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a b s t r a c t

A novel electrocatalyst, nanoporous palladium (npPd) rods can be facilely fabricated by dealloying a
binary Al80Pd20 alloy in a 5 wt.% HCl aqueous solution under free corrosion conditions. The microstruc-
ture of these nanoporous palladium rods has been characterized using scanning electron microscopy
and transmission electron microscopy. The results show that each Pd rod is several microns in length
and several hundred nanometers in diameter. Moreover, all the rods exhibit a typical three-dimensional
bicontinuous interpenetrating ligament-channel structure with length scale of 15–20 nm. The electro-
chemical experiments demonstrate that these peculiar nanoporous palladium rods (mixed with Vulcan
XC-72 carbon powders to form a npPd/C catalyst) reveal a superior electrocatalytic performance toward
uel cells methanol oxidation in the alkaline media. In addition, the electrocatalytic activity obviously depends on
the metal loading on the electrode and will reach to the highest level (223.52 mA mg−1) when applying
0.4 mg cm−2 metal loading on the electrode. Moreover, a competing adsorption mechanism should exist
when performing methanol oxidation on the surface of npPd rods, and the electro-oxidation reaction is
a diffusion-controlled electrochemical process. Due to the advantages of simplicity and high efficiency
in the mass production, the npPd rods can act as a promising candidate for the anode catalyst for direct

Cs).
methanol fuel cells (DMF

. Introduction

The electrochemical oxidation of small organic molecules
SOMs) has been widely studied due to their potential utilization
s fuel in energy conversion systems. The main reason is related
o their rich abundance, facility of storage/handling, and primar-
ly their energy density. Moreover, due to their simple molecular
tructures they should exhibit an excellent electrochemical activ-
ty and reveal a high energy conversion efficiency in the fuel cells
1–3].

The electrochemical oxidation of fuels requires the use of a
atalyst to achieve the high current densities for practical appli-
ations. Thus the high surface area and intrinsic electrochemical
eature are key factors for the promising electrocatalytic materials.
owadays, porous metallic materials, especially nanoporous gold,
latinum, and nickel, have received increasing attention in view

f their potential applications in catalysts, chemical sensors, selec-
ive filtration, fuel cells and microfluidic flow controllers, etc. [4–7].
anoporous metals can be prepared by selectively etching a single
hase or multiple phase alloy that consists of two kinds of met-
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als with different chemical activities under appropriate corrosion
conditions. This process is called dealloying and the most famous
nanoporous metal fabricated by dealloying is the nanoporous gold
(NPG), which can be fabricated by selective dissolution of Ag out of
Ag-Au alloys with a single phase solid solubility across all com-
positions [4]. In addition, the dealloying phenomenon can also
be observed in several other systems and used to fabricate cor-
responding porous metals. These alloy systems can include single
phase solutions (e.g. Ni–Cu [7], Mn–Cu [8], Pt–Cu [9]), intermetal-
lic compounds (e.g. Cu3Au [10], Al2Au [11]), two-phase alloys (e.g.
Al–Ag [12], Cu–Zr [13], Al–Cu [14], Mg–Cu [15]), and even amor-
phous metallic glasses (e.g. Pt–Si [6], Pd–Ni–P [16]). Following the
dissolution of the active component in a dealloying process, the
relevant inert metal atoms can be retained and undergo a complex
diffusion and agglomeration evolution to form a continuous nano-
sized porous structure. From a practical catalysis viewpoint, these
nanoporous metals (Au, Pt, Ag, Cu, etc.) with large specific surface
areas can greatly improve the utilization of surface active sites and
will have a promising prospect in the catalysis field.
At the present time, as an alternative to the more expensive Pt,
Pd has been used as the catalyst for various applications. Signif-
icantly, Pd nanostructures with larger specific surface areas and
more active centers have been extensively investigated in vari-
ous electrochemical reactions to explore their potential industrial

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:zh_zhang@sdu.edu.cn
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Table 1
Metal/carbon ratio and normalized loadings of the npPd rods on the GC electrodes.

