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Abstract

De-alloying, i.e. selective dissolution of alloys, is currently studied to produce nanoporous
gold items suited for use in catalysis, electrochemical applications, sensors and actuators.
Both crystalline and amorphous alloys can be selectively etched. In the former, less noble
atoms are removed from surface terraces of grains layer by layer, while noble ones form
mounds. These evolve by undercutting and electrolyte percolation to form a ligament
network. The mechanism of ligament development by de-alloying amorphous alloys is
unknown. Here we show that for de-alloying a Au-based glass, in this case
AusoCuzsAgrPdsSizo, percolation of the electrolyte through cracks of the native surface
oxide initiates the formation of protuberances which are soon undercut. An interlayer
develops, where Au crystals germinate, grow to nanometer size by diffusion and impinge.
This is how ligaments start to coarsen. The interlayer is found at all stages between
coarsened ligaments and amorphous phase. The ligaments are defective polycrystals, as
opposed to single crystals obtained from crystalline alloys.



1. Introduction

The selective dissolution of less noble components of an alloy constitutes the process
known as de-alloying. The removal of these elements leaves noble atoms on the surface
which are deprived of nearest neighbours and diffuse along the solid-electrolyte interface
forming clusters. These progressively extend in three dimensions producing a continuous
network of ligaments and pores both with size in the nanometer range. The majority of
information available to date on the electrochemistry of the de-alloying process and on the
resulting structure and morphology of ligaments, derives from experiments performed
using either two-component solid solutions, e.g. Ag-Au [1-4], and multicomponent
crystalline alloys (e.g. Ag-Au-Pt, Au-Cu-Mn-Zn), or intermetallic compounds having
compact structure (e.g. Al,Au) [5-8]. These are polycrystalline alloys having large grains
whose structure and size is retained after selective etching. Therefore, each grain
becomes a porous single crystal [1,5].

The events occurring during electrochemical de-alloying of crystalline alloys are well
described by an operative model of porosity evolution [9-11]. Considering a single alloy
grain with nearly flat surface, the stripping of atoms starts from terraces and proceeds
layer by layer leaving the more noble Au on the surface as adatoms. These are very
mobile and agglomerate rapidly into clusters while further layers are similarly etched so
that hillocks grow which passivate the alloy locally trapping some less noble atoms. The
distance between hillocks is in the order of a characteristic diffusion length. Then, the
electrolyte percolates around these mounds, which are undercut by further de-alloying.
The distance between a hillock and a neighbouring one increases to twice the
characteristic diffusion length and germination of new clusters occurs. The repetition of this
process results in a continuous network of interconnected ligaments and pores [9-11,26].

De-alloying was later performed with materials having complex structure, i.e. intermetallic
compounds (e. g. Al,Cu) [23], quasicrystalline phases [24] and multicomponent
amorphous alloys [15-20,34]. In these, the removal of the less noble elements and surface
diffusion of adatoms induce the formation of numerous new crystals of the stable compact
structure of the noble component of the alloy. Since the pristine complex structures of
either periodic or amorphous phases are destroyed, germination of the new crystals must
occur, contrary to the case of de-alloying crystalline alloys in which the growth of the
ligaments takes place epitaxially on the pre-existing phase [5]. The new crystal domains
are of nanometers size and seem to grow until their impingement, giving ligaments made
of several crystals. To date, detailed observations revealing the mechanism of ligament
construction from amorphous alloys are lacking.

Coarsening of microstructures occurs on both prolonged etching and annealing. It has
been earlier attributed to diffusive surface smoothening, while later ligament pinch-off due
to Rayleigh instability in the solid state was assumed, similarly controlled by surface
diffusion [12]. Actually, kinetic studies have shown that coarsening is a thermally activated
process with activation energy of the same order as that found in experiments on de-
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roughening of gold electrodes due to surface diffusion [13]. At variance, simulations
suggested that the coarsening of the interconnected network is due to the collapse of
neighbouring ligaments onto each other caused by mechanical stress. After pinch-off at
ligament necks, the reduction in surface energy should drive relaxation to the lowest
surface energy providing compensation to the plastic work required to bend the ligaments
[14]. Experimental evidence of these events is, however, not available.

