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Abstract: The formation of nanoporous Pd was studied by electro-chemical dealloying a rapidly-quenched Al70Pd17Fe13 quasicrystal 
alloy in dilute NaCl aqueous solution, and the electro-catalytic activity of the nanoporous Pd towards methanol electro-oxidation was 
evaluated by cyclic voltammetry in 1 mol/L KOH solution. XRD and TEM analyses revealed that nano-decomposition of 
quasicrystal grains occurred in the initial stage of dealloying, and the fully dealloyed sample was composed of FCC-Pd phase. 
Scanning electron microscopy observation indicated that a maze-like nanoporous pattern was formed in the dealloyed sample, 
consisting of percolated pores of 5−20 nm in diameter in a skeleton of randomly-orientated Pd nano-ligaments with a uniform 
thickness of ~5 nm. A retention of ~12 at.% Al in the Pd nano-ligments was determined by energy dispersive X-ray spectroscopy 
(EDS). The nanoporous Pd demonstrated obvious electro-catalytic activity towards methanol electro-oxidation in alkaline 
environment. 
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1 Introduction 
 

Dealloying is a corrosion process during which one 
or several component elements are selectively dissolved 
out from an alloy [1,2]. This corrosion process has   
long been known to play a crucial role in stress- 
corrosion-cracking of industrial alloys [3,4]. Recently, 
there has been a revived interest in dealloying because 
such a corrosion process can generate useful bulk 
nanoporous metals [5]. Nanoporous metals made by 
dealloying can take the form of millimeter-sized bodies 
with a bicontinuous microstructure comprised of 
nanoscale pores and metal ligaments. The size of metal 
ligament can reach down to the very limits of stability of 
nanoscale solids. These bulk nanomaterials combine 
properties characteristic of metals, such as good 
electrical conductivity and catalytic activity, with the 
extreme properties of nanostructures including the large 
surface-to-volume ratio, which give rise to their potential 
applications in the area of catalysis, sensing and 
nanomechanics [5−7]. 

Metallic alloys of different types of structures have 

been used as the starting materials for the fabrication   
of nanoporous metals by dealloying. Most of the 
nanoporous metals are made from single-phase solid 
solution alloys [8−13]. Some amorphous alloys are found 
to be suitable dealloying precursors. Nanoporous Pd,  
Au (Pd), Cu, Ni and Pt metals have been fabricated by 
means of electrochemical dealloying the melt-spun 
metallic glasses of Pd30Ni50P20 [14], Au30Si20Cu33- 

Ag7Pd10 [15], Al70Cu18Mg12 and Al73Cu16Mg8Ni3 [16], 
Zr67Ni33 [17], Fe60Pt10B30 [18], as well as the electron 
beam deposited Pt100−xSix amorphous films [19]. The 
study of dealloying has also been extended into several 
two-phase alloy systems [20−23]. In these two-phase 
alloys, dealloying has been found to occur in some 
intermetallic phases. For instance, in a rapidly-quenched 
Al70Pd30 alloy composed of Al3Pd and Al3Pd2 phases, 
Al3Pd turns into nanoporous Pd after dealloying, and 
Al3Pd2 remains intact in the dealloyed structure [23]. 
Regardless of their structure differences, the above 
mentioned precursor alloys share a common 
electrochemical characteristic: to make dealloying occur, 
it is necessary that the difference between the single 
electrode potentials of the constituent metals in the  
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electrolyte is sufficiently large, and that the potential of 
the dissolving alloy is higher than that of the less noble 
metal [24]. 

The component elements of Al-based Al−Pd−TM 
(TM: transition metals) icosahedral quasicrystals 
(i-phases) [25,26] also exhibit such an electrochemical 
characteristic. In the Al−Pd−Fe system, a nearly single- 
phase icosahedral quasicrystalline alloy can be made by 
melt-quenching at the composition of Al70Pd17Fe13 [27]. 
The standard electrode potentials of Al (−1.662 V (vs 
SHE)) and Fe (−1.185 V (vs SHE)) are strongly more 
negative than that of Pd (0.951 V (vs SHE)). Moreover, 
the dealloyable Al3Pd phase happens to be a crystalline 
approximant of the i-phase, which has the same local 
structures as the quasicrystal but is lack of quasi-periodic 
order [25,27]. It is therefore expected that selective 
dissolution of the less noble Al and Fe atoms from 
i-Al70Pd17Fe13 may be realized under favorable 
electrochemical conditions. The previous studies on the 
surface corrosion property of Al−Cu−Fe (or Co) 
icosahedral and decagonal phases showed that unique 
nano-cuboid Cu could be made by chemical     
leaching the samples in concentrated NaOH aqueous 
solutions [28−31]. So, it is also tempting to think that a 
unique nanoporous pattern may be obtained from 
i-Al70Pd17Fe13, as the structure order of an icosahedral 
phase is fundamentally different from those of crystalline 
and amorphous alloys. In this work, the fabrication of 
nanoporous Pd was investigated by dealloying a rapidly- 
quenched i-Al70Pd17Fe13 alloy in dilute NaCl aqueous 
solution. Structure evolution of i-Al70Pd17Fe13 upon 
electrochemical polarization was characterized for both 
the partially and fully dealloyed samples, and a primary 
study of the electro-catalytic activity of the nanoporous 
Pd metal towards methanol oxidation in alkaline 
environment was also carried out. 
 
2 Experimental 
 

Alloy buttons with a nominal composition of 
Al70Pd17Fe13 (at.%) were prepared by arc melting 
appropriate amounts of Al (99.99 wt.%), Pd (99.99 wt.%) 
and Fe (99.50 wt.%) in a Ti-gettered Ar atmosphere 
under a background vacuum level of 5×10−3 Pa. Using 
the alloy buttons, ribbon samples with cross-sectional 
dimensions of ~0.02 mm × 2 mm were made using a 
single roller melt-spinner. The as-quenched and 
dealloyed samples were ground into powders for phase 
identification by X-ray diffraction (Cu Kα, λ=0.15406 nm) 
operated at a tube voltage of 40 kV. The morphology and 
composition of samples before and after dealloying were 
studied using a Hitachi S−4800 scanning electron 
microscope (SEM) equipped with an Oxford energy 
dispersive X-ray spectroscope (EDS), operated at an 

accelerating voltage of 15 kV. The microstructure 
observation was carried out with a Tecnai G220 S-Twin 
transmission electron microscope (TEM) operated at  
200 kV. A standard three-electrode cell, in which a 
Ag/AgCl electrode in saturated KCl was adopted as the 
reference electrode, and pure platinum and the 
i-Al70Pd17Fe13 ribbon alloy as the counter and working 
electrodes, respectively, were used to perform 
electrochemical dealloying, driven by an external 
potential of 0.05 V (vs Ag/AgCl) in 0.1 mol/L NaCl 
aqueous solution. The electrochemical properties of 
freshly prepared nanoporous Pd were measured in     
1 mol/L KOH and a mixed solution of 1 mol/L KOH + 
0.5 mol/L CH3OH at a sweeping rate of 20 mV/s, 
respectively. The electrochemical experiments were 
carried out at room temperature. The samples subjected 
to dealloying for 5 and 40 min were determined as the 
partially and fully dealloyed states, respectively, to 
examine the structure evolution of i-Al70Pd17Fe13 during 
dealloying. 
 
3 Results and discussion 
 
3.1 Structure evolution of i-Al70Pd17Fe13 upon 

dealloying 
Figure 1(a) presents the XRD patterns of the 

as-quenched, partially and fully dealloyed Al70Pd17Fe13 
samples. The as-quenched alloy is composed of the 
i-phase as the majority phase and a minor amount of 
Al3Pd. Comparing the powder diffraction patterns of the 
as-quenched and partially dealloyed samples, it is found 
that the intensity ratio of (202)-Al3Pd and (20/32)-i peaks 
increases after a certain time of dealloying. This result 
indicates that the volume fraction of i-phase is reduced in 
the partially dealloyed sample. Apart from this, a 
diffused diffraction hump appears at 2θ≈40° in the 
diffraction pattern. The partially dealloyed micro- 
structure was further studied by TEM. A typical high 
resolution TEM image of partially dealloyed i-phase 
grains is shown in Fig. 1(b). It is seen that a small 
portion of the i-phase grain has been dealloyed into a 
collection of randomly orientated nano-ligaments. The 
polycrystalline array of interconnected nano-ligaments is 
distinctly different from the lattice-coherency nature of 
the nano-ligaments derived from crystalline solid 
solution alloys [32,33]. The remaining part of the grain 
decomposes into a mixture of nanocrystals, which is 
corroborated by the selected area electron pattern of the 
Debye−Sherrer ring form. Some i-phase nanoparticles 
still survive in the decomposed grain, coexisting with the 
randomly-orientated nanocrystals. The microstructural 
evidence indicates that nano-decomposition of i-phase 
grains occurs firstly in the initial stage of dealloying. In 
the fully dealloyed sample, both i-phase and Al3Pd 
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phases disappear, and a single FCC phase is formed. The 
broadened diffraction peaks are indicative of an ultrafine 
grain size of the FCC phase (Fig. 1(a)). 
 