Metal content (mg)

2 4 6 8 10 12
X. Wang et al. / Journal of Pow

pplications. To date, Pd nanoparticles [17], Pd nanoplate arrays
18], Pd nanotrees [19], Pd nanowires [20], Pd nanoflowers [21]
nd so forth, have been synthesized through chemical reduction
eactions by several groups and these microstructures reveal well
lectrocatalytic activities toward methanol and ethanol oxidation.
owever, little attention has been paid to nanoporous Pd (npPd)
ith a typical three-dimensional, bicontinuous, interpenetrating
anosized ligament-channel structure. In comparison with other
anostructures, the typical npPd structures are expected to have
uperior performances due to their inherent special morphology
nd characteristic, such as the open porosity, high surface area,
s well as high structural stability with no agglomeration. Yu et
l. [16] have synthesized npPd through electrochemical dealloy-
ng a ternary Pd30Ni50P20 metallic glass, and have found that the
s-prepared npPd exhibited well catalytic activity towards formic
cid oxidation. Xu et al. [22] have also synthesized a nanotubular
esoporous bimetallic Pd/Cu catalyst based on a combination of

ealloying and galvanic-replacement reaction. However, there still
xist lots of drawbacks, such as the strict apparatus demanding, the
reater dealloying driving force needed and time-consuming dur-
ng dealloying, especially the complexity of the operation. Hence,
t is urgent to develop a simple and efficient productive strategy so
s to meet the requirement of industrial applications.

Recently, we have developed a facile route to synthesize
anoporous metals through dealloying of Al-based alloys, and have

ound that peculiar nanoporous Pd rod structures can be directly
abricated by dealloying of Al–Pd alloys in the 5 wt.% HCl aque-
us solution [11]. At present, we are particularly interested in the
lectrocatalytic properties of the npPd rods for electro-oxidation
f SOMs with an eye to their potential applications as high effi-
iency catalysts in SOMFCs. In this work, we aim to systematically
tudy the influence of the loadings on the catalytic activities of the
pPd rods towards methanol electro-oxidation in alkaline media,
nd further investigate the effects of the methanol concentra-
ion and potential scan rate on the catalytic activities at a given
oading. To our best knowledge, this is the first work to system-
tically investigate the electrocatalytic properties of these novel
pPd rods towards methanol electro-oxidation. Anyway, consid-
ring the advantages such as the easy access to raw materials, the
implicity and high efficiency in the synthesis process as well as the
evealing enhanced electrocatalytic activity, this novel npPd rods
tructure is expected to act as a promising electrocatalyst in the
irect methanol fuel cells (DMFCs).

. Experimental

The Al80Pd20 (nominal composition, at.%) alloy ribbons were
repared by a melt spinning technique. The dealloying of the start-

ng ribbons was performed at 90 ± 5 ◦C in a 5 wt.% HCl solution until
o visible bubbles emerged. The detailed synthesis procedure of
pPd rods can be found elsewhere [11]. Microstructural charac-
erization of the npPd rods was made using a scanning electron

icroscopy (LEO 1530 VP) and a transmission electron micro-
cope (Philips CM 20). In addition, chemical composition of the
s-dealloyed sample was determined using an energy dispersive
-ray analyzer which was attached to SEM. TEM specimens were
repared using a Gatan ion mill at 5 kV.