In this work we employ a good glass forming alloy, AusoCuzsAg7PdsSizg, amorphized by
rapid solidification in the form of a ribbon, to reveal aspects of the early stages of the de-
alloying process and to unveil the mechanism by which ligaments and pores develop from
the amorphous matrix. The alloy has complex composition related to the need for
matching glass-forming ability: we have chosen the best glass-forming system based on
Au to achieve a fully glassy material by rapid quenching [21]. These features are essential
for the understanding of the morphology and microstructure of ligaments as well as of
subsequent coarsening events.

2. Experimental

A Au4oCuzsAg7PdsSixg master alloy was made by arc melting the pure elements (Au, Ag,
Cu, Pd, Si: all 99.99%) in Ar atmosphere. Ribbons were produced by melt spinning: the
molten alloy was ejected through the nozzle of a silica crucible onto a Cu wheel rotating at
20 m/s in a chamber evacuated and filled with an Ar partial pressure [18]. The ribbons are
30 ym in thickness on average and 2 mm wide and resulted fully amorphous both in X-ray
analyses performed on either side and TEM observations of a thinned sample.

Samples 15 mm in length were cut for use as anode in a PGSTAT302N Potentiostat/
Galvanostat of MetroOhm Instruments in a three electrode cell. 1 M HNOj; aqueous
solution was employed for de-alloying at 70°C at the potential of 1.05 V vs Ag/ AgCl using
a Pt grid cylinder as a counter electrode. These conditions were previously shown to yield
de-alloying with success, producing a continuous and homogeneous nanoporous network
[18-20]. A new sample was used as working electrode for every de-alloying experiment.
Samples were de-alloyed for 30 s, 1, 3, 5,10, 15, and 60 minutes. The critical potential
used in this work for de-alloying the Au based amorphous alloy is some mV lower with
respect to that used for de-alloying Ag-Au crystalline alloys [2,26], whereas it is higher than
that chosen for de-alloying binary Cu-Au crystalline alloys which was anyway far from the
transpassive onset potential [25].

Fig. 1 reports anodic polarization curves for the AusCuzsAg7PdsSizp amorphous alloy and
two crystalline alloys. Both of these were proven by using X-ray Diffraction pattern (XRD)
to be constituted by a single fcc phase. The Aus75Cus75Ag6 25Pds 75, contains the same
metal elements as the amorphous alloy although in a different proportion, and the
Auz1Cus1Mny52Zn128 which was earlier shown to undergo de-alloying with a mechanism
typical of crystalline alloys [5]. All curves are complex, although containing some similar
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features. The Tafel region is shifted to slightly lower potential in the case of the amorphous
alloy, while is very close for the crystalline ones. The transpassive region is very close for
the amorphous and the crystalline alloy containing the same elements, whereas it occurs
at a potential about 0.2 V lower for the crystalline alloy containing Mn and Zn. In between
these potential regions current peaks can be appreciated. As a general behaviour the
current density decreases, not surprisingly, in the order AusCusAg7;PdsSiy >
AU31CU41MI’]15_2ZI’112_8 > AU37‘5CU47‘5A96‘25Pd8_75. For the amorphous and for
Auz1Cus1Mny52Zn42 g crystalline alloy, the peak potential, is very likely due to the oxidation
of Cu, in addition to other less noble elements, e. g. Si as detailed below. The critical
potential suitable for de-alloying was found to be just above 1.0 V, since extensive
corrosion cracking was experienced by using higher potentials [19]. The
Ausz 5Cus7 5Ag6 25Pds 75 alloy can be de-alloyed only very slowly as suggested by the low
current density and a different electrolyte must be used to obtain a porous network. The
reason for the appearance in all curves of a peak in current density at 1.2 V or just above,
is not clear yet. Since it appears in all cases, independently of the initial alloy structure or
composition, it is supposed that it is due to removal of atoms trapped in Au based crystals,
but more work is needed to prove this. The LSV has been performed with a scan rate of
5mVi/s.

