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This work reports the formation of nanoprous Pd with tunable pore size and high stability by dealloying

Pd, Cu, Ni P
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metallic glass. The results show that lower dealloying temperature results in smaller

pore size while the dealloying duration does not cause distinct change in the porous structure, even at
an ambient dealloying temperature. The glassy structure and the multiple components in the precursor
alloy are attributed to the hindered diffusion of Pd atoms and a slow coarsening rate of the nanoprous
structure. The fully dealloyed porous sample with the smallest average pores size of 10 nm exhibit much
higher catalytic activity when compare with the commercial Pd/C catalysts while the specimen with
an average pores size of 13 nm shows the highest catalytic stability among the fully dealloyed alloys.
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1. Introduction

Recently, nanoporous metals have received considerable
attention due to their unique morphological structure
and chemical properties which can be widely applied in
electrochemical catalysis, sensor, optics and bioinstrumentation
14, Dealloying technique is one of the most efficient approaches
to fabricate nanoporous metals >¢. During dealloying, the
electrochemically more active elements are selectively
leached by electrolyte and the more noble elements will
diffuse through an up-hill way to form three-dimensional
continuous ligaments, leaving behind a highly porous
structure’. To achieve a uniform nanoporous structure, the
dealloying precursor should contain a homogenous structure
at nanoscale. Usually, binary solid solutions and intermetallic
alloys, such as Au-Ag, Au-Cu and Cu-Mn, are one of these
ideal dealloying precursors *'2. Recently, there are some
attempts to synthesize nanoporous metals by dealloying
metallic glasses. When compared with the conventional
solid solution or intermetallic precursors, metallic glasses
have several advantages. Firstly, more than thousands of
metallic glass systems have been developed, providing the
nanoporous metals numerous dealloying precursors '*1°. Till
now, several nanoporous metals, such as Cu, Pt and nanoporous
Au, were obtained by dealloying different metallic glasses
1618 Secondly and more importantly, most of the metallic
glasses are composed of more than three kinds of elements,
making it possible to form multicomponent nanoporous
metals with higher catalytic activity, structure stability and
etc. For instance, nanoporous PdNi had been prepared by
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dealloying Pd, Ni, P,/
fabricated by dealloying Au-based metallic glass. Doping
effect (doping Pd with Au) highly improved the structure

stability of nanoporous Au?.

metallic glass'®. Nanoporous AuPd was

In this work, we tried to fabricate new nanoporous metals
with both high catalytic activity and structure stability through
doping. It has been shown by former research work that
Ni can improve the catalytic activity of Pd'*?!, while Cu is
beneficial for stabilize nanoporous structure?. Therefore, the
Pd3ocu4ONiIOPZO
alloy. Both dealloying temperature and duration were varied

metallic glass was chosen as the precursor

to tune the chemical composition and microstructure of the
multicompositional nanoporous alloy. And the catalytic
performance of the nanoporous alloys towards the formic
acid oxidation was studied.
2. Experimental Methods

The Pd,Cu,Ni P, alloy was prepared by melting
a pre-alloyed Pd-Ni-P ingot with Pd, Ni, Cu metals. The
purity of the metals used in this study is higher than 99.99%.
After a repeating B,O, flux treatment®, the Pd,,Cu, Ni, P,
alloy was remelted and subjected to melting-sputtering in
an argon atmosphere. The as-spun ribbons were about 2 um
in thickness and 2 mm in width. The glassy structure of the
ribbons was confirmed by X-ray diffraction (XRD) using Cu
Ko radiation and a differential scanning calorimeter (DCS).
The electrochemically properties of the ribbons was evaluated
by a potentiodynamic polarization test.

The glassy Pd, Cu, Ni, P, alloy was potentiostatically
dealloyed at 0 °C, 25 °C and 50°C in a mixed solution of
0.8mol/L. H,SO, and 0.2mol/L H,PO, for different duration.
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The chemical compositions of the dealloyed samples were
characterized by energy dispersive X-ray spectrometer (EDS) and
the surface morphology was observed using scanning electron
microscopy (SEM, FEL Sirion 200). The electrochemical properties
of the dealloyed sample for formic acid electro-oxidation were
evaluated in a standard three-electrode electrochemical cell
in CHI 760D electrochemical workstation, where the porous
samples were used as the working electrode, a Pt foil was used
as a counter electrode and a mercury sulfate electrode (MSE)
was used as the reference electrode.

3. Results and Discussion

3.1 Formation of Pd30Cu40Nil0OP20 metallic
glass

Figure 1 shows the XRD pattern of the as-spun
Pd, Cu,Ni, P
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centering at 20 of 42.2°. No sharp peaks corresponding to

ribbon. There is a broad diffraction hump

crystalline structure can be seen, indicating the formation of
auniform amorphous structure. The inset of Figure 1 is the
DSC curve taken at a heating rate of 0.67 K/s. It can be seen
that the as-spun sample exhibits an endothermic peak due to
the glass transition, followed by a supercooled liquid region
and then several exothermic peaks due to the crystallization.
The glass transition behavior further confirms the glassy

state of the as-spun Pd, Cu, Ni, P, ribbons.
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Figure 1. XRD pattern of the as-spun Pd, Cu, Ni P, metallic
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glass, the inset is the DSC curve of the as-spun Pd, Cu, Ni, P,/

3.2 Dealloying Pd30Cu40Nil0P20 metallic glass

The inset of Figure 2 displays the Tafel curve of the as-
spun Pd, Cu, Ni, P, alloy measured in 0.8 mol/L H,SO, +
0.2 mol/L H,PO, solution at 25 °C at a scanning rate of 0.2
mV/s. The dramatic decreasing current density along with

the increasing applied voltage (-700 mV~ 750 mV vs SCE)
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is corresponding to cathodic reactions, while the anodic
region is in 750 mV~100 mV vs SCE where no passivation
behavior is observed. The applied dealloying potential of
Pd, Cu, Ni P, was selected at 820 mV vs SCE. Figure 2 is
the current vs time curve of the potentiostatically dealloyed
Pd, Cu,Ni P, glass. The dealloying process can be divided
into three different current stages, similar to that of dealloying
solid solutions and intermetallic metals: initial rising stage
(0~600 s) where leaching Ni, Cu and P from the glass is the
dominant process, steady stage (600~5400 s) where leaching
reactions and coarsening maintain a dynamic balance and
fast dropping stage (5400-7200s) where leaching finishes
and coarsening becomes the dominant process .
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Figure 2. Current vs time curve of the potentiostatically dealloyed
Pd, Cu, Ni P, glass, the inset is the Tafel curve of the as-spun
Pd, Cu,Ni, P, alloy measured in 0.8 mol/L H,SO, + 0.2 mol/L
H,PO, solution at 25 °C at a scanning rate of 0.2 mV/s

EDS analysis was performed on the samples dealloyed for
600 s, 1800 s and 7200 s at 25 °C. The data were summarized
in Table 1. It can be seen that with the increasing dealloying
duration, the atomic content of Pd increases while those of
Cu, Ni and P decrease. It is reasonable since Cu, Ni and P
elements have much higher electrochemical activity when
compared with Pd.

Table 1. Chemical compositions of the Pd, Cu, Ni P, alloy

dealloyed in 0.8 mol/L H,SO, + 0.2 mol/L H,PO, solution at 25 °C
for different durations

Dealloying time, s  Pd, at% Ni, at% Cu,at% P, at%
600 38 8 34 20
1800 61 5 21 13
7200 88 1 4 7

The surface morphologies of the samples dealloyed for
different durations were observed by SEM and the images
are shown in Figure 3. After 600 s of dealloying, nanopores
are formed on the sample surface. However, the morphology
is not homogeneous. There are less attacked areas pointed
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by the white arrow in Figure 3(a) and highly coarsened
areas pointed by the black arrow. It might be related to the
inhomogeneous chemical compositions on the surface of the
as-spun Pd, Cu, Ni, P, metallic glass. Melt-spinning technique
will inevitably cause located contamination and oxidation
on the ribbon surface. These defects are electrochemically
more active than the glassy area. Therefore, quicker leaching
will take place in these located areas and coarsening near
there is thus fastened . Though the pore size is in a wide
range of distribution, the metallic ligaments are relatively
homogenous and their width is about 5 nm. The sample
dealloyed for 1800 s exhibits a more homogenous structure on
the surface. The diameter of the nanopores is ranging within
10~15 nm while the ligament is about 5~6 nm in width. The
formation of a more homogenous structure can be attributed
to the continuous undercutting of the ligaments which takes
place during dealloying. Once the formed ligaments are
undercut, fresh surface underneath will be exposured to the
electrolyte. Since the inner part of the as-spun Pd, Cu, Ni P
metallic glass are free of contaminations and oxides, more
homogenous nanoporous structure is seen when the dealloying
time increases. The longest dealloying duration of 7200 s does
not cause significant change in morphology when compared
with the sample dealloyed for 1800 s, demonstrating the
formation of a highly stable nanoporous structure with small
pores. The glassy structure and the multiple components in
the precursor alloy are attributed to the hindered Pd diffusion
and a slow coarsening rate of the nanoprous structure.
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The as-spun Pd, Cu, Ni P,
dealloyed at different temperatures. The chemical compositions
measured by EDS are shown in Table 2. The increase in
dealloying temperature leads to the increase in Pd content

metallic glass was also

and dramatic decrease in Cu, Ni and P contents, indicating
a much higher corrosion rate (leaching rate) at an elevated
temperature.

Table 2. Chemical compositions of the Pd, Cu,Ni P, alloy

dealloyed in 0.8 mol/L H,SO, + 0.2 mol/L H,PO, solution at
different temperatures for 7200 s

Dealloying temperature, °C  Pd, at% Ni,at% Cu,at% P at%
0 43 8 33 16
25 67 3 20 10
50 85 2 6 7

Figure 4 is the SEM images of the samples dealloyed at 0
°C, 25°C and 50 °C for 3600 s under an applied potential of 820
mV vs SCE. Open interpenetrating spongy-like porous structures
can be seen on all these samples. The average pore size of the
samples is about 7 nm, 12 nm and 50 nm, respectively. The
ligament width also increases with the increasing dealloying
temperature (6 nm at 0 °C, 7 nm at 25 °C and 14 nm at 50 °C,
respectively). The coarsening of nanoporous structure with
the increase in dealloying temperature can be attributed to the
enhanced dealloying kinetics. Similar phenomenon has been
observed in dealloying AuAg solid solution at temperatures
ranging from -20~25 °C in concentrated HNO,*.

Figure 3. SEM images of the Pd, Cu, Ni

IOPZO

alloy dealloyed at 25 °C for 600 s (a), 1800 s (b) and 7200 s (c)

Figure 4. SEM images of the Pd, Cu, Ni

10P20

alloy dealloyed at 0 °C (a), 25 °C (b) and 50 °C (c) for 3600 s
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3.3 Catalytic activities of the dealloyed porous
samples

As described above, smaller pore size can be obtained
by dealloying at low temperature. To compare the catalytic
activity of the porous alloys with different pore size, the
fully dealloyed samples (0 °C dealloyed for 43200 s (EDS:
88 at% Pd, 3 at% Cu, 2 at% Ni, 7 at% P); 25 °C dealloyed
for 7200 s; 50 °C dealloyed for 3600 s) were selected
as catalysts. The EDS analysis already shows that these
samples have similar chemical compositions, i.e., Pd~85-88
at%, Cu~3-6 at%, Ni 2-3 at% and P~7-8 at%. However,
the average pore/ligament sizes are different, 10 nm/6 nm
at 0 °C, 13 nm/8 nm at 25 °C and 50 nm/14 nm at 50 °C,
respectively.

Figure 5 shows the cyclic voltammograms (CV) of the
fully dealloyed porous samples in a mixed solution of 0.5 M
H,S0O,+0.5 M HCOOH (vs RHE) at a scan rate of 50 mV/s.
A CV curve of a commercial Pd/C catalyst is also included
for comparison. The current densities were normalized by the
electrochemically active surface areas of the catalyst, which
is calculated by integrating the Pd reduction peak area in 0.5
M H,SO,. In the CV curves, the broad peaks in the region
between OmV and 200 mV correspond to the adsorption

Pd/C

Current Density, mA/cm2

0 200 400 600 800 1000

Potential, mV vs RHE

Figure 5. CV curves of the Pd, Cu, Ni
at different temperatures
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and desorption of hydrogen and the peak at about 300~600
mV is attributed to the formic acid oxidation ?’. The porous
samples dealloyed at 0 °C and 25 °C show lower formic
acid oxidation potential (300 mV and 345 mV, respectively)
when compared to the commercial Pd/C catalyst (490 mV),
demonstrating that these two samples have higher catalytic
activity. In contrast, the sample dealloyed at 50 °C exhibits
much higher formic acid oxidation potential of 589 mV.
Moreover, there is a weak oxidation peak in the potential
range of 800-1000 mV, corresponding to indirect oxidation
of formic acid. The indirect oxidation will generate CO and
poison the catalyst. It is clear that smaller pore size leads to
higher catalytic activity in this study. Fujita et al has shown
that there are a high density of atomic steps and kinks on the
curved surfaces of nanoprous metals, which are active sites
for catalytic reaction®. Thus, the results are reasonable since
smaller pores are always associated with higher curvature
change along the surface of the metallic ligaments providing
the alloy with more active sites and higher catalytic activity.

To further investigate the catalytic stability of the
catalyst, chronoamperometry test was performed on the
fully dealloyed samples at different temperatures and the
results were shown in Figure 6. When compared with the
commercial Pd/C catalyst, all the fully dealloyed samples
show higher catalytic stability. And the specimen dealloyed
at 25°C displays the best stability as can be evidenced from
the highest stable current density and the slowest rate of
current reduction. Though the sample dealloyed at 0°C
has the smallest pore size and the best catalytic activity
among the dealloyed samples, it exhibit the lowest catalytic
stability. The reason might also be related to the small pore
size. Porous samples with smaller pores always have higher
energy instability which is always associated with faster
coarsening. And coarsening will lead to the decrease in
catalytic current density.
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Figure 6. I-t curves of the Pd, Cu, Ni P, alloy fully dealloyed at
different temperatures, the applied potentials are the corresponding

peak potentials in CV curves in Figure 5
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4. Conclusions

In summary, we have investigated the influence of
dealloying time and temperature on the microstructure of
the dealloyed Pd, Cu, Ni P,
show that the nanoporous structure is highly stable when the

metallic glass. The results

dealloying temperature is lower than 25 °C. Among the fully
dealloyed porous samples prepared at different temperate, the
one with the smallest pore size of 10 nm exhibit the highest
catalytic activity while the specimen with an average pores
size of 13 nm shows the highest catalytic stability.
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