All electrochemical measurements were performed in a stan-
ard three-electrode cell using a LK 2005A Potentiostat. The
orresponding npPd rods electrodes were prepared as follows: a

ertain mass of fine ground npPd rods samples (that is 2, 4, 6, 8,
0, 12 mg in the present work), 4 mg Vulcan XC-72 carbon pow-
ers, 300 �L isopropanol, and 100 �L Nafion solution (0.5 wt.%)
ere ultrasonically mixed. Then, 5 �L of the homogeneously mixed

nk was placed on a freshly polished glassy carbon (GC) electrode
Metal/carbon ratio 1/2 1/1 3/2 2/1 5/2 3/1
Normalized loadings (mg cm−2) 0.2 0.4 0.6 0.8 1.0 1.2

with a diameter of 4 mm. Table 1 shows the loadings of the npPd
rods on the GC electrodes. For clarity, the mass of the npPd rods
on each GC electrode can be normalized to mass per cm2. These
electrodes were used as the working electrodes. The counter elec-
trode was a bright Pt plate, and a saturated calomel electrode (SCE)
or a Hg/HgO (1.0 M KOH) electrode (MMO) was used as the ref-
erence electrode, depending on the experimental requirements.
Voltammetric behavior was characterized in a 0.5 M H2SO4 solution
deaerated with N2. The CO stripping experiments were performed
by firstly maintaining the work electrode in the 0.5 M H2SO4 solu-
tion saturated with high purity CO gas at the potential of −0.09 V
(vs. SCE) for the period of 600 s, and then transferring the electrode
into a clean 0.5 M H2SO4 solution followed by linear potential scan
at a scan rate of 50 mV s−1. The electrocatalytic activity measure-
ments were carried out in methanol and KOH mixed solutions. All
electrochemical experiments were performed at ambient temper-
ature (∼25 ◦C).

3. Results and discussion

Fig. 1(a) shows the section-view microstructure of the as-
dealloyed npPd ribbons which are composed of hundreds of npPd
rods. It is clear that the npPd rods exhibit several microns in length
and hundreds of nanometers in diameter. Furthermore, these rods
are surprisingly parallel with each other in a certain range forming
clusters. For clarity, several parallel clusters are highlighted by the
dot-dash lines in Fig. 1(a). The SEM image at a higher magnification
(Fig. 1(b)) further verifies the peculiar parallel-oriented character-
istic of the npPd rods in the neighboring region. In addition, the
nanoporous structure can be clearly observed on the surface of
the npPd rods. The fractured cross-section morphology of the npPd
rods, highlighted by arrows in Fig. 1(c), also exhibits an open, bicon-
tinuous interpenetrating ligament-channel structure, suggesting
that the porous structure is three-dimensional in each npPd rod. As
shown in Fig. 1(d), the TEM image further reveals the bicontinuous
ligament-channel structure in the interior of the npPd rod, and the
length scale of the ligaments/channels is in the scope of 15–20 nm.
Moreover, the EDX analysis shows that almost all of Al was removed
during dealloying in the hydrochloric acid circumstance and the
residual Al is less than 1 at.% in the npPd ribbons. In addition, the
selected-area electron diffraction and HRTEM observation demon-
strate that the connecting ligaments in the npPd rods are composed
of randomly oriented f.c.c. Pd nanocrystals with several nanometers
in size [11]. The formation of these peculiar ligament-channel npPd
rods may be ascribed to a typical two-phase dealloying process. In
the initial preparation of the Al–Pd starting alloy, the primary Al3Pd
phase firstly precipitates from the Al80Pd20 melt in the form of clus-
ters comprising parallel rods. Then the remaining melt transforms
into the �-Al phase which exists in the interspace of the Al3Pd
rods. In the following dealloying process, the active �-Al phase
was firstly leached away providing a large number of routeways
through which the electrolyte can penetrate into the interior of the
starting alloy ribbons [13]. Whereafter, the exposed parallel Al Pd
3
crystals were continuously dealloyed giving rise to the formation of
the nanoporous structure. To a certain extent, the parallel pattern
of the columnar Al3Pd crystals can be preserved into the resultant
npPd rods during dealloying.
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ig. 1. (a–c) SEM and (d) TEM images showing the microstructure of the npPd rod
pectrum showing the composition of the npPd rods.