A Bruker-Atomic Force Microscope Dimension Icon (AFM) was used to examine the
sample topography in tapping mode with a scanning of rate 75 Hz. A Si tip on a nitride
cantilever (Scanasyst-Air) was employed with a resonance frequency of 78 kHz. The AFM
data analysis was made by means of the WSxM5.0 Develop 7.0 software. An Inspect F™
FEG Scanning Electron Microscope (SEM) was also used for checking the morphology of
the samples that have been de-alloyed for 30 sec and 1 min in cross section after cutting
them under tension load. X-rays Photoelectron spectroscopy (XPS) investigations were
performed with a PHI 5600 XPS system using monochromatic Al Ka X-rays (350 W). For
profiling samples in the depth, Ar* ions were used with an energy of 3.5 keV and an angle
of around 30 degrees to the surface normal. The sputtering rate was 0.7 nm/min measured
with SiO, reference and the pressure in the XPS analysis chamber was 1*10°Pa. Data
analysis was made by means of PHI-MULTIPAC software package, V. 9.3, ULVAC-PHI,
(1994-2011). A JEOL JEM3010 High-Resolution Transmission Electron Microscope (TEM)
was used for the study of the ligaments of a sample de-alloyed afters previous mechanical
thinning. A Scanning Transmission Electron Microscope (STEM) was used for the
characterization of the ligaments and the porous scaffold after cutting samples using
Focussed lon Beam (FIB).

3. Results and Discussion

The surface topography of the as-spun ribbon as revealed using AFM, is made of a grain-
like structure (Fig. 2a). The zones displaying uniform contrast are separated by fine cracks
having depth in the order of 1 nm. The XPS depth profile of the ribbon (Fig. 2b) reveals an
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enrichment in Silicon and Oxygen during the first 6 minutes of sputtering, which
corresponds to a depth of about 4 nm. The Si:O ratio suggests the presence of a SiO,
layer on the surface. Therefore, the cracks refer to this layer, apparently formed during the
rapid solidification process. It is also noticed that there is a small enrichment of Au on the
sub-surface layers of the ribbon. Once these are sputtered away, the elemental
concentration becomes that expected from the composition of the alloy. The surface layer
appears to influence the etching of the alloy but does not hamper it. In fact, after de-
alloying for 30 s, self-similar hilly protuberances appear on the surface (Fig. 3a and b),
which reach a height of about 50 nm with respect to the background level. Their lateral
extension is between 100 and 200 nm, i. e. that of the silica patches of Fig. 2a. It is
inferred that the electrolyte starts penetrating into the alloy through the fine cracks of the
oxide layer, initiating the etching at the length scale of these defects. Progressively,
removal of atoms extends across the whole surface. Because of the enrichment in Au of
the subsurface layer, there might be some atom clusters in crystalline form, which would
constitute embryos for the first crystals originated by de-alloying.

While the process continues in the bulk, crystals with random orientation are continuously
formed. This might suggest that they are progressively nucleated at the interface with the
amorphous matrix, contrary to the case of crystalline alloys in which the original grains do
not change structure and provide a substrate for the epitaxial growth of ligaments.
However, embryos cannot dissolve back into the amorphous phase once less noble atoms
are lost as ions and carried away by the electrolyte, since the process is not reversible.
Therefore, this does not appear to be a classical nucleation event. The crystallization is
described in a better way as spontaneous germination [22] occurring when Au atoms,
freed of nearest neighbours, move to a short distance to self-assemble in their stable close
packed structure. The size of the crystalline features observed using TEM for the sample
de-alloyed for 30 s (Fig. 4) is compatible with a surface diffusion coefficient in the order of
10" m?s™", which was earlier determined for the surface movement of Au atoms [18].

The extent of atomic displacement of Au atoms can be inferred by considering the
structure of amorphous and liquid Au-Si alloys, which has been determined by X-ray
diffraction (XRD) measurements as a function of temperature and simulated by ab-initio
molecular dynamics [27-29]. It was shown that it conforms to the model of dense random
packing of hard-sphere, with Si atoms coordinating on average 10 Au atoms. Progressive
slight densification was found as the temperature decreased down to the eutectic point for
the composition AugiSiig [29]. Simulation results showed strong intermixing of the two
elements [28]. Should the coordination shell of Si be similarly filled at random by the four
metallic atoms of the present alloy, half of them would be less noble than Au and therefore
liable to dissolve together with the central Si atom. A subsequent movement at short range
of Au atoms, some of which are already nearest neighbours, would enable clustering at
multiple locations where fine crystals would form. A different scenario with respect to the
initial stage of de-alloying of binary Au-Ag and Au-Cu crystalline alloys where Au atoms
cluster epitaxially on the fcc substrate.



