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Vacancies and voids evolution within the nanoporous (np) AuAg(Pt) ligaments during thermal coarsening was
investigated by positron annihilation spectroscopy and scanning electron microscopy (SEM). Partially dealloyed
ternary np AuAg(Pt) samples with 5–8 nm ligaments were prepared by electrochemical dealloying of
(Au0.95Pt0.05)25Ag75 ingots. Positron lifetime experiments demonstrated that nano-ligaments are stable against
coarsening below 320 °C. Vacancies play an essential role during the coarsening process. Lifetime parameters
changed above 320 °C, associated with a large number of vacancies and divacancies formed via coarsening
with large enclosed voids formed at the same time. SEM images demonstrate ligaments growing non-
uniformly during thermal coarsening.
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Dealloying, a chemical or electrochemical corrosion process, which
selectively dissolves elemental components from a homogenous alloy
[1,2], is commonly used to fabricate nanoporous (np) metals with a va-
riety of applications including catalysts [3,4], sensors [5–9], actuator
[10–13], battery electrodes [14], heat exchanges [15] and super-
capacitors [16]. Np metals exhibit a typical sponge-like open cell foam
structure with tunable pores and ligaments sizes of 3–50 nm [2,4],
which is predominantly determined by the initial composition of the
parent alloy [17,18] and the dealloying parameters [19,20]. Also, liga-
ment and pore size can be controlled by post-dealloying treatments,
such as thermal annealing process. The metal nanoligament can be
coarsened by thermal annealing to themicrometer scale [21,22]. Under-
standing this thermal annealing process has been of practical interest to
tune the pore and ligament sizes in order to optimize mechanical,
chemical and optical properties of np metals [23,24]. Furthermore, de-
tailed characterization of the defects structure in np metals during the
thermal annealing is an emerging fundamental research field.

Since the formation and coarsening mechanisms of np gold are
difficult to determine by experiments, researchers proposed some
theoretical models and simulated this process. The primary model of
the formation and coarsening of np gold was the classical surface-
diffusion-controlled smoothening model, which relies on temperature
and time [25–27]. However, such a model is not sufficient to explain
all experimental observations in np gold formation, such as small
voidswithin ligaments. A coarseningmodel based only on surface diffu-
sion would predict that enclosed voids would not form, whereas
su@ustb.edu.cn (Y. Su).
ligaments in some np gold samples were found to contain voids using
Transmission Electron Microscope tomography [28]. Theoretically,
Erlebacher [29] showed that the shape evolution is controlled not only
by smoothing of the high curvature surface regions, but rather by topo-
logical genus-decreasing events manifested as solid state Rayleigh in-
stability. Kinetic Monte Carlo simulations also show void bubble
formation during coarsening accompanied by the ligament pinch-off.
Viswanath et al. [30] showed the presence of vacancies and the migra-
tion of vacancies by the positron annihilation study. These studies
point to the importance of defects in nanoligament coarsening process.

Positron annihilation spectroscopy has been widely used as a probe
for the determination of defects at the atomic level in solids, including
vacancies, vacancy clusters, dislocations and nanometer-scale voids
[31,32]. Positrons have high propensity for defects in the materials
that lead to a longer lifetime due to lower electron density. Thus posi-
tron lifetimes can be directly correlated with the size and concentration
of defects. As an example, Shirai et al. have investigated the variation of
positron lifetime in quenched gold and have been able to identify the
evolution of vacancies to form stacking fault tetrahedra [33]. In this
study, the changes of defects in Pt-doped np AuAg (np AuAg(Pt))
were investigated by positron annihilation spectroscopy to understand-
ing the thermal coarsening process. Measurements of lifetime spectra,
analysis in terms of various annihilation components, coupledwith the-
oretical estimates of positron lifetime in various defect clusters have
been successfully used to investigate the evolution of defects in the
coarsening process. A small amount of the Pt element was alloyed into
the initial Au25Ag75 ingots, hoping that the stability of np structure
would be improved [34,35]. It should be noted that Pt, having signifi-
cantly smaller surface diffusivity than Au, can affect the dealloying
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process and the np structure evolution, and thus suppress the np struc-
ture coarsening. The Pt-doped np AuAg samples exhibit small ligament
size of about 5 nm, andare stable against coarsening at low temperature.