The cyclic voltammograms (CVs) of all npPd rods electrodes are
asically similar in the profile (not shown here). Fig. 2 shows a typ-
cal CV curve of the npPd rods electrode with 0.2 mg cm−2 metal
oading in the 0.5 M H2SO4 solution. From the CVs, there exist two
airs of distinct current peaks in the hydrogen region (A and A′,
and B′), a broad oxidation current peak (C) and a characteristic

ig. 2. CV curve for the npPd rods electrode in the 0.5 M H2SO4 solution deaerated
ith N2. The scan rate of potential was 50 mV s−1.
ough chemical dealloying of the Al80Pd20 alloy in the 5 wt.% HCl solution. (e) EDX

reduction current peak (C′). The large pair of anodic peak (A and
A′) at a more negative potential is related to H-desorption and -
adsorption from the bulk together with the surface of ligaments
in the npPd matrix while the small anodic peaks (B and B′) at a
more positive potential ascribe to H-desorption and -adsorption
on the surface of the npPd ligaments [23,24]. The broad oxidation
peak C is ascribed to the formation of Pd surface oxide (PdO) and
the corresponding peak C′ is caused by subsequent reduction of
the oxide [25,26]. However, the processes of hydrogen adsorption,
desorption, and evolution for the bulk Pd electrode are usually not
separated from each other, which can be exemplified by a broad
anodic peak in the CVs performed in the H2SO4 solution [27]. Grdeń
et al. [23] have proposed that the changes in the amount of hydro-
gen manifested by the peak B are proportional to the changes of
the real surface area of the Pd electrode. Meanwhile, it can be
confirmed that a large number of Pd atoms are on the ligament
surface owing to the open, bicontinuous interpenetrating ligament-
channel structure of the npPd rods. Therefore, it is easy to observe
peak B and B′ in the CV curve of the npPd electrode. The similar CV
profiles are also observed for varieties of Pd nanostructured materi-
als with large specific surface areas, such as Pd nanoparticles [28],
ultrathin Pd film [27], and so on. Bartlett et al. [29] have argued
that the electrochemical properties of nanostructured Pd differ sig-

nificantly from those of the bulk Pd because the latter is able to
absorb large quantities of hydrogen forming Pd hydride phases.
Obviously, this kind of npPd rods can provide a possibility to sep-
arately study the individual processes involved in the hydrogen
region.
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ig. 3. CO stripping curves of the npPd rods electrodes with different metal loading
b) 0.4 mg cm−2, (c) 0.6 mg cm−2, (d) 0.8 mg cm−2, (e) 1.0 mg cm−2, and (f) 1.2 mg cm

Fig. 3 shows the CO stripping curves of the npPd rods electrodes
ith different Pd loadings in the 0.5 M H2SO4 solution. For the

lank curve (dash line), two anodic peaks related to the hydrogen
esorption/adsorption occur in the hydrogen region, which have
een revealed detailedly in Fig. 2. Additionally, it is clear that the
urrents of both the anodic hydrogen desorption/adsorption peaks
ncrease with increasing metal loadings from 0.2 to 1.2 mg cm−2

n the GC electrodes. For the stripping curve (solid line), an obvi-
us anodic peak can be observed in the potential range from 0.5
o 1.0 V when performing linear sweeping voltammogram, which
s associated with the oxidation of the pre-adsorbed CO. Mean-

hile, a gradual transition from a single, well-defined CO stripping
eak (marked by S) to a broader one can be observed. Moreover,
n accompanying shoulder-like peak located at the positive side
marked by S′, Fig. 3(d)–(f)) becomes more and more obvious. It
s well known that the stripping peak profile is sensitive to the
omposition and microstructure of metal particles [30], and several

tudies have found that the CO stripping curves associated with
he Au–Pt [31,32], Pd–Ag [33], Pd–Ir [34], and Pt–Ru–P [35], will
xhibit a contour change by variating the amount of the additive
lements. Thus, the appearing shoulder peak may be caused by the
xisting residual Al in the Pd rods (Fig. 1(e)). With increasing metal
e 0.5 M H2SO4 solution. The metal loading on the GC electrode was (a) 0.2 mg cm−2,
spectively. The scan rate of potential was 50 mV s−1.

loadings from 0.2 to 1.2 mg cm−2 on the GC electrodes, the cur-
rent increase of the hydrogen desorption/adsorption peaks in the
hydrogen region reveals the increase in the real electrochemical
surface area, as proposed by Grdeń et al. [23]. However, it should
be noted that Pd is intrinsically a hydrogen-storage metal and will
inevitably absorb a certain amount of hydrogen, which is differ from
that of the other metal Pt. In the case of Pt, the hydrogen region
is always used to evaluate the electrochemical active surface area
(EASA) by virtue of the hydrogen desorption/adsorption exclusively
progressing on the surface [36,37]. However, for Pd, the hydrogen
desorption/adsorption process originates not only from the liga-
ment surface but from the interior of the ligaments of the npPd
rods [38,39]. Thus, the enlargement of the hydrogen region cannot
accurately indicate the increase in the real surface area, but should
relate to a probable expression of the total amount of Pd on the
electrode. In comparison, due to the fact that the CO monolayer is
prone to adsorb on the surface active sites of Pd materials under

a certain electrochemical circumstance, the CO stripping method
has been widely used as an effective route to evaluate the EASA of
Pd or Pd-based electrocatalysts [34,40]. Assuming the coulombic
charge to surface area value of 420 �C cm−2 used for CO stripping
on the surface of nanostructured Pd catalysts, the EASA and mass
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ig. 4. Dependence of the electrochemical active surface area and the mass nor-
alized electrochemical active surface area on the npPd rods loadings on the GC

lectrode.

ormalized EASA can be calculated according to the integral of the
orresponding CO stripping peak (from Fig. 3). The dependence of
ASA and corresponding mass normalized EASA on the npPd load-
ng is illustrated in Fig. 4. It can be seen that the EASA of the npPd
ods increases nonlinearly with increasing npPd loadings from 0.2
o 1.0 mg cm−2 on the GC electrodes, and decreases sharply when
he loading exceeds 1.0 mg cm−2. However, the mass normalized
ASA of the npPd rods gets to the highest level (20.5 m2 g−1) when
he npPd loading attains to 0.4 mg cm−2. The results also show that
or the blending ratio of 4 mg npPd with 4 mg carbon powders there
eems to be a proper quantity and proportion of the npPd rods in
he npPd/C catalyst. With increasing the amount of npPd rods in
he npPd/C mixture (a fixed amount of carbon powders, 4 mg), the
ccumulation of the Pd rods may occur and the uniformity of the
pPd/C mixture will deteriorate. Hence, part of the npPd rods can-
ot be utilized adequately so as to result in the reduction of the
ASA per mass of npPd rod electrode.

Fig. 5 shows the CV curves of the npPd rods electrodes with dif-
erent metal loadings in the 0.5 M methanol + 1 M KOH solution.
or clarity, the forward and backward scans of the methanol oxi-
ation voltammograms are given in Fig. 5(a) and (b), respectively.
oreover, the detailed voltammetry parameters are illustrated in

able 2. It was observed that the onset potentials of methanol elec-
rocatalytic oxidation on the npPd rods electrodes gradually shift
o the more positive values with increasing Pd loading, however,
he shift is very tiny and cannot be discerned from the forward

can curves. In addition, the current density for the methanol
xidation (mass catalytic activity) increases with the increasing
mount of npPd rods loading and reaches up to the highest value
223.52 mA mg−1) when the metal loading of the npPd rods being

able 2
yclic voltammetry parameters for the methanol oxidation on the npPd rods elec-
rodes with different metal loadings.

npPd rods loading
(mg cm−2)

Eop (mV) Forward scan Backward scan

jp (mA mg−1) Ep (mV) jp (mA mg−1) Ep (mV)

