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Two types of Pt nanowires (NWs)/C catalysts with different aspect ratios and one type of Pt nanoparti-
cles/C catalyst are successfully synthesized, and DME electrochemical performance on different extent
consecutive surfaces is investigated. The morphology and crystallization are confirmed with electron
microscopes and XRD. The electrochemical tests show that the nanowire catalysts, especially the one
with higher aspect ratio, possess higher electrochemical surface areas, higher absorption capacity of
DME, higher CO tolerance, higher electron transfer coefficient, and higher activity towards DME elec-
trooxidation than those of the nanoparticle catalyst. The results prove that the consecutive surface favors
for direct dimethyl ether fuel cell (DDFC) anodic catalyst, which are contributive to the study of the
mechanism of DME electrooxidation on Pt surface and designing an effective catalyst for anodic DDFC.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Dimethyl ether (DME) as the simplest ether which can be
produced from natural gas, coal or biomass, is one of the most
promising alternative fuels due to higher energy density, less toxic,
less corrosive, and easier to be oxidized completely. For simple
molecules fuel cell, DME has less effect on fuel crossover because
of its weaker molecular polarity [1,2]; its positive variation of
entropy (AS), and the reversible energy is higher than 100% [3].
The utilization of DME in fuel cell can be classified to three types:
solid oxide fuel cell (SOFC) [4-6], hydrogen production [7-10], and
direct dimethyl ether fuel cell (DDFC) [11-13]. DDFC is much more
appropriate for a portable power device, for operating at lower
temperature and needs no external devices [11]. However, the
performance of DDFCis still need to be improved for practical appli-
cation. The cell operating parameters [12-14], the technology of
membrane electrode assemble (MEA) [15], and the design of cell
structures [12] are all should be developed, but on the top of the
list is the performance of anodic catalyst [3,16-18].
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In order to improve the electro-oxidation performance of the
catalysts for DME, the mechanism has been investigated by single
crystal electrodes [19-21] and in situ measurements [22-24]. It is
recognized that DME electro-oxidation is a multi-path reaction, but
the adsorption manners (e.g. linearly bonded, and bridge-bonded)
and the by-products though the reaction (e.g. formic acid and
methanol) are controversial, due to the difference of experimental
conditions [1,19-24]. Some reports concentrated on nanocube elec-
trocatalysts with preferential {100} surfaces demonstrated that
dimethyl ether electrooxidation on Pt nanocubes exhibits similar
features with bulk Pt single crystal electrode and the orientated
nano-structures possess high activity [25]. However, the factor of
consecutive surface in nano electrocatalysts has not been enough
investigated, which is of importance for the study of the mech-
anism of DME electrooxidation and designing a catalyst towards
DME electro-oxidation with high performance.

The objective of this work is to compare the electrochemical
behaviors on nanowire (NW) electrocatalyst with consecutive sur-
faces and those on nanoparticle (NP) electrocatalysts with lots of
dislocations; all the electrocatalysts are carbon supported syn-
thesized by controlling the condition of reaction. Therefore, in
this study, the NW samples were prepared in a surfactant-free
route, using formic acid as a weak reducing agent at room tem-
perature. For comparison, the NP sample was prepared with the
same method expect the temperature was 80 °C. The catalysts were
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characterized by the X-ray diffraction, transmission electron micro-
scope and scanning electron microscope, and the electrochemical
performance for electro-oxidation of DME was studied.

2. Experimental
2.1. Catalyst preparation

In the carbon supported nanowire catalyst (Pt NWs/XC-72R)
synthesis, 15 mg Vulcan XC-72R nanospheres as the support were
dispersed in 40.5 mL ultrapure water under ultrasonication condi-
tion for 30 min. 6.08 mL H, PtClg solution (0.02 M) and 3 mL HCOOH
were added to the suspension. To ensure the dispersion, another
process in ultrasonication was carried out for 30 min. The mixture
was then stored at room temperature for 72 h. After the reduction,
the products were washed with ultrapure water and dried at room
temperature [26,27].

To control the aspect ratio of the Pt nanowires, the com-
pressed support (Vulcan XC-72) was employed, and the catalyst
(Pt NWSs/XC-72) was synthesized using the same procedure,
For comparison, the carbon supported nanoparticle catalyst (Pt
NPs/XC-72R) was also prepared. Vulcan XC-72R nanospheres and
the same procedure were both used, except the reaction tempera-
ture was 80°C.

All the catalysts synthesized above are with Pt loading 60 wt%.

2.2. Catalyst characterization

The scanning electron microscope (SEM) images were obtained
using a field emission scanning electron microscopy instrument
(Hitachi S-4800), operating at an accelerating voltage of 10kV.
Specimens for SEM were prepared by dispersing as-prepared prod-
uct in ethanol by sonicating for about 1 min, and then depositing
the suspension onto a piece of ITO glass, attached to a SEM brass
stub.

