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Abstract

In this work, we demonstrated a completely new, simple and effective strategy for preparing catalysts by using 3-MnO, nanotubes as the
supporting materials, and the Pd nanoparticles were coated onto 3-MnO, nanotubes through a simple reductive process firstly. The as-prepared
materials were characterized by field emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM), X-ray diffraction
(XRD) and electrochemical measurements. The results indicated that the Pd nanoparticles were homogeneously dispersed and well separated from
one another on the B-MnO, nanotubes surfaces, which makes it have a potential application in catalysts. In this study, we mainly tested the
electrochemical performance of Pd/3-MnO, for methanol oxidation in alkaline solution. Further research to optimize the synthesis condition,
particularly to develop 3-MnO, nanotubes as supporting materials of other noble metal catalysts is currently in progress.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

There is an increasing interest in the electro-oxidation of
methanol because of the development of direct methanol fuel
cells (DMFCs) as power sources for electric vehicles and elec-
tronic devices. The DMFC is a promising technology as an
alternative to conventional energy-generating devices due to
its higher energy-conversion efficiency, low-to-zero pollutant
emissions, ready availability of methanol fuel, ease in distri-
bution, and high energy [1-7]. However, the electro-oxidation
of methanol is a very complex reaction, during which many
intermediate and poisoning species are involved. The electro-
catalytic activity of noble metal particles for methanol oxidation
is dependent on many factors such as the size and disper-
sion of catalysts, the properties of the supporting materials
and the preparation methods. Of these, the supporting mate-
rials and their surface condition are essential for the catalysts
materials to produce high catalytic activity [8—11]. It is gener-
ally accepted that the catalytic activity is not only dependent

* Corresponding author. Tel.: +86 931 891 2517; fax: +86 931 891 2582.
E-mail address: 1ihl@lzu.edu.cn (H.-L. Li).

0378-7753/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2007.09.069

on the shape, size and distribution of the particles but also
on the categories and properties of the supporting materi-
als.

Recently, although various supporting materials such as car-
bon nanotubes (CNTs) [12], graphite, activated carbon fiber
[13], kinds of porous carbon [14] and carbon network [15] used
as potential supports for electrocatalysts have been extensively
investigated, developing alternate electrode materials for better
activity and stability for methanol electro-oxidation still remains
challenging. In our lab, TiO, nanotube and vanadium oxide nan-
otubes (VOx-NTs) were also used as supporting materials and
have good electrocatalytic properties. It opens a new way to find
excellent catalysts substrate [16,17].

Among all the metal oxides, manganese oxide is one of the
most attractive materials because of its technological impor-
tance for catalytic, molecular adsorption and electrochemical
applications. However, the properties of MnO» are influenced
significantly by its structure, morphology, and preparation
method. Recently, tubular structure materials attracted more
attention due to their high specific surface area and unique pore
structure. But, preparation of MnO; nanotubes is rarely reported
[18]. Moreover, to the best of our knowledge, up to now, there
have been no reports of using 3-MnO; nanotubes as the sup-
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porting materials of catalyst Pd nanoparticles in direct methanol
fuel cells. So this research work will be of great significance.

In this work, a kind of novel Pd/3-MnO, nanotubes com-
posites was synthesized successfully, and its electrocatalytic
performance was evaluated by methanol oxidation in alkaline
solution. The experimental results indicated that the as-obtained
Pd/B-MnO, nanotubes catalysts have an excellent electrocat-
alytic activity.

2. Experimental
2.1. Preparation B-MnO; nanotubes

All chemicals were of analytical grade and were used
without further purification. The 3-MnO; nanotubes were pre-
pared by hydrothermal treatment as described elsewhere [18].
The detailed process was as follows: appropriate amounts of
MnSO4-H>0 and NaClO3 powders were dissolved into 85 mL
distilled water. 0.25 M of polyvinyl pyrrolidone (K30, polymer-
ization degree 360) was added to the solution. After stirring for
about 1 h, the resultant system was then transferred into a Teflon-
lined 110 mL capacity autoclave with a stainless steel shell. The
autoclave was sealed and maintained at 160 °C for 12 h. The sys-
tem was then cooled to room temperature naturally. The resulting
product was filtered and washed with distilled water, and then
dried at 80 °C for 12 h.

2.2. Fabrication of Pd/B-MnQO; nanotubes composites

Fifty milligrams of aforementioned 3-MnO; nanotubes was
added into 0.5 mM of Pd (NO3z), solution. After stirring for
about 3 h, formaldehyde was added to the system drop wise;
the reductive reaction was performed at room temperature for
12 h. The resulting product was filtered and washed with distilled
water, and then dried at 50 °C for 6 h.