To observe the fine structure at this early stage of de-alloying, a sample was mechanically
grinded to obtain an electron transparent wedge before de-alloying it for 30 s. It was
reckoned that the thinnest zones would reproduce the microstructure of the top layers of a
de-alloyed bulk ribbon. The TEM image shown in Fig. 4 reports the result of this
experiment. The narrow dark zones contain crystals with a size of a few nanometers,
randomly oriented. Their structure is fcc (the diffraction pattern given in the inset of Fig. 4a:
rings in the pattern and lattice fringes are compatible with the lattice constant of Au).
These zones appear fully de-alloyed, i. e. they were first etched. The mottled contrast of
the wider regions in between is due to a mixture of amorphous phase and a large number
of Au crystals. The overall microstructure appears to confirm the one displayed in the
images of Fig. 3a.

After de-alloying for a longer time (60 s), more atoms are dissolved and the height of the
protuberances increases to 85-90 nm while their shape and size is modified. They appear
made of bumps, some joined to each other, but none of them exceeding 100 nm in size, i.
e. they are definitely smaller than the protuberances found earlier (30 sec). The porosity
surrarounding them clearly increased in volume (Fig. 3c and d), showing that there is a
preference for atom removal around the base of these features (Fig. 3e and f). This seems
to represent a similarity with the de-alloying of crystalline alloys, where the under-cutting of
passivated mounds was suggested at the beginning of formation of ligaments rich in Au
atoms [10-12].

For a de-alloying time of 3 minutes, the surface is covered by gold particles around 100
nm in diameter, some of which appear knobbly due to coarsening by growth and
impingement of crystals on each other (Fig. 5a). After de-alloying for 5 minutes, the
increase in size and agglomeration of surface features clearly continues (Fig. 5b), whereas
after 10 minutes, the gold hills have transformed into interconnected ligaments with
porosity between them (Fig. 5c). The height of these ligaments exceeds 300 nm. There is
clear evidence of coarsening by diffusion.

A slice of a sample de-alloyed for 15 min was cut from the ribbon by using FIB and
analysed by STEM. Images show the network of ligaments expanding from the external
surface into the bulk for about 500 nm (Fig. 6). Their size is uniform and of the same order
as those shown in Fig. 5c, indicating that a steady state has been reached in coarsening.
In between the ligaments and the pristine amorphous phase, an intermediate wavy layer
connecting the amorphous matrix to the ligaments, around 50 nm thick, is well
distinguishable (Fig. 6a,c). It is composed of filaments and channels. Observing these
zones by TEM, a mixture of the amorphous phase with randomly oriented Au-
nanocrystals, as well as a network of Au filaments of the order of 10 nm in size is found
(Fig. 6d-e), i.e. the same microstructure as that of the sample mechanically thinned and
de-alloyed for 30 s, which was described above. Apparently, this intermediate zone
between the amorphous bulk phase and the polycrystalline ligaments demonstrates how
the undercutting occurs and how the porosity evolves via percolation of the electrolyte in
the newly formed channels.



Comparing this sample with another one that was de-alloyed for 60 minutes (Fig. 6b), the
interface between the porous network and the amorphous alloy appears of the same type:
about 50 nm thick with a similar de-alloying front. This provides evidence that the same
mechanism is operative at all stages of the process. The final size of ligaments depends
primarily on the temperature at which the de-alloying is performed and on the type of
electrolyte. These parameters can be adjusted to obtain the desired microstructure [18,
19]. The mobility of surface atoms is driven by the reduction in surface energy, therefore,
the small pores in the transition zone should play a role in favouring it.

The coarsening of ligaments brings about a typical microstructure as shown in Figs. 5 and
in the TEM images of Fig. 7, where the crystals composing the ligaments display grooves
on the external surface. Internally, they contain stacking faults or twin boundaries. The
latter feature is indicative of a microstructure resulting from grain impingement. Actually, in
a different context of encounters of nanoparticles floating in a liquid medium, which gave
rise to microstructures analogous to the present ones, the attachment between some of
them occurred at a favourable orientation, with faults accounting for the mismatch in lattice
stacking [30]. Models of coarsening after de-alloying crystalline alloys have appeared in
the literature, suggesting ligament pinch-off due to Raleigh instability, which would
determine the topology of the ligament network [12,26]. At variance, a mechanically driven
pinch-off and collapse of neighbouring ligaments onto each other has been proposed,
taking into account the local stresses due to atom removal [14]. Our microscopy
observations of de-alloyed amorphous alloy did not provide evidence in this context, but
revealed the occurrence of an intermediate layer between the amorphous matrix and
grown ligaments, in which the processes of germination and impingement takes place.