0.2 −404 166.94 −80 89.49 −143
0.4 −401 223.52 −42 146.18 −123
0.6 −400 208.20 −22 129.30 −117
0.8 −392 129.22 −28 104.74 −109
1.0 −390 118.61 −17 113.47 −89
1.2 −367 99.68 −22 90.01 −89

op: the onset potential; jp: the oxidation peak current density; Ep: the oxidation
eak potential.
Fig. 5. CV curves of the npPd rods electrodes with different metal loadings in the
0.5 M methanol + 1 M KOH solution: (a) the forward scan and (b) the backward scan.
The scan rate of potential was 10 mV s−1.

0.4 mg cm−2 on the GC electrode. This mass activity is almost 5.6
times that of the Pd nanoflowers (∼40 mA mg−1) at the same scan
rate [21]. When the npPd rod loading exceeds 0.4 mg cm−2, the
peak current decreases gradually, implying that the catalytic activ-
ity of the modified electrode decreases. The highest mass catalytic
activity should be attributed to the highest EASA per mass of the
npPd rods catalyst as well as the superior electrical contact and
mass transfer process originating from the most suitable dispersion
and volume ratio of metals in the npPd/C catalyst. In the previous
research, it has been noted that there exists a dependence of the
catalytic activity of alcohol electro-oxidation on the metal load-
ing, especially for the metal Pt. Razmi et al. [41] have explored the
effect of different Pt loadings at the carbon ceramic electrode sur-
face on the oxidation of methanol and ethanol, and have found
that the anodic peak current of methanol and ethanol oxidation
increases with the increasing of the platinum loading from 0.2 to
2 mg cm−2 and then remains constant for the optimum Pt amount
of 2–3 mg cm−2. However, the anodic peak current decreases with
continuously increasing the Pt loading to 4 mg cm−2. Zhou et al.
[42] have fabricated a novel platinum–poly(5-nitroindole) (Pt/PNI)
composite catalyst and also investigated the effect of Pt loading
on methanol oxidation on Pt/PNI/GC electrode at a fixed mass of

PNI film. They have found that the peak current density increases
with the increasing of Pt loading, reaches a maximum value at the
Pt loading of 0.12 mg cm−2, and then the peak current decreases
when the Pt loading exceeds 0.12 mg cm−2. Obviously, there exists
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ig. 6. (a) CV curves of the methanol electro-oxidation on the npPd rods electrode
arious concentrations. (b) Plots of forward anodic peak current and (c) peak potent

critical amount of metal loading corresponding to the maximum
atalytic activity for the npPd rod catalyst mentioned here. On the
ne hand, metal particles are almost uniformly deposited on the
urface of electrode at the lower metal loadings, which can cause
n enhancement in the electrocatalytic activity of the modified
lectrode. When the metal loading is further increased, the metal
articles agglomerate and reduce the amount of three-phase reac-
ion interface so that the electrochemical active area and catalytic
ctivity per mass correspondingly decrease. On the other hand, the
iscrepancy of the critical value related to the different metals may
esult from the dissimilar morphology of the metal particles, dif-
erent reaction circumstance as well as the distinct nature of the
atalyst support materials, such as the different metal dispersiv-
ty or electronic interaction. It is well known that the oxidation
urrent peak located in the forward scan is correlated with the oxi-
ation of freshly chemisorbed methanol molecules [43–45], and

s usually used to evaluate the catalytic activity of electrocatalyst,
s discussed above. However, there still exists much controversy
ith regard to the origin of the oxidation peak in the backward

can. Some researchers deemed that the reverse anodic current
eak originated from the removal of the incompletely oxidized
arbonaceous species adsorbed on the surface of the electrode
ather than caused by freshly chemisorbed species [43–52]. These
oisonous intermediate species (i.e. CO, HCOO− and HCO−) may
erive from those partially dehydrogenated methanol molecules

n the forward potential scan and are mostly in the form of lin-
arly bonded M C O (M: Pt or Pd) [21,53–57]. Besides, the ratio

f the forward anodic peak current (If) to the reverse anodic peak
urrent (Ib) was considered to describe the catalyst tolerance to
ccumulation of carbonaceous species in some degree [22,58–64].
t present, however, other researchers believed that the reverse
urrent peak cannot ascribe to the intermediate species removal
the 0.4 mg cm−2 npPd loading) in the 1.0 M KOH solutions containing methanol of
function of the methanol concentrations. The scan rate of potential was 10 mV s−1.

