the HPB electrodes was
used for the preparation of thin-film LiMn,0O, electrodes, using alumi-
num foil as the current collector.

The capacity delivery and the cycle life of the HPB electrodes was
investigated in electrochemical cells using a lithium metal counter
electrode and as the electrolyte 1 M LiClO, in EC/DEC 1:1 in molar
ratio. Laboratory two-electrode-type or coin-type cells were used.
Cells were cycled in the voltage range 20-3000 mV at C/5 current rate
(related to theoretical capacity of graphite).

The lithium-ion batteries were prepared by contacting in se-
quence a HPB anode, a Whatman fiberglass separator disk soaked
with the liquid electrolyte (1 M LiClO,4 in EC/DEC 1:1 in molar
ratio) and the LiMn,0, cathode. The spinel/carbon ratio was 9:1
w/w. A third lithium metal reference was added. The cells were ini-
tially activated with a few cycles versus lithium metal electrode
(C/5 current rate, 20-3000 mV) and then sealed for the remaining
cycling tests. The latter were performed using a MACCOR 220
automatic battery cycler, in the voltage range 1000-4000 mV at C/5
current rate.
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Tin/Platinum Bimetallic Nanotube
Array and its Electrocatalytic Activity
for Methanol Oxidation**

By Yu-Guo Guo, Jin-Song Hu, Hui-Min Zhang,
Han-Pu Liang, Li-Jun Wan,* and Chun-Li Bai*

Considerable attention has been paid to direct methanol
fuel cells (DMFC) because of their potential use in powering
portable electronic devices.'! An effective electrocatalyst is
the key component in DMFC. Although metal particles such
as Pt and Pt-Ru are very useful in the anodic oxidation of
methanol, high costs limit their practical application. There-
fore, economical and effective alternative catalysts are re-
quired, and cost-effective routes are being sought to make
more efficient Pt catalysts. One approach to achieve this aim
is to produce Pt catalysts as nanoparticles with a high surface
area for high catalytic performance and utilization efficiency.
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Recently we have shown that enhanced electrocatalysts of Pt
can be obtained as hollow nanospheres without changing cata-
lyst loading.!®! Another approach is to use Pt alloys to replace
pure Pt. Among these alloy catalysts, Pt-Sn nanoparticles
have been demonstrated as an attractive candidate reported
by Wrighton’s[7'10] and Golabli’s groups.[“] They found that
the activity of electrodeposited Pt—Sn bimetallic particles for
methanol oxidation is not only higher than that of Pt parti-
cles,"" but also higher than that of the acknowledged Pt-Ru
particles."!! On the other hand, the miniaturization of fuel
cells requires submicrometer-sized conductive support elec-
trodes. Therefore, single-walled and multiwalled carbon nano-
tubes have been recently used to support Pt clusters with a
high surface area for developing electrode materials for
DMFC,'>5] in addition to the often-used electrically con-
ducting carbon film. However, the synthesis, metal loading,
and deposition of these nanotubes remain 1 non-trivial tasks.
Recent efforts to prepare ordered arrays of metallic nano-
tubes by the template synthesis method pioneered by Martin’s
group, have provided new avenues to design high-surface-area
electrode materials.['%! Highly ordered and well-aligned
metallic nanotube arrays with a conductive substrate consti-
tute a new class of submicrometer-sized conductive support
electrodes. As the template synthesis method is a versatile ap-
proach, various metallic nanotube arrays can be fabricated for
the consideration of electrodes. Here, we report our recent re-
sults on the study of catalysts. In order to produce a catalyst
for DMFC with low cost and high efficiency, we have ex-
tended our previous research and improved the Pt-Sn nano-
particles to Pt-Sn nanotubes. An ordered and well-aligned ar-
ray of Sn/Pt nanotubes was fabricated by a template synthesis
method. The nanotube array showed remarkable activity to-
ward methanol oxidation.

The Sn nanotube array serves as a conductive dispersing
support for depositing Pt nanoparticles and promotes catalytic
activity toward methanol oxidation. A schematic diagram of
the procedure used to fabricate the Sn/Pt bimetallic nanotube
array is shown in Figure 1. An evaporating and an electrode-
position process are used. Details of the fabrication are de-
scribed in the Experimental section.