(Au0.95Pt0.05)25Ag75 ingots were prepared by the arc-melting of the
high purity (N99.99%) silver, gold and platinum wires in argon atmo-
sphere. The ingots were homogenized at 850 °C for N100 h, cut into
10 × 10 × 1 mm3 samples and then annealed at 600 °C for 4 h. The np
AuAg(Pt) samples were prepared by dealloying (Au0.95Pt0.05)25Ag75 in-
gots at 1.04 V under potentiostatic control (AUTOLAB PGSTAT302N) in
1 M HClO4 at ambient temperature. A silver wire and a saturated calo-
mel electrode (SCE, Shanghai Leici Instrument Factory) were used as
the counter and reference electrodes, respectively. Aqueous solution
was prepared fromguaranteed reagent gradeHClO4 (SinopharmChem-
ical Reagent Co., Ltd.) and ultrapure water (18.2 MΩ). The morphology
and the ligament size were characterized using scanning electron mi-
croscopy (SEM, FEI NOVA SEM430) of the cross-sectioned np sample
surfaces. The residual Ag contentwasmeasured using energy dispersive
spectroscopy (EDS, FEI NOVA SEM430) on the np samples cross-section
surface. Positron lifetime spectrumwasmeasured using a fast-fast coin-
cidence system with the 220 ps time resolution of full width at half
maximum. Two lifetime spectra were measured for the samples to
check themeasurement reliability. The 22Na positron sourcewith inten-
sity of about 5 μCi was sandwiched between two identical sample pel-
lets for the measurements. All measurements were carried out at
room temperature.

It is noted that the residual composition of the np AuAg(Pt) samples
was measured by EDS and found to be (Au0.95Pt0.05)55Ag45. There is a
significant quantity of residual silver left behind in the core of the liga-
ments. The silver element is prevented to dissolve further by Au and
Pt present on the ligament surface. The SEM images show uniform np
structure with a small ligament size of 5–8 nm. In order to investigate
the role and the morphology of defects in the coarsening process, posi-
tron lifetime measurements of the np AuAg(Pt) samples, which con-
tains 45% residual silver, have been carried out as a function of
annealing temperature.

Fig. 1 shows the high resolution SEM images of as-prepared np sam-
ples microstructure and its evolution with annealing temperature. The
duration of each annealing experiment was 30 min. SEM images were
analyzed using the ImageJ software to obtain the ligament size variation
with the annealing temperature. The nano-ligaments are stable against
coarsening at the annealing temperature below 350 °C, and the liga-
ment size does not change appreciably. Above 350 °C, the increase of
the ligament sizes is non-uniform. It is obvious from the 400 °C and
Fig. 1.Microstructure evolution of the np AuAg(Pt) with the annealing temperature. SEM micr
(b) 300 °C; (c) 350 °C; (d) 400 °C; (e) 450 °C and (f) 500 °C for 30 min.
450 °C images that some ligaments grow unusually larger, while others
still remain small. There is obvious improvement in the stability of the
samples with added Pt compared with basic np gold, whose ligament
size coarsens to dozens of nanometers for the same conditions. The lig-
aments grow non-uniformly due to the non-uniform segregation and
accumulation of Pt on the surface, and Pt atoms pinning mobile step
edges.

Our earlier positron studies [36] of the np AuAg(Pt) regarding the
dealloying process have indicated lots of vacancies forming within the
ligaments in the dealloying process, and these defects play a crucial
role in the dealloying process. Vacancy concentration increased signifi-
cantly when silver atoms leached out further from the np structