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Abstract

De-alloying of an amorphous precursor is attractive to get a fine microstructure after copious nucleation of
crystalline hillocks. However, the noble metal atoms freed on the alloy surface gain high mobility causing
coarsening of ligaments. This work describes the de-alloying by free corrosion of a Au-based amorphous
alloy in HNOg; at different temperatures and concentrations. Gold ligaments ranging from 47 to 155 nm have
been obtained as a function of acid content. Scanning Electron Microscopy, Transmission Electron
Microscopy and X ray Diffraction was used to characterize the nanoporous structure of dealloyed samples.
Moreover, an evaluation of the surface diffusion coefficient and of the activation energy and entropy for
diffusion of Au adatoms have been performed to study the mechanism of dealloying under free corrosion
conditions in comparison with previous studies.
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1. Introduction

Nanoporous metals are made of a scaffold of interconnected ligaments with pores in between. They can be
fabricated by electrochemical or chemical dealloying of either a crystalline phase or an amorphous alloy: the
less noble elements are selectively dissolved while the noble components reorganize in ligaments by surface
diffusion [1]. The mechanism of de-alloying homogeneous solid solutions such as Ag-Au and Au-Cu, has
been recently reviewed with reference to the effect of alloy composition, electrolyte type and temperature on
the resultant morphology of ligaments. One established feature is that each grain in the microstructure
remains with the original orientation after de-alloying, i. e. it becomes a porous single crystal [1, 2]. A glassy
alloy cannot remain amorphous on de-alloying since the removal of elements bring its composition outside
the glass forming range, therefore, a crystalline phase rich in the noble component must nucleate and grow.
There have been examples of de-alloying amorphous alloys which have shown its feasability in various alloy
systems, e. g. Au [3, 4, 5] and Cu based [6, 7, 8, 9], resulting in a ligament/pores microstructure. The
occurrence of a randomly oriented polycrystalline phase after de-alloying has also been confirmed [10]. In
one case an amorphous alloy, patterned in the supercooled liquid region and then de-alloyed, has shown
tunable wettability [11]. The porous structure obtained is of interest for further various applications such as
electrocatalysis [12,5], actuators [13], SERS [14], enzyme support [15], for which a key point is represented

by the dimension of ligaments and pores formed during dealloying.

Although the need of a nucleation stage in the de-alloying of amorphous alloys has prompted the hope of
achieving very fine microstructure, the actual materials turned out to coarsen, a problem already encountered
with crystalline alloys [2]. The size of pores and ligaments during coarsening depends on various parameters
such as the amount of noble element in the alloy i.e. the parting limit [16, 17], the difference in
electrochemical potential between the alloy components, the critical potential for corrosion [18, 19], the
composition, pH and temperature of the electrolyte [1]. All these parameters contribute to changing the
surface diffusivity of the more noble atoms. Since coarsening can be a problem when reduced dimension of
pores and ligaments are required for applications, detailed studies are needed to sort out its causes to control,

eventually, the dealloyed microstructure.



In this study, we report on the dealloying of a glassy ribbon of composition AusCu,sAg;PdsSis [20, 21] by
free corrosion as a function of temperature and electrolyte concentration with the aim of elucidating aspects
of the process when the starting material has amorphous structure and therefore nucleation and growth of
crystals must occur to form ligaments. Their coarsening has been studied getting information on the

activation surface energy and surface diffusion coefficient of Au adatoms.

2. Experimental

A AugCu,sAg,PdsSi,g alloy ingot was prepared by arc-melting lumps of pure elements (Au: 99.99%, Ag, Cu
and Pd: 99.99%, Si: 99,9995%) in Ti gettered Ar atmosphere. Amorphous ribbons, 2 mm wide and about 25

um thick, were obtained by melt-spinning the master alloy onto a copper wheel [20, 21].

Samples of 15 mm in length were cut from ribbons. Dealloying by free corrosion was performed as a
function of electrolyte concentration in 1, 5, 10 and 14.4 M HNO; at 70 °C and as a function of temperature

in 10 M HNOs.. Electrolytes have been prepared from chemical grade reagents and deionized water.

Ribbons were analyzed after chemical etching using X-ray diffraction (XRD) in Bragg-Brentano geometry
with monochromatic Cu Ka radiation, Scanning Electron Microscopy (SEM), Energy Dispersive X-ray
Spectroscopy (EDS) (calibrated with a pure Co sample), High Resolution Transmission Electron Microscopy
(HRTEM). Evaluation of scattering domain sizes and lattice parameters was performed by Rietveld analyses
of XRD patterns using the MAUD software [22] which incorporates procedures for analysis of the

broadening (i. e. the full width at half maximum) and position of Au reflexions.

3. Results

3.1.Effect of the electrolyte concentration

Complete dealloying through the thickness has been obtained for ribbons treated at 70 °C 4 hours in 14.4 M
and 10 M HNO; and 6 hours in 5 M HNO;. Ribbons etched 6 hours in 1 M HNO; have been partially

dealloyed to a thickness of a few microns. Usually the ribbons remain free standing and can be handled for



analyses without damage. Those de-alloyed in the harsher condition, however, at times fractured in the
electrolyte producing detached fragments which could be collected and observed in TEM without thinning,
thus avoiding the risk of inducing artifacts. SEM images (Fig. 1) provide evidence of formation of a
ligament-pore morphology. The porous structure appears to be generally homogeneous and uniform in the
whole dealloyed thickness as seen in section-view SEM images (Fig. 1d, 2f and Supporting Information
online Fig. S1). EDS analyses have evidenced Si-rich patches placed at random on ligaments (Fig. 1f and
1g). Since enrichment of Si is always accompanied by a high Oxygen signal, it is deduced that Si forms
amorphous SiO, aggregates. The average ligament size has been measured using a software for image
analysis. The results were checked with some manual tests performed with at least one hundred ligaments
and resulted to be: 47 + 12 nm, 79 = 17 nm, 107 £ 39 nm and 155 + 37 nm in 1, 5, 10 and 14.4 M HNO;,

respectively. Table 1 summarizes relevant data for these samples.

Diffraction patterns of the as spun ribbon and samples after free corrosion etching are shown in Fig. 3: the
intensity of the amorphous halo decreases as a function of concentration while diffraction peaks of an fcc
phase occur. According to the Rietveld method, size of scattering domains was evaluated as 14, 22, 19 and
19 nm on increasing the electrolyte concentration while the lattice parameter, a,, approaches the value of

pure Au in 10 and 14.4 M electrolyte (Fig. 4, square symbols).

Apparently, the ligament size is coarser with respect to the size of scattering domains. Fragments of samples
dealloyed in 14.4 M HNO; were observed in TEM: ligaments appear to be constituted by several crystals as
evidenced by the lattice fringes in the HRTEM image reported in Fig. 5 which is representative of the overall
shape of ligaments. The zoomed image shows a detail with a few grains. The surfaces of ligaments present
rounded contours as shown also by SEM images which are likely due to the sintering of contiguous crystals
which were nucleated separately and subsequently impinged on each other during coarsening (see also

supporting information online Fig. S2).

3.2. Effect of temperature

Keeping the electrolyte concentration constant, different times of dealloying are needed at a given

temperature to provide either fully dealloyed ribbon or at least a portion of ribbon thick enough to be



analyzed without interference from the remaining glassy part. The etching time was 6 hours at 40-90 °C and

three days at 20 °C.

XRD patterns of dealloyed samples are analogous to those shown in Fig. 3 (see supplementary information
online Fig. S3). The lattice parameter, ao, after dealloying has been plotted versus temperature in Fig. 4
(triangles). The data suggest that nanoporous Au contains small amount of other elements (e. g. Pd) which
were not identified being very likely under the EDS detection limit. Domains resulting from Rietveld

analyses have a temperature dependence as 38, 19, 17, 14 nm respectively at 90, 70, 40 and 20 °C.