2.3. Fabrication of Pd/B-MnQO; nanotubes
composites-modified GC electrode

The glass carbon (GC) electrode was firstly polished with
chamois leather containing Al, O3 slurry, and then washed with
deionized water and ethanol in an ultrasonic bath. Pd/B-MnO,
nanotubes composites were ultrasonically dispersed in 0.5% of
Nafion ethanol solution. An aliquot of the Pd/B-MnO, nan-
otubes/Nafion suspension was cast on the surface of the GC
electrode and allowed to dry under an infrared heat lamp.
The as-obtained Pd/3-MnO, nanotubes-modified GC electrode
was employed as the working electrode in our experiment.
For comparison, Pd nanocatalyst supported onto carbon black
(Vulcan-72) and their electrodes were also prepared under the
same preparation conditions.

2.4. Characterization
The crystal structure of the samples was characterized by X-

ray diffraction (XRD, D/max-2400 Rigaku, Japan). Morphology
and microstructure of the synthesized materials was investigated

by field emission scanning electron microscopy (FESEM, JSM-
6700F, Japan) and transmission electron microscopy (TEM,
Hitachi 600, Japan). Electrochemical measurements were per-
formed with CHI760 electrochemical workstation (Chenhua,
Shanghai), a conventional three-electrode cell configuration
was used throughout this work. The working electrode is a
Pd/B-MnO; nanotubes-modified/GC (glassy carbon electrode)
electrode, platinum foil was used as counter electrode, satu-
rated calomel electrode (SCE) was reference electrode, and
all potentials were measured and reported with respect to
SCE in this paper. All measurements were performed at room
temperature.

3. Results and discussion

3.1. FESEM and TEM photographs of B-MnO; and
Pd/B-MnO> nanotubes

The field emission scanning electron microscopy (FESEM)
images in Fig. la show the typical morphology of the
as-synthesized B-MnO; nanotubes. The nanotubes with the uni-
form diameter and length can be observed in the images, the end
of B-MnQO; nanotubes is round and opened mostly. It is clear that
the nanomaterial is in the form of hollow nanotubes rather than
solid nanowires or nanorods, the tube inner diameter is approxi-
mately 200 nm. The morphology of Pd/B-MnO, composites was
observed by transmission electron microscopy (TEM). As can
be seen from Fig. 1b, Pd nanoparticles are well dispersed and
attached on the surface of 3-MnQO; nanotubes.

3.2. XRD analysis of B-MnO; and Pd/B-MnO>

The XRD patterns of samples are displayed in Fig. 2. It
is clear that the XRD diffraction peaks of the as-prepared [3-
MnO; can be assigned to B-MnO, with tetragonal space group
141/amd. No peaks for other types or for amorphous MnO, were
observed in the XRD patterns of the as-synthesized MnO3, indi-
cating high purity and crystallinity of the final sample, which
is also in accord with the results of Zheng et al. [18]. The stan-
dard XRD patterns (JCPDS card 88-2335) of pure Pd are also
shown in Fig. 2. Comparing the standard spectrum with the
XRD diffraction peaks of Pd/B-MnO, nanotubes composites,
we could confirm that face-centered cubic (fcc) phase Pd was
pasted onto 3-MnO» nanotubes.

3.3. Electrochemical properties of Pd/B-MnO; nanotubes

In order to elucidate the catalytic function of Pd/B-MnO»,
nanotubes composites in the oxidation of CH3;OH, we firstinves-
tigated the voltammetric behavior of CH30H at the surface
of B-MnO; nanotubes and Pd/C and Pd/B-MnO, nanotubes
electrodes under identical conditions. As is shown in Fig. 3a,
no current peaks of methanol oxidation are observed, which
indicates that the 3-MnO, nanotubes have no electrocatalytic
activity for methanol oxidation. From Fig. 3b and c, in the for-
ward scan, methanol oxidation produces a prominent symmetric
anodic peak, the peak potential of 0.035V for Pd/3-MnO, nan-



Fig. 1. FESEM and TEM images of 3-MnO, and Pd/B-MnO, nanotubes (a,
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FESEM of 3-MnO3; b, TEM of Pd/3-MnO; nanotubes composites).
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Fig. 2. XRD patterns of samples.
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Fig. 3. Cyclic voltammograms of different electrode in 1M CH3OH and
0.1 M NaOH solution at 100mV s~!. (a) B-MnO; nanotubes/GC electrode, (b)
Pd/C/GC electrode, and (c) Pd/B-MnO; nanotubes/GC electrode.