The fully de-alloyed ribbon was found to have undergone contraction of up to 30% in the
thickness direction, whereas the width did not change appreciably. This is not surprising,
since the ribbon is a few tens of microns thick, therefore the lateral contraction is negligible
in comparison to its width. The amorphous backbone of the structure is present until the
end of the process and must impose a shear stress on the intermediate layer. Since there
is no direct evidence of ligaments breaking, it is concluded that the stress is distributed
across the whole intermediate layer and that the loss of volume occurs in the growth
direction. This is a feature specific of amorphous alloys, which was never reported for the
de-alloying of crystalline ones. A general finding related to this discussion is that a glassy
ribbon de-alloyed from both sides, is easily separated into two layers [20] by a fracture
surface in its middle. This is located where the very last portion was etched and the two
interlayers met. The occurrence of shrinkage on de-alloying has been shown earlier in
both crystalline binary alloys [31] and amorphous thin films [32]. Our findings show the
relevance of the interlayer in the case of amorphous ribbons, which progressively moves
during the process, accommodating the intervening stresses.

The permanence of surface grooves even after prolonged etching is also a specific feature

found in de-alloying of amorphous metals. This appears due to the extensive surface

diffusion during coarsening. The formation of grooves at triple points between a grain
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boundary and external grain surfaces was classically described as a surface diffusion
phenomenon, which was driven by the decrease in free energy caused by the movement
of atoms away from the grain boundary [33]. Grooves form when local thermodynamic
equilibrium between the boundary and the intersected external surface is established.
Since it is known that some less noble atoms remain trapped in the ligaments after de-
alloying (Supplementary figures and text) [36], it is deduced that these could be
segregated to defects in case the partitioning is thermodynamically favoured. This can
help in enhancing the chemical activity of the porous material, which was shown to be
active in catalysing the oxidation of methanol [17,20] and in enhancing the Raman
response of adsorbed molecules [35].

4. Conclusions

In this work, the de-alloying mechanism during electrochemical etching of an amorphous
Au-based alloy has been studied in detail by means of various microscopy observations:
from the very early moments of etching up to the extensive development of a porous
network.

The potential range at which the majority elements are removed was reported in order to
fix the de-alloying potential at 1.05 V. A native layer of Si oxide was found on the surface
of the Au4oCuzsAg7PdsSiy alloy, which was chosen for the experiments. The electrolyte
penetrates through the cracks of the layer in a few seconds, forming channels and leaving
protuberances of size in the order of a few hundred nanometers. These are then
excavated laterally and in depth to give isolated fine crystals at first and then ligaments by
impingement of the growing crystals.

The key feature shown in the early stages and in the subsequent movement of the front
between the porous layer and the matrix, is the occurrence of an interlayer about 50 nm in
thickness formed by filaments around 10 nm wide, voids, as well as residues of the
amorphous phase embedded with Au nanocrystals.

Ligaments emerge from the interlayer after an appropriate de-alloying time. They coarsen
in a few minutes to a size dependent on the temperature at which the process is
performed and do not change appreciably during the progress of the de-alloying. The
ligaments are made of adjoined fine crystals containing planar lattice defects. It is deduced
that the nanocrystals formed at the interface with the amorphous phase grow by addition
of Au atoms and impinge on each other, giving rise to a three dimensional scaffold. During
these steps, pores develop in between ligaments. In spite of the occurrence of these voids,
a substantial portion (up to 30%) of the original volume of the material is lost. It is
speculated that the interlayer sustains the stress due to shrinkage in the direction normal
to that of growth.



The coarsened ligaments display grooves on the surface, apparently due to equilibrated
grain boundaries.
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Figure 1

Fig.1: Polarization curves of the amorphous Au4CuzsAg7PdsSiy (black), and the
crystalline Aus31Cus1Mn452Zn42g(blue), and Ausz 5Cusz 5Ages 25Pds 75 (red) alloys in 1M HNO3
at 70°C.
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