The ligament-pore morphology is again apparent (Fig. 2) as well as the coarsening of the microstructure. The
ligament size has been obtained as 142 + 43 nm, 92 + 21 nm, 81 + 17 nm and 77 + 17 nm on decreasing the
temperature. Patches rich in Si and O have been noticed again on Au ligaments (Fig. 2c). Table 1

summarizes relevant data for these samples.

4. Discussion

4.1. Comparison with electrochemical dealloying

It has been earlier established that the AusCu,sAg;PdsSin, amorphous alloy can be electrochemically
dealloyed in strong acids by applying a suitable potential. In 1 M HNO; at 70 °C rounded nanocrystals of
average size of 5 nm were seen in TEM images, oriented in different directions with fine nanopores in
between. The ligaments doubled in size after 300 s ending up with size of the order of 130 nm. They were

then composed of scattering domains of the order of 60 nm after dealloying for six hours [18].

Under free corrosion the morphology of the ligaments-pores ensemble is similar although figures for both
scattering domains and ligaments size are definitely lower in comparable electrolyte concentration.
Ligaments are made of several domains here as well. It is inferred that the dealloying mechanism follows the
same lines, i.e. nucleation of fcc crystals, their growth to a limited size followed by impingement and
coarsening with the continuation of dealloying. The less aggressive environment provided by free corrosion
has apparently effect in reducing the mobility of noble metal atoms since the resultant size is smaller. On the
other hand, nucleation appears at least as copious since noble metal atoms can form crystal nuclei only once

they are freed from the bonding of the other alloy components in the amorphous structure.



The lattice constant of the resultant fcc phase is close, although not identical, to that of Au indicating that a

limited amount of other alloy components, most probably Pd, are retained in solid solution.

4.2 Surface Au diffusivity and activation energy for diffusion under free corrosion condition

The mechanism of dealloying involves surface diffusion of adatoms along the surface/electrolyte interface
causing growth of crystals and formation of ligaments. This is analogous to the coalescence of particles in
de-roughening of Au electrodes [23, 24] in contact with aqueous solutions. The driving force of the process
is the decrease in free energy that attends the minimization of particle surface area: the electrode
smoothening and coarsening occurs by surface diffusion of adatoms from sites of higher to sites of lower

chemical potential.

The equation giving the time dependence of the radius, r(t), of the coarsening particles is

d(r*) _ 2a,'D,
dt kT

, Where K is the Boltzmann constant, T the temperature, y the surface energy (of the order

of 1.Jm™ for Au), a, a jump distance taken of the order of the lattice parameter and D the surface diffusivity.

Integrating the previous equation and using the ligament size d(t) instead of r(t), it was derived

d(t)*kT e :
D, = 3(2;—4 The values of surface diffusivity were already evaluated for dealloying crystal phases [25,
aO

26, 27]. With amorphous precursors, we have used scattering domains instead of ligament size for d(t) to
evaluate surface diffusion coefficients as reported in Table 1. This choice is justified by considering that the
mechanism of dealloying fcc solutions and phases having more complex structure differs. Dealloying
crystalline alloys provides a network of ligaments in each grain that therefore remains a single crystal and
d(t) can be directly determined by high magnification SEM or TEM images [1, 28]. Instead, during
dealloying of amorphous precursors, nucleation of a new phase occurs and crystals grow independently by
surface diffusion of the more noble element. A model for surface nucleation has not yet been developed,
however it was experimentally found that the nucleation frequency is high [18]. During growth, crystals can
impinge into each other starting the formation of ligaments. Therefore, while in crystalline alloys the original

grains are retained in the nanoporous material, ligaments from an amorphous precursor are constituted by



multiple crystals, as evidenced by HRTEM analysis (Fig. 5 and supporting information online Fig. S2). In
this respect it is worth noting that there have been reports on dealloying Al,Au (fcc, CaF, type) and AlAu
(monoclinic) [29, 30] as well as Al,Cu (orthorombic) [31, 32] compounds. The porous fcc Au obtained from
Al,Au retained the original grain structure whereas a nucleation and growth mechanism of either fcc Au or
fcc Cu occurred in the case of AlAu and Al,Cu. The details of these processes are still not fully disclosed,
although it appears that an intermediate state can occur in which polycrystalline metal of nanometer size and
even amorphous-like zones form before coalescence to conventional ligament-pore microstructure [32]. In
depth research on dealloying materials of diverse structures could suggest means for obtaining in a controlled

manner such fine microstructures.

Since a change in mechanism for growth is envisaged due to impingement after the first stages of dealloying,
the diffusivity is determined from the size of scattering domains which are considered to be more
representative of the initial stages of the process. For the present alloy, in 1 M HNOj the Dy is one order of
magnitude lower under free corrosion (9.5:10%" m?s™) than in electrochemical dealloying at 1.05 V (1-:10™
m?s™). These data are of similar order of magnitude as the few diffusivity values determined during de-
roughening of Au reported in literature, though referring to different settings of time, type and temperature of
electrolyte (2x 10%° m’s™ in HCIO, 0.1 M at 25 °C [33], 1.2 x 10™ m’s™, in H,SO, 0.5 M at 25 °C [34]).
The experimental conditions to obtain the lowest Ds values suggest a mean to reduce the coarsening although

the dealloying times will inevitably become long.

The activation energy E, for the surface diffusion process has been evaluated considering the Arrhenius
dependence of D as a function of temperature, Ds=Doexp(-E./RT), as shown in Fig. 6 with Dy a pre-
exponential factor. E, results 76 + 17 kJ mol™, a value comparable to the literature ones collected in Tab. 2.
Specifically, it reproduces the activation energy for surface diffusion derived during dealloying a crystalline

AgssAugs alloy in concentrated HNOs. Values for Au mobility in other electrolytes appear slightly lower.

The preexponential factor Dy has been evaluated as (3)x10® m?s™. The value of entropy of activation for the
surface diffusion process, AS*, was deduced from Dy using the following relation [23]:

b%v, AS”

Dy =¢ 22 ep(<-)




where £ is the number of contiguous position at which an adatom can jump (equal to 6 for a fcc cubic metal),
Vo the vibrational frequency of the lattice (taken as 10** s™ according to previous reports [23,24]), b is the
distance between contiguous atoms on the surface (assumed of the order of the interatomic distance in Au,

2x10™% m).

A slightly negative value of AS* has been derived: -6 J mol™K™. Considering that AS*= S, - S; < 0 where S,
is the entropy of the activated state and S; the entropy of the initial state, than S, < S;: the activated state S, is
more ordered than the initial state S;. This is expected since the moving adatom is likely to be placed in a
saddle site of the structure which is being reconstructed. In the present case of dealloying an amorphous
alloy, the atom in its initial state experiences an environment ordered at short range. Once this is removed by
chemical etching, the noble metals will still lack crystalline order. Considering that the activation entropy is
reported as +53.4 J mol™K™ for de-roughening a Au electrode in vacuum [23], one can envisage that the
much lower value is due to the interaction of adatoms with ions and molecules in the electrolyte as already
supposed for crystalline alloys [24]. The exact nature of these interactions is not yet clear although an effect
of different anions has been recently outlined [21]. Inducing specific interactions could allow for better

control of the size and morphology of ligaments and pores.