but rather still relate to the oxidation of the methanol molecules
in the electrolyte [65–67]. In addition, Yajima et al. [68,69] have
studied the electro-oxidation of methanol on the Pt by virtue of
in situ ATR-FTIR spectroscopy, and have found that the adsorbed
CO, which is dehydrogenated species from methanol, is oxidized
at the potential more positive than 0.6 V (RHE). So it is reasonable
to assume that there is no adsorbed CO species on the electrode
when the potential reaches the anodic limit. Additionally, as the
positive-going sweep proceeds, more Pd oxide covers the reac-
tive surface of the npPd rods. The formation of the oxide layer can
block the adsorption of the reactive species onto the Pd surface
and thus bring about the decrease of the methanol oxidation cur-
rent [65–67]. In the reverse potential scan, the Pd active sites are
recovered by electroreduction of the Pd oxide, so that the freshly
chemisorbed methanol can be re-oxidized in the methanol oxi-
dation potential range. Obviously, the higher the potential is, the
higher oxide coverage will attain. Since the oxidation/reduction of
the Pd is an irreversible reaction, the higher oxide coverage, the
lower potential is required for the reduction. Therefore, the current
peak on the backward scan depends on the upper potential limit
of the forward scan. According to the Pd electrochemical charac-
teristic, the applied upper potential limit is located in the region
of surface Pd oxide formation [48,67]. It can be concluded that the
latter viewpoint is more reasonable. Besides, in the forward poten-
tial scan, some dehydrogenated intermediates (HCOO− and HCO−)
may desorb from the electrode surface and diffuse into the elec-
trolyte, prior to being complete oxidation. The re-adsorption and

oxidation of these species should also contribute to the increase
of the reverse oxidation current. Of course, further research is still
urgent and required.

Fig. 6(a) shows the CV curves of electrocatalytic oxidation
towards methanol with different concentrations in the 1.0 M KOH



6746 X. Wang et al. / Journal of Power So

F
(
K
r

s
l
c
o
t
p
n
a
t
(
p
K
t
l
t
c
p
p
i
i
s
i
t
c
g
d

ig. 7. (a) CV curves of the methanol electro-oxidation on the npPd rods electrode
with the 0.4 mg cm−2 loading) at different scan rates in the 0.5 M methanol + 1.0 M
OH solution, and (b) plot of forward anodic peak current density vs. the square
oot of the scan rate of potential.

olution on the npPd rods electrode (with the 0.4 mg cm−2 metal
oading). In the methanol-free KOH solution, there are no electro-
atalytic oxidation current signals and the CV curve only reveals the
xidation and reduction of the surface Pd atoms in alkaline solu-
ions. Hence, the CV curve exhibits a tiny profile as compared to that
erformed in the methanol-contained solutions. In addition, it is
oticeable that the oxidation peak current density firstly increases
s the methanol concentration increases up to 2 M, and then trends
o level-off with further increasing methanol concentration to 4 M
Fig. 6(b)). Moreover, the oxidation current peak shifts to the more
ositive potential with increasing methanol concentration in the
OH solution as shown in Fig. 6(c). It should be noted that the posi-

ive shift extent of the oxidation peak potential gradually becomes
ess when the methanol concentration increases from 0.25 to 4 M in
he KOH solution. In the process of ethanol oxidation on the poly-
rystalline Pd electrode in alkaline media, there exists a complex
rocess involving ethoxyl ((CH3CO)ads) and hydroxyl (OHads) com-
eting adsorption on the surface of the Pd electrode [67]. Therefore,