 
Fig. 1 XRD patterns showing structure evolution of rapidly- 
quenched Al70Pd17Fe13 alloy during dealloying process (Cahn’s 
main indices are used to index the i-phase) (a) and high 
resolution TEM image showing nano-decomposition of  
i-phase grain (The black arrows point to randomly nucleated 
nanocrystals. The circled zone is a surviving i-phase 
nanoparticle. The inset at the bottom-right corner is the selected 
area electron diffraction pattern taken from the remaining 
portion of the i-phase grain which is nano-decomposed) (b) 
 
3.2 Nanoporous structure of dealloyed i-Al70Pd17Fe13 

The surface morphology of the as-quenched 
i-Al70Pd17Fe13 is shown by the SEM image in Fig. 2(a). 
The grain size is not uniform, living in a range from 
several hundred nanometers to a few micrometers. The 
grain surface exhibits a fractal-like morphology, which is 
typical for icosahedral quasicrystals. A number of voids 
are formed at grain boundaries, which, upon dealloying, 
can provide paths for rapid passage of electrolyte into the 
interior of the sample. While the i-phase sample was 
dealloyed in NaCl aqueous solution, gas bubbles evolved 
vigorously and continuously from the sample surface. 
Since the potential of gas evolution is well below the Cl2 
and O2 evolution potentials, it is inferred that this process 
is corresponding to H2 evolution due to the reaction of 
the alloy surface atoms with the solution. Intergranular 
cracks are observed in the dealloyed samples (Fig. 2(b)). 

The shapes of i-phase grain are preserved, and a 
maze-like nanoporous pattern is formed on the grain 
surface (Fig. 2(c)). The pore size in the nanoporous 
surface is ~10 nm. The cross-sectional fracture surface of 
a fully dealloyed sample is shown in Fig. 2(d). The 
interior structure of the bulk sample is comprised of 
interconnected nano-ligaments of ~5 nm in thickness and 
pores of 5−20 nm in diameter. This kind of nanoporous 
pattern has formed throughout the entire sample interior, 
suggesting that the Al3Pd phase has also been dealloyed. 
The EDS analysis revealed the retentions of ~12 at.% Al 
and a negligible amount of Fe in the Pd nano-ligaments. 

Though the electrochemical process occurring at the 
quasicrystal/electrolyte interface is hard to be clarified, 
the surface atomic structure of i-Al70Pd17Fe13 is believed 
to play a crucial role for the initiation of dealloying. In 
the i-phase structure, two types of pseudo-Mackay 
icosahedra consisting of successive atomic shells are the 
basic structural units, in which Al atoms form the 
external shells [34,35]. These pseudo-Mackay clusters 
are hierarchically organized into large building blocks 
and grow into infinity in the quasiperiodic lattice. It is 
also known that the surface atomic structure of i-phase is 
bulk-terminated, i.e. the surface layer planes are identical 
to planes from the bulk model of the quasicrystal [36,37]. 
In view of the surface atomic structure characteristic, a 
structural evolution mechanism involved in the 
dealloying process is proposed for i-Al70Pd17Fe13. In the 
NaCl aqueous solution and under an appropriate external 
potential, electrochemical attack on the quasicrystal 
surface is readily initiated locally at the shell surface Al 
atom sites of pseudo-Mackay clusters. After a certain 
amount of Al atoms have been removed from the cluster 
surface shells and dissolved into the electrolyte, the 
long-range connection of pseudo-Mackay icosahedra   
is broken in the i-phase structure. This leads to nano- 
decomposition of i-phase grains. With continuous 
dissolution of Al and Fe atoms, the i-phase nanoparticles 
are further dealloyed. The remaining Pd atoms are driven 
to agglomerate into clusters, and interconnected Pd nano- 
ligaments eventually form via a self-assembly process. 
This structural evolution process entails exposing fresh 
quasicrystal surfaces to the electrolyte, which sustains 
the propagation of dealloying. 
 