4. Conclusions

The dealloying by free corrosion of AusCussAg;PdsSizy amorphous ribbon has been performed in HNO;
solution at different concentration and temperatures leading to a fully nanoporous ribbon in case of
concentrated solution and high temperature (70 °C — 90 °C), while dealloying is slower in diluted solution
and closer to room temperature. Morphology and dimension of dealloyed structures made of a fcc phase have
been characterized by XRD, Rietveld analysis and SEM images showing the coarsening of pores and
ligaments as a function of temperature and electrolyte concentration. The new crystalline phase is almost
entirely constituted of Au apart from the one produced at room temperature and 1 M HNO; which has a

lower lattice constant than that of Au. Silicon is removed in the form of fine patches of amorphous silica.



The XRD data combined with SEM observations suggest that crystal nucleate from the amorphous precursor
and grow until impingement with neighboring ones. Further growth completes the formation of ligaments.
The ligaments resulted polycrystalline because of the difference in structure between the starting

homogeneous phase and the final porous metal.

An analogy is made with experiments of de-roughening Au electrodes for which a model based on surface
diffusion is well established. Here the values of the surface diffusivity of Au adatoms in the early stages of
the process have been evaluated using the size of scattering domains. The activation energy E, results close
to literature values while the activation entropy is slightly negative suggesting interaction of adatoms with
the electrolyte in the activated state also in view of the positive value of entropy reported in the literature

[26] for the Au-vacuum interface.
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Figure Captions

Fig. 1. SEM images of pores and ligaments after free corrosion at 70 °C: a) 6 h in 1 M HNOs, surface-view,
b) 6 hin 5 M HNQO;, surface-view, c) 6 h in 5 M HNO;, section-view, d) enlargement of c), €) 4 h in 10 M

HNO;, surface-view; f) 4 h in 14.4 M HNOjs, surface-view; g) EDS analyses of patches on ligaments.

Fig. 2. SEM images of pores and ligaments after free corrosion in 10 M HNO; at: a) 20 °C, surface-view; b)
40 °C, surface-view; c) 70 °C, surface-view; d) 90 °C, surface-view; e) 40°C, section-view, f) enlargement of

e). On ligaments of figure c) circles highlight SiO, patches.

Fig. 3. XRD patterns given by the as-spun ribbon (a) and samples de-alloyed at 70 °C for 6 hours in 1 and 5

M (b, ¢) and 4 hours in 10 and 14.4 M HNOs (d, e).

Fig. 4. Lattice parameter a, obtained from Rietveld analyses as a function of temperature (triangles) and

electrolyte concentration (square symbols).

Fig 5: HRTEM image of a sample dealloyed at 70°C in 14.4 M HNO; providing a general view of a

ligament. The zoomed image shows details of some grains and their boundaries.

Fig. 6 Plot of InD, vs. T™* for the estimation of the activation energy.

Table 1. Scattering domains of nanoporous gold obtained by free corrosion at different T and [M] and

corresponding surface diffusivity of Au adatoms.

Table 2. Values of E,, Dy and AS* from the literature. Negative values spanning a wide range refer to de-
roughening experiments performed at increasing potential. Data in brackets were computed in this work from

values given in the respective reference.
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Table

Conc. | Temp. | Scat. domains D, Conc. | Temp. | Scat. domains Ds
M] | [°C] [nm] [m’sT" | [M] | [°C] [nm] [m’sT"
1 70 14 9.5x10% | 10 20 14 6x107%
5 70 22 55x107° | 10 40 17 1.8x107
10 70 19 3.4x107°| 10 70 19 3.4x107
144 | 70 19 4.8x10% | 10 90 38 5.2x10™




Table

Reference Sample Electrolyte Ea Do AS*
kJ mol™ m%s* Jmol*K?
[25] Z. Zhang AlLAuU 20 wt.% NaOH 60.1+2.9 6.2x10™" [-57.2]
[23] J.M. Dona Au 0.5 H,SO, 55.1-14.3 | 1.6x10°-1.3x10"" | -30.9 -184.9
[35] C. Alonso Au 0.5 H,SO, 59 - -
[35] C. Alonso Pt 0.5 H,SO, 79 - -
[26] L.H. Qian | AgssAuss 70% HNO;3 7443 [3.4x107°] [33.5]
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