t is reasonable to assume that there exists an analogous compet-
ng adsorption of methoxyl ((CH3O)ads) and hydroxyl (OHads) on the
urface of the Pd electrode during the methanol oxidation process

n the alkaline circumstance [70–72]. On the one hand, the adsorp-
ion of (CH3O)ads on the surface of the ligaments in the npPd rods
an be accelerated with the increasing of methanol concentration,
iving rise to the increase in the peak current of the methanol oxi-
ation reaction. On the other hand, the Pd–OHads coverage can be
urces 195 (2010) 6740–6747

gradually changed with the increasing of the methanol concentra-
tion. As to the lower methanol concentration of less than 2 M in
the KOH solutions, the adsorption of (CH3O)ads is far from satura-
tion and rarely blocks the adsorption of OHads. As the coverage of
the adsorbate ((CH3O)ads) increases to a certain value (when the
methanol concentration exceeds 2 M), the adsorption of (CH3O)ads
on the ligament surface will be dominant, and the adsorption of the
OHads will be blocked simultaneously. As a result, the competition
yields an excessive coverage of adsorbed (CH3O)ads and an insuf-
ficient coverage of OHads on the ligament surface. This imbalance
adsorption between (CH3O)ads and OHads should be responsible for
the level-off of the peak current density in the electrolyte with high
methanol concentrations (above 2 M, Fig. 6(a) and (b)). Addition-
ally, the insufficient adsorption of OHads can induce the oxidation
of Pd surface atoms at a more positive potential with increasing
methanol concentration in the electrolyte. Thereby, the resultant
delay formation of the Pd oxides on the ligament surface leads to
the shift of the methanol oxidation peak towards positive directions
(Fig. 6(a) and (c)).

Fig. 7(a) shows the effect of potential scan rate on the electro-
oxidation of methanol on the npPd rods electrode with the
0.4 mg cm−2 loading in the 0.5 M methanol + 1.0 M KOH solution.
It can be seen that the oxidation peak current density increases
with the increasing of potential scan rate from 2 to 30 mV s−1.
Meanwhile, the methanol oxidation peak potentials slightly shift
to positive directions along with the increase of scan rate. In
addition, it can be revealed that there exists an approximate lin-
ear relationship between the oxidation peak current densities
and the square root of scan rates (v1/2), as shown in Fig. 7(b).
Hence, we can rationally assume that the electrocatalytic oxidation
towards methanol on the npPd rods electrode in alkaline solutions
is controlled by the diffusion process [42,73], which is consistent
with the typical three-dimensional bicontinuous interpenetrating
ligament-channel structure of the npPd rods.

4. Conclusions

In summary, a peculiar npPd rods nanostructure with high
specific surface area can be fabricated through the dealloying of
the Al80Pd20 alloy in the dilute acidic solution (5 wt.% HCl). The
as-fabricated npPd rods exhibit a typical three-dimensional bicon-
tinuous interpenetrating ligament-channel structure and reveal a
superior electrocatalytic performance toward methanol oxidation
in the alkaline media. The electrocatalytic activity has a dependence
on the metal loading on the GC electrode and it has been found
that the npPd rods electrode with the 0.4 mg cm−2 loading pos-
sesses the best catalytic performance for methanol oxidation. When
the methanol concentration exceeds 2 M in the KOH solution, there
exists a level-off in the oxidation current density due to the compet-
ing adsorption mechanism of methoxyl ((CH3O)ads) and hydroxyl
(OHads). The electro-oxidation of methanol on the npPd/C catalyst
is a diffusion-controlled process. Significantly, differing from other
Pd nanostructures, this npPd structure can have a mass production
with a high purity level so as to meet the industrial requirement.
Hence, these npPd rods will find their promising prospect in the
field of direct methanol fuel cells, industrial catalysts, sensors, and
so on.
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