otubes and of 0.199V for Pd/C electrode. In the reverse scan,
there is an anodic peak which is detected in both Pd/3-MnO,
nanotubes and Pd/C electrode, Goodenough et al. and Zhang et
al. attributed this anodic peak in the reverse scan to the removal
of the incompletely oxidized carbonaceous species formed in
the forward scan [19,20]. Hence the ratio of the forward anodic
peak current density (If) to the reverse anodic peak current den-
sity (Iy), If/ly, can be used to describe the catalyst tolerance to
carbonaceous species accumulation. A low I¢/I}, ratio indicates
poor oxidation of methanol to carbon dioxide during the anodic
scan and excessive accumulation of carbonaceous residues on
the electrode surface. A high I¢/I,, ratio shows the reverse case
[21]. From qualitative analysis of these voltammetric profiles,
three aspects are immediately evident. First, the I /I, ratio of
5.87 for Pd/B-MnO; nanotubes electrode is higher than that
of Pd/C (It/I, = 1.49), which indicated more intermediate car-
bonaceous species are oxidized to carbon dioxide in the forward
scan on Pd/B-MnO; nanotubes electrode surface than on Pd/C
electrode surface. Second, the Pd/3-MnO; nanotubes electrodes
have a lower onset potential (ca. —0.463 V) than the one on
Pd/C electrode (ca. —0.317 V), indicating better electrocatalytic
activity of Pd/B-MnO; nanotubes electrode. Third, the current
density at the Pd/B-MnO, nanotubes electrode is higher than
that of Pd/C electrode. The above analysis results confirmed
that Pd/3-MnO; nanotubes composites had a better electro-
catalytic activity than that of Pd/C for methanol oxidation in
NaOH.

The cyclic voltammograms of Pd/B-MnO; electrode in 1 M
CH3OH and 0.1 M NaOH solution with different scan rates
are presented in Fig. 4. The relation between the peak cur-
rent density obtained from forward CV scan and v!/? of
CV is shown in the inset, and a linear relationship is also
observed. It can be observed that the process of methanol
oxidation may be controlled by diffusion of methanol [22].
Additionally, the peak potential (Ep,) (the forward scan),
increase with the increase of v, and a linear relationship can
be obtained between E, and In(v), as shown in Fig. 5. It indi-
cates that the oxidation of methanol is an irreversible electrode
process.
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Fig. 4. CV curves of Pd/B-MnO; in 1 M CH30H and 0.1 M NaOH solution at
(a) 10, (b) 25, (c) 50, (d) 100, and (e) 200mV s~! scan rate. Inset: the plot of
peak current vs. square root of sweep rates. Ccuyon = 1 mol L.

3.4. Long-term stability of Pd/B-MnO; nanotubes
composites

The long-term stability of Pd/B-MnO, nanotubes compos-
ites was also investigated in 1 M CH3OH and 0.1 M NaOH
solution. The results are shown in Fig. 6. It can be observed
that the peak current decreases gradually with the successive
scans. After 500th scan, the peak current was still about 82%
of that of the first scan. The loss may result from the consump-
tion of 1 M CH3OH solution during the CV scan and also due
to the poisoning and structure change of Pd nanoparticles as
a result of the perturbation of the potentials during the scan-
ning in aqueous solutions, especially in the presence of the
organic compound. After the long-term CV experiments, the
Pd/B-MnO; composites-modified electrode was stored in D.I.
water and measured after 1 week, the excellent catalytic activity
towards methanol oxidation was still observed. It indicates that
the Pd/3-MnO; obtained in our experiment has good long-term

stability and has potential application in direct methanol fuel
cells.
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Fig. 6. Long-term stability of the Pd/B-MnO, nanotubes composites electrode
in 1 M CH3OH and 0.1 M NaOH solution. Inset: the different circles CV curves

for Pd/B-MnO; in 1 M CH30H and 0.1 M NaOH solution at the same scan rate
(100mVs~1).

4. Conclusion

In this work, we first proposed using 3-MnO, nanotubes as
catalyst supporting material and successfully obtained Pd/3-
MnO; nanotubes composites via a simple and facile method.
Electrochemical study indicated that Pd/3-MnO; nanotubes
composites had a better electrocatalytic activity than that of
Pd/C for methanol oxidation in NaOH solution. It implies that
B-MnO, nanotubes may be good candidates for noble metal
catalyst supports and have potential application in preparing
catalysts for direct methanol fuel cells.
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