Figure 2a,b show the typical scanning electron microscopy
(SEM) images of Sn nanotube arrays prepared by the evapo-
rating process. It can be clearly seen that an ordered array of

a) b)

c) [] 1
—1 AAD template
= Sn nanotubes
= Pt nanoparticles

Figure 1. Schematic illustration of the procedure used to fabricate the
Sn/Pt bimetallic nanotube array in the pores of a porous anodic alumi-
num oxide (AAO) template.
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nanotubes with uniform diameter and length is formed. The
hollow nature of the tubes is also confirmed by a transmission
electron microscopy (TEM) image as shown in Figure 2c. The
outer diameter of the nanotubes is ca. 300 nm, retaining the
size and near cylinder shape of the pores of the anodic alumi-
num oxide (AAO) template.'! The inner diameter of the
nanotubes is ca. 210+ 60 nm obtained by the high-magnifica-
tion SEM image in Figure 2b. The average length of the Sn
nanotubes is up to 60 um (i.e., the entire thickness of the
AAO template) according to cross-section SEM images of the
array, indicating that the evaporated tin atoms have coated
the pore wall in the entire channel of the AAO template.
Furthermore, there are apparently no macroscopic defects in
the nanotubes.

After electrodeposition of Pt, the morphology of the nano-
tube array was also characterized by SEM and TEM. Fig-
ure 2d shows a typical SEM image of the so-prepared Sn/Pt
bimetallic nanotube array. It can be seen that a hollow struc-
ture is still retained, although the inner diameter of the nano-
tubes is smaller than that of pure Sn nanotubes. From a com-
parison of the TEM images of the Sn nanotube in Figure 2c
and that after the electrodeposition of Pt in Figure 2e, it is
clear that the wall thickness becomes larger after the electro-
deposition. The inset in Figure 2e is a high-magnification
TEM image of the Sn/Pt nanotube, showing the Pt nanoparti-
cles on the inner-wall surface of the Sn nanotube.

The chemical composition of the bimetallic nanotubes is de-
termined using energy-dispersive X-ray (EDX). In the EDX
profile of the Sn/Pt nanotubes (Fig. 2f) the peaks of Sn and Pt
are seen, confirming the successful deposition of platinum
into the tin nanotubes. Quantitative analysis results show an
atomic composition of 61.9 % Sn and 38.1 % Pt of the com-
posite nanotubes.

The crystal structure of the Sn/Pt nanotubes was investi-
gated by X-ray diffraction (XRD). Figure 3 shows the XRD
pattern recorded for a Sn/Pt nanotube array. The eight diffrac-
tion peaks appearing at 20=30.7, 32.1, 43.9, 45.0, 55.4, 62.6,
63.9, and 64.7° can be assigned as the 200, 101, 220, 211, 301,
112, 400, and 321 indices of the tetragonal phase of 3-Sn, and
the three main diffraction peaks appearing at 20 =39.8, 46.2,
and 67.5° can be assigned as the 111, 200, and 220 indices of
face-centered-cubic (fcc) Pt polycrystallites. Furthermore, the
sizes of the Pt crystallites in the nanotubes are estimated from
the widths of the major diffraction peaks observed in Figure 3
by Scherrer’s formula. The mean crystallite size of Dy along
the [111] axis is ca. 8.5 nm.

It is well known that the electrocatalytic activity of a cata-
lyst is strongly dependent on its composition, size, surface
area, and surface morphology.>?*?!! To obtain a high surface
area, catalysts are prepared as nanoparticles by techniques
such as electrodeposition. Furthermore, it has also been found
that the efficiency of catalysts, even of the same composition,
is related to the morphology and distribution of the catalyst
because of the diffusion of reactants and products during the
reaction process.”>??! To understand the morphology of the
electrodeposited Pt, we used SEM and AFM to examine the
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Figure 2. a,b) Typical SEM images of Sn nanotube arrays prepared by evaporating tin onto porous AAO template. c) Typical TEM image of a Sn nano-
tube. The inset shows the high-magnification TEM image of the Sn nanotube. d) Typical SEM images of a Sn/Pt bimetallic nanotube array prepared by
electrodeposition of platinum into Sn nanotubes. e) Typical TEM image of a Sn/Pt bimetallic nanotube. The inset high-magnification TEM image in
(e) shows the feature of Pt nanoparticles inlaying the inner-wall surface of the Sn nanotube. f) EDX (energy-dispersive X-ray) profile of the Sn/Pt nano-

tube shown in (e). Cu peaks are from the supporting copper grid.
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Figure 3. The XRD pattern of the Sn/Pt nanotube array. The result con-
firms the existence of tetragonal 3-Sn and face-centered-cubic Pt.

changes that occur as the platinum layer is generated by elec-
trodeposition on the underlying Sn substrate.

These experiments were carried out on planar Si wafers.
The same procedure for the Sn and Pt layers as that used in
the preparation of Sn and Sn/Pt nanotubes is employed. Fig-
ure 4a shows the SEM image of the Sn layer. An almost
smooth surface is clearly seen. However, a dramatic change in
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morphology occurs after the electrodeposition of Pt onto the
Sn layer, as shown in Figure 4b. The surface roughness in-
creases dramatically with the appearance of Pt nanoparticles.
The EDX profile of the surface of the composite film also re-
vealed the presence of Pt and Sn. This is in good agreement
with the previously reported Pt nanoparticles formed during
the similar electrodeposition of platinum.*! The results sug-
gest that Pt nanoparticles form and inlay on the surface of the
Sn layer. Because the characterization by SEM requires the
covering of the surface of a specimen with a thin conduction
film to prevent charging effects, which may hide some fine de-
tails of its surface features, we used AFM to investigate the
Si/Sn/Pt film. From a typical AFM image (Fig. 4¢), it is clearly
seen that the Pt particles are on the nanoscale with a diameter
of 30~80 nm, which is larger than those in the Sn nanotubes
(ca. 20 nm obtained from the TEM image and ca. 8.5 nm esti-
mated from the XRD data). The difference in particle size
may be ascribed to the variety in the morphology and surface
area between the Sn-nanotube-array electrode and the Sn-
film electrode. Note that the sizes of particles observed by to-
pographic AFM images are usually larger than their real sizes
because of the influence of the size of the AFM tips. There-
fore, the real size of the Pt particles in the film should be
smaller than the observed diameter.

Adv. Mater. 2005, 17, No. 6, March 22
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3.00 wM

Figure 4. a) Representative SEM image of an Sn film prepared by evapo-
rating tin onto an Si wafer. b) SEM and c) AFM images of an Sn/Pt film
prepared by electrodeposition of platinum onto a Sn film.

The electrocatalytic activity of the Sn/Pt bimetallic nano-
tube array for the oxidation of methanol was investigated and
compared with that of the Sn/Pt film on Si wafer by using a
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common electrochemical reaction in a solution of H,SO,.>?!

Both of the electrodes were prepared by the same procedure
and had the same geometric area of 0.785 mm?. Cyclic vol-
tammograms (CVs) are shown in Figure 5 for both electrodes
in the absence and presence of 10 % MeOH in 0.5 M H,SO,.
It can be clearly seen that both the Sn/Pt nanotubes and the
nanofilms show catalytic behavior for the electro-oxidation of

100
& Sn/Pt nanotubes
b: SnfPt nanofilm
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Figure 5. Cyclic voltammograms of Sn/Pt-bimetallic-nanotube and Sn/Pt-
nanofilm electrodes in 0.5 M H,SO4+10% MeOH (a,b) and in 0.5 M
H,SO, without MeOH (c,d), respectively. The geometric area of both
electrodes was 0.785 mm?. The scan rate was 50 mVs™.

methanol by the appearance of an oxidation current in the
positive potential region. The onset of current attributed to
methanol oxidation is at approximately 0.1 V (vs. a scanning
calomel electrode (SCE)), which is more negative than that at
a pure Pt electrode (ca. 0.3 V vs. SCE).'”) The negative shift
is similar to that found for Pt-Sn alloy nanoparticles, indicat-
ing that the Sn/Pt composite has a positive effect on promot-
ing the oxidation of methanol by lowering its overpoten-
tials."'% The peak potentials for the oxidation of methanol
are around 0.65 V (vs. SCE) for both electrodes, in agreement
with the literature value.®?! The peak currents of the Sn/Pt
nanotube and the Sn/Pt nanofilm are 88.5 and 29.4 uA, re-
spectively. It is clear that the catalytic activity of the Sn/Pt
nanotubes is about twice higher than that of the Sn/Pt film.
The remarkably high oxidation current for the Sn/Pt nano-
tubes may be directly related to the high electroactive surface
areas of Pt nanoparticles. Since Sn nanotubes have nanochan-
nel structures, a larger electroactive electrode surface area
has been obtained than that of the planar Sn surfaces with the
same geometric area. The higher surface area of Sn electrodes
not only results in better dispersion of Pt nanoparticles on the
Sn surfaces, but in the decrease of the size of Pt nanoparticles
as shown in Figure 2e and Figure 4c. Therefore, the Sn/Pt
nanotubes show a higher catalytic activity than that for the
Sn/Pt films with the same Pt loading. In addition, the maxi-
mum anodic current of the Sn/Pt nanotube array with a Pt
loading of 0.051 mgcm™2, estimated from the cathodic charge
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passed corresponding to the reduction of Pt'Y to Pt, is up to
11.3 mA cm™, which is about five times higher than that of
the reported Cqo/Pt composite (ca. 1.8 mA cm™>) with a simi-
lar Pt loading of 0.054 mg cm 2.

In summary, we have demonstrated that the electrodeposi-
tion of Pt nanoparticles into Sn nanotubes provides a simple
and convenient method to design effective electrode materials
for DMFC. The so-prepared composite nanostructures con-
tain a large number of Pt nanoparticles inlaying the inner-wall
surfaces of the Sn nanotubes. The novel structure results in a
better dispersion of Pt nanoparticles with smaller size and
hence endows it with a higher electroactive surface area of Pt.
Electrocatalytic oxidation of methanol at the Sn/Pt-bimetal-
lic-nanotube-array electrode shows remarkably enhanced ac-
tivity compared with that at the Sn/Pt-film electrode. In addi-
tion, the Sn/Pt-composite nanotubes promote the oxidation of
methanol by lowering its overpotential to that found at Pt-Sn
alloy nanoparticles. It will be feasible to design the structure,
size, and composition of the composite nanotube. Experi-
ments are underway to further improve the performance of
the Sn/Pt-nanotube-array electrode by introducing cost-effec-
tive Pt hollow nanospheresm or by depositing Pt nanoparticles
on the outer surfaces of the Sn nanotubes, and to determine
the underlying mechanism for the improved performance.
The results described in the present report also demonstrate
the ability of metallic nanotube arrays to serve as a new type
of conductive support for fuel cell applications. Owing to its
rich surfaces and easy manipulation, the composite structure
will find use in a number of applications such as fuel cells, sen-
sors, and chemical analysis.

Experimental

Tin foil (99.9 %) was obtained from Alfa. H,PtCls and MeOH were
obtained from Beijing Chemical Reagent Ltd Co. Porous anodic alu-
minum oxide (AAO) membranes were commercially available from
Whatman.

The Sn/Pt bimetallic nanotube array was fabricated by the proce-
dure schematically shown in Figure 1. First, a layer of Sn (the preset
thickness for the coating thickness meter was ca. 200 nm) was evapo-
rated onto one side of the AAO membrane using a DZ-400 evaporat-
ing system at an evaporating rate of 0.4 As™) and under a high vacu-
um of ~8.5 x 10~ Pa. The AAO membrane was positioned with pores
normal to the evaporating target. The metal evaporant of tin formed
under high vacuum will not cover (i.e., plug) the pores but will pene-
trate into the pores and deposit onto the pore walls. After the evapo-
ration, another layer of Sn with the preset thickness of ca. 100 nm was
subsequently evaporated at a fast evaporating rate (3 As™) and under
a low vacuum of ~3.5x107* Pa. The metal nanoparticles formed in
this condition will become larger and consequently cover and seal the
pores, which results in the formation of a continuous film of Sn on the
surface of the AAO template to provide a conductive contact.

For the incorporation of platinum nanoparticles into the Sn nano-
tubes and the subsequent electrocatalytic characterization of the so-
prepared Sn/Pt nanotube electrode array, a specially constructed cell
was used, consisting of a planar gold base onto which the Sn-coated
membrane was placed. This base was screwed into a Teflon cell, with
a 0.785 mm?* O-ring to ensure sealing, a platinum wire counter elec-
trode, and a saturated calomel electrode (SCE) as the reference elec-
trode. Platinum nanoparticles were loaded into the Sn nanotubes em-
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bedded in the AAO films by cycling the Sn-nanotube/AAO
electrodes in a solution containing 22.5 x 10~ M H,PtClg between 0.0
and —0.9 V (vs SCE) at a scan rate of 20 Vs™.

The removal of nanotubes from the AAO matrix was carried out
by dissolving the AAO template in 4 M NaOH for 6 h to expose a
freely standing array of nanotubes. For TEM observation, the nano-
tube arrays were ultrasonically dispersed in water and then dropped
on carbon-coated copper grids. A Hitachi S-4300F field emission scan-
ning electron microscope and a JEOL JEM-2010 transmission elec-
tron microscope operated at 200 kV and equipped with an energy-dis-
persive X-ray (EDX) analyzer (Phoenix) were employed in the study
of the morphology and composition of the nanotubes. X-ray powder
diffraction (XRD) was carried out on a Rigaku D/max-2500 using fil-
tered Cu Ko radiation.

For comparison, Sn/Pt nanofilms were fabricated on planar Si wa-
fers through the same procedure as that for the Sn/Pt nanotubes, and
investigated by a Nanoscope I1la scanning probe microscope (Digital
Instruments) with a tapping mode, in addition to SEM. The electroca-
talytic oxidation of methanol at the Sn/Pt-nanotube-array electrode
and at the Sn/Pt nanofilms was carried out in a 0.5 M H,SO, solution
with 10 % methanol by using an EG&G PAR Basic Electrochemical
System.
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