Low- to high-resolution transmission electron microscopy and
selected area electron diffraction (SAED) patterns were performed
using a FEI Tecnai G2 S-Twin instrument with a field emission gun
operating at 200 kV, and images were acquired digitally on a Gatan
multipole CCD camera. Specimens for all of these TEM experiments
were prepared by dispersing the samples in ethanol, sonicating for
2 min to ensure adequate dispersion, and evaporating one drop of
the suspension onto a 300 mesh Cu grid, coated with a lacey carbon
film.

XRD measurements were performed on a Rigaku-Dmax 2500
diffractometer with Cu Ka radiation (A =0.15405 nm) from 10° to
90° at a scanning rate of 5°/min. The samples were grinded and
flattened in a piece of glass with a hole.

2.3. Electrochemical measurements

Electrochemical measurements were performed in a standard
three-electrode cell at room temperature. The working electrode
was the thin-film electrode with catalysts. Pt foil and Ag/AgCl
were used as the counter and reference electrodes, respectively.
All potentials in this report referred to Ag/AgCl. All electrolyte solu-
tions were deaerated with high-purity nitrogen for at least 20 min
prior to any measurement. Electrode potential was controlled by
an EG&G (model 273) potentiostat/galvanostat system.

The working electrode was prepared as follows. First, 5 mg of
the catalyst was dispersed in diluted Nafion alcohol solution which
contained 1000 pL ethanol and 50 pL Nafion solution (Aldrich,
5wt% Nafion), and was sonicated for 30 min to obtain a uniform
suspension. Second, 10 pL of the suspension was pipetted onto the
flat glassy carbon electrode. The coated electrode was then dried at

room temperature for 30 min. The glassy carbon electrode was pol-
ished with alumina slurry of 0.5 and 0.03 wm successively before
use.

All electrochemical measurements were carried out in a 0.5M
HClO4 solution with or without saturated DME (purged into the
0.5 M HClOy4 solution for 20 min), and the solutions were deaerated
by pure nitrogen for 15 min prior to any measurements without
DME. For the electrooxidation of DME, the potential range was from
—0.2 to +1.0V, and for further study, the cyclic voltammetry (CV) at
different scan rates were operated. The CO,q4 stripping voltammo-
grams were measured ina 0.5 M HClO,4 solution. CO was purged into
the 0.5 M HClO,4 solution for 20 min to allow the complete adsorp-
tion of CO onto the catalyst when the working electrode was kept
at 0.12mV vs. Ag/AgCl electrode (at the potential of the double-
layer), and excess CO in the electrolyte was purged out with N,
for 30 min. The amount of CO,4 was evaluated by integration of
the CO,q stripping peak. All the measurements were carried out at
room temperature and the stable results were reported. In order
to further evaluate the properties of the catalyst, the DME_,q strip-
ping voltammograms of the catalyst were tested in the same way as
CO,q4 stripping voltammograms except the working electrode was
kept at 0 mV vs. Ag/AgCl electrode when DME was purged into the
0.5 M HCIO4 solution for 20 min.

3. Results and discussion

Fig. 1 shows the SEM and TEM images of the three catalysts
with the same Pt loading and different nano-structures. From (a)
and (c), the samples synthesized at room temperature are car-
bon nanoshperes covered with Pt nanowires, but the nanowires
grown on Vulcan XC-72R are much longer (about 100 nm) than
those on Vulcan XC-72 (about 50nm), for the limited growth
space, which are consistent with the results from the TEM images
(b) and (d). The SEAD pattern ((b) and (d) insets) shows sev-
eral bright concentric rings assignable to {111}, {200}, {220},
and {311} crystal planes of fcc Pt, indicating that the obtained
Pt NWs are crystallized in a phase similar to bulk Pt, which is
consistent with the X-ray diffraction (XRD) results (Fig. 2). And
observed from (e), (f) and insert of (f), the Pt nanoparticle sizes
in Pt NPs/XC-72R catalyst are primarily distributed within the
range of 3-5 nm, but some of the Pt nanoparticles are severely
aggregated.

Fig. 2 shows XRD patterns of Pt NWs/XC-72R (a), Pt NWs/XC-
72 (b), and Pt NPs/XC-72R (c) catalysts. The diffraction peaks
observed in the three catalysts corresponded to the face-centered
cubic phase (fcc) of Pt, and the peaks corresponding to the Pt
(111), Pt (200), Pt (220), and Pt (311) planes are signed in
Fig. 2.

From the results of catalyst characterizations, we can define that
Pt nano-structures in the three Pt/C catalysts from the controlled
synthesis are all crystallized similar as bulk Pt; the anisotropic
nanowire structures with different aspect ratios encircled differ-
ent extents of consecutive surfaces, comparing with the isotropic
nano-structures surrounded by little. The objective of comparing
catalysts synthesized is to study the role of nano scale consecutive
surface in Pt/C DME electrooxidation.

Fig. 3 shows the cyclic voltammograms (CVs) of Pt NWs/XC-
72R (a), Pt NWs/XC-72 (b), and Pt NPs/XC-72R (c) in 0.5M
HCIO4 solution. Compared with the NP nano-structure cata-
lyst, the NW nanostructure catalysts, especially Pt NWs/XC-72R
with higher aspect ratio, possess larger areas of the hydrogen
adsorption/desorption peaks, which confirms the larger electro-
chemical surface area (ECSA) of the NW catalysts. Furthermore,
the potential values of the hydrogen desorption peaks for the NW
nanostructure catalysts are much more negative than
that of the NP nano-structure catalyst, indicating that the
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Fig. 1. SEM images of Pt NWs/XC-72R (a), Pt NWs/XC-72 (c), and Pt NPs/XC-72R (e); TEM micrographs of Pt NWs/XC-72R (b), Pt NWs/XC-72 (d), and Pt NPs/XC-72R (f); the
inset in (b) and (d): the corresponding SEAD, respectively; the inset in (f): the size distribution histogram of the Pt NPs/XC-72R catalyst.

adsorption strength of hydrogen on the Pt surface is weak-
ened, which is opportune for fuel cell anodic -catalysts
[28].

The CO,q stripping method was also applied to evaluate the
ECSA quantitatively and the CO tolerance of the catalysts. As Fig. 4
shows, the oxidation peaks of CO are shifted negatively about
50mV on the NW catalysts comparing with the NP sample, sug-
gesting that the NW nano-structure has a capacity of CO tolerance.
It is evident that the stripping peak areas at the NW catalyst are

much larger than that of the NP catalyst, indicating that there
are much more active surface sites on the NW catalyst. Further-
more, the ECSA for the catalyst is calculated by using the CO,q4
oxidation charge after subtracting the background current. It is
73.09, 52.48 and 49.94m? gp,~! for Pt NWs/XC-72R, Pt NWs/XC-
72, and Pt NPs/XC-72R, respectively. The ECSA of the catalyst is
ordered as Pt NWs/XC-72R > Pt NWs/XC-72 > Pt NPs/XC-72R. This
result is consistent with those obtained by the hydrogen stripping
method.
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Fig. 2. X-ray diffraction patterns of Pt NWs/XC-72R (a), Pt NWs/XC-72 (b), and Pt
NPs/XC-72R (c).
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Fig. 3. Cyclic voltammograms (CVs) of Pt NWs/XC-72R (a), Pt NWs/XC-72 (b), and
Pt NPs/XC-72R (c) in 0.5 M HCIO, at a scan rate of 20mVs~'.

Fig. 5 displays the CVs for the electrooxidation of DME in
0.5M HClO4 solution saturated DME at a scan rate of 25mVs~1.
The double-layer region shows obviously faradaic characteristics
during both the positive and negative sweep, which confirms
that adsorbed DME species existed on the platinum surface. The
electro-oxidation activity of the catalysts for DME is ordered as
Pt NWs/XC-72R > Pt NWs/XC-72 > Pt NPs/XC-72R, according to the
oxidation current. The order of the electro-oxidation activity is con-
sistent with the order of ECSA. The peak of the NP sample is boarder
than that of the NW samples, and the NW sample with the lower
aspect ratio corresponding to the boarder peak. These phenomena
indicate that either different platinum sites has to be considered for
DME oxidation, or that different DME oxidation mechanisms take
place [23]. The ratio of the positive peak oxidation current den-
sity (Ip) to the negative peak current density (I5), used to describe
the catalyst tolerance to the accumulation of carbonaceous species
[17], is higher as the aspect ratio higher, which is consistent with
the results of CO,q stripping.

The CVs of the Pt/C catalysts in 0.5 M HClO4 solution saturated
DME are shown in Fig. 6 with different scan rates of 5, 10, 20, 50,
and 75mV s~! for Pt NWs/XC-72R, Pt NWs/XC-72, and Pt NPs/XC-
72R. The peak potentials shift in positive direction with scan rate,
indicating the oxidation of DME is an irreversible charge transfer
process [17]. For comparison, the curves of the peak current vs. the
square root of scan rates of the CVs are in (d). The linear relation-
shipis attributed to a diffusion controlled process. The relation-ship
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Fig.4. CO,q stripping voltammograms of Pt NWs/XC-72R (a), Pt NWs/XC-72 (b), and
Pt NPs/XC-72R (c) in 0.5M HClOy at a scan rate of 20mVs~'.

between the peak current and the square root of scan rates complies
with the following equation:

ip = 2.99 x 10°n(an’)'?AC..DY/*v1/>+ )

where I, is the peak current, n is the electron-number for the
total reaction, n’ is the electron-number transferred in the rate-
determining step, « is the electron transfer coefficient of the
rate-determining step, A is the electrode surface area, Cy, is the
bulk concentration of the reactant, Dy is the diffusion coefficient,
v is the potential scan rate. In this paper, the slope of the iy vs.
the square scan rate is 2.99 x 10°n(an’)!/2C,.Dy1/201/2. In the same
electrolyte and the same reaction, the parameters n, C., and Dy are
constant; therefore, the slope is decided by an’. The correspond-
ing slope for Pt NWs/XC-72R, Pt NWs/XC-72, and Pt NPs/XC-72R is
8.588, 6.599, and 3.212, respectively. The electron transfer coeffi-
cient of Pt NWs/XC-72Ris 167.4% higher than that of Pt NPs/XC-72R,
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Fig. 5. Cyclic voltammograms of the electrooxidation of DME in 0.5 M HClO4 solu-
tion saturated DME for Pt NWs/XC-72R (a), Pt NWs/XC-72 (b), and Pt NPs/XC-72R
(c) at a scan rate of 25mVs~1.

105.4% higher than that of Pt NWs/XC-72. It can be concluded that
the NW nano-structure with larger consecutive surface favor for
the DME electrooxidation.

Fig. 7 shows DME, stripping voltammograms of Pt NWs/XC-
72R (a), Pt NWs/XC-72 (b), and Pt NPs/XC-72R (c) in 0.5M HClO4
at a scan rate of 20mVs~!. The electrooxidation peak potentials
of the NW samples are 80 mV more negative than that of the
NP sample, consistent with the CO electrooxidation peak currents
from CO,q stripping. And the area of the electrooxidation peaks
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Table 1
Qu° and Qy concluded from Fig. 7 and coverage, 6,g concluded as Eq. (2).
Qu° (LAmV) Qu (LAmV) Borg
Pt NWs/XC-72R 13,843 2031 0.853
Pt NWs/XC-72 15,569 2710 0.826
Pt NPs/XC-72R 8332 1784 0.786

is 28,462, 26,954, and 19,187 pnAmV, respectively, indicating that
the catalytic activity of NW nano-structure. To further investigate
the adsorption capacity of different catalysts, the coverage (forg)
with DME species is calculated (Table 1) as the following equation
[29]:

Qi —Qn
QG
Qyu° is the quantity of electricity related to the adsorption of
hydrogen in the supporting electrode (0.5M HClO,4) alone, and
Qy is the same quantity, but in the presence of DME. The results
(Table 1) can be concluded that the NW nano-structure with higher
aspect radio possesses the highest 6o, and the NP sample cor-
responding to the lowest one, which prove the larger adsorption
capacity of DME on NW nano-structure with extended consecutive

surface.

The results above show that the NW nano-structure, especially
the one with high aspect ratio, favors for DME electrooxidation,
because of the consecutive surface rich catalysts have advantages
on ECSA, CO tolerance, and absorption capacity of DME.

(2)
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Fig. 6. CVs of the catalysts Pt NWs/XC-72R (a), Pt NWs/XC-72 (b), and Pt NPs/XC-72R (c) in 0.5 M HClO4 solution saturated DME with different scan rates of 5, 10, 20, 50, and
75mVs~!, and the curves of blank were obtained in 0.5M HCIO, solution without DME at a scan rate of 25mVs~'. (d) The linear relationships between the peak currents

and the square roots of the scan rates.
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Fig. 7. DME,q stripping voltammograms of Pt NWs/XC-72R (a), Pt NWs/XC-72 (b),
and Pt NPs/XC-72R (c) in 0.5 M HClOy at a scan rate of 20mVs~'.

4. Conclusion

This study demonstrates that the Pt catalysts with larger consec-
utive surface have higher performance on DME electrooxidation.
The catalysts were synthesized in the same route, and the mor-

phology of the catalysts was nanowires with different aspect ratios
and nanoparticles, respectively, which were confirmed by TEM and
SEM results. All the Pt nanostructures in catalysts were crystallized
as fcc structure as the XRD results. The difference among the Pt
catalysts is the extent of consecutive surface. As the investigations
on the electrochemical surface area (ECSA), the electrooxidation
activity, CO tolerance, adsorption capacity of DME, the consecutive
surface is benefit for DME electrooxidation. The results are con-
tributive to the study of the mechanism of DME electrooxidation
on Pt surface and to designing an effective catalyst for anodic DDFC.
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