3.3 Catalytic activity of NP-Pd(Al) towards methanol 

electro-oxidation 
The electrochemical properties of the nanoporous 

Pd for methanol electro-oxidation were primarily 
evaluated by cyclic voltammetry (CV) in KOH solutions 
with and without methanol. For comparison, the 
voltammetric behaviors of a bulk Pd metal were also 
measured under otherwise identical conditions. Figure 3 
compares the CV curves of the nanoporous Pd in 1 mol/L 
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Fig. 2 SEM image showing surface morphology of rapidly-quenched Al70Pd17Fe13 (The inset shows the fractal-like surface of i-phase 
grains) (a), overview of surface morphology of fully-dealloyed sample (b), nanoporous pattern formed on the grain surface (The inset 
is a high magnification image showing the length scales of pores and ligaments) (c) and SEM image taken from cross-sectional 
fracture surface of dealloyed sample (The inset at the top-left corner showing the nanoporous pattern formed in the interior region of 
the sample, the bottom-right corner inset being the EDX spectrum taken from the nano-ligaments) (d) 
 
KOH with and without 0.5 mol/L CH3OH. The forward 
scan CV curve of the nanoporous Pd in 1 mol/L KOH 
exhibits a weak oxidation peak around −0.45 V, which is 
attributed to the formation of Pd oxide layer on the 
nanoporous electrode surface [38]. A strong and broad 
oxidation peak appears in the potential range from −0.69 
to 0.2 V in the forward scan CV curves of the 
nanoporous Pd electrode in the mixed solution, which 
corresponds to oxidation of chemisorbed species coming 
from methanol absorption [39,40]. The onset potential of 
methanol oxidation on the nanoporous Pd surface 
decreases by 0.17 V compared with that for bulk Pd, 
indicating that the electro-oxidation kinetics is greatly 
enhanced on the nanoporous surface. A maximal 
apparent current density of 117 mA/cm2 is read from the 
oxidation peak of the nanoporous Pd, and that for bulk 
Pd is about 1 mA/cm2. The characteristic of forward scan 
CV curve reveals evident electro-catalytic activity of the 
nanoporous Pd in the alkaline environment. Comparison 
of the series of CV curves indicates that the maximal 
apparent current density gets slightly decreased with 
increasing cycle times. The electro-catalytic performance 
is mainly ascribed to the large surface area of the 
nanoporous Pd, which offers a huge number of surface 
defects as active sites for the absorption and oxidation of 
methanol molecules. A thorough understanding of 
electro- oxidation process occurring on the nanoporous 

Pd surface requires knowledge of the surface adsorption   
of various species, the alloying effect of Al on the 
electronic structure of Pd, and so forth. Further 
experimental evidence is needed for a comprehensive 
study of this phenomenon. 
 

 
Fig. 3 CV curves of nanoporous Pd in 1 mol/L KOH and mixed 
1 mol/L KOH + 0.5 mol/L CH3OH solutions (The inset is the 
CV curve of bulk Pd metal measured under identical 
electrochemical conditions. An apparent current density, which 
is worked out with the surface area of the bulk samples, is used 
in this plot. The directions of the forward and backward 
potential scans are designated by dash-dotted arrows. Sweeping 
rate: 20 mV/s, NP: Nanoporous) 
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4 Conclusions 
 

(1) The electrochemical dealloying of a rapidly- 
quenched Al70Pd17Fe13 quasicrystal alloy in dilute NaCl 
aqueous solution, and the catalytic activity of the 
dealloying product towards electro-oxidation of 
methanol in alkaline environment were investigated. 

(2) The rapidly-quenched alloy was composed of 
i-Al70Pd17Fe13 as the majority phase and a minor amount 
of Al3Pd phase. Nano-decomposition of quasicrystal 
grains occurred in the initial stage of dealloying. After 
dealloying, the i-Al70Pd17Fe13 and Al3Pd phases 
transformed into FCC-Pd. 

(3) The fully-dealloyed sample exhibited a nano- 
porous structure, consisting of a system of nanoscale 
pores in a skeleton of randomly orientated Pd nano- 
ligaments of uniform thickness. A retention of ~12 at.% 
Al was found in the nano-ligaments. 

(4) This nanoporous Pd metal exhibited evident 
catalytic activity towards electro-oxidation of methanol 
in alkaline environment. 
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快淬 Al70Pd17Fe13准晶脱合金化制备 
纳米多孔钯及其电催化活性 
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摘  要：研究快淬 Al70Pd17Fe13准晶在稀 NaCl 溶液中通过电化学脱合金化制备钠米多孔钯的过程，采用循环伏安

法探讨纳米多孔钯在 1 mol/L KOH 溶液中对甲醇的电催化活性。XRD 和 TEM 分析表明，准晶晶粒在脱合金化初

期发生纳米分解，当脱合金化完成后转变成纳米 FCC-Pd。SEM 观察表明，脱合金化样品中形成迷宫状的纳米多

孔结构，孔径为 5~20 nm，纳米钯孔壁的晶体学取向无序，尺寸均匀，厚度约为 5 nm。EDS 测试结果表明，纳米

钯孔壁中残留约 12 at.% Al。该纳米多孔钯在碱性环境中对甲醇显示明显的电催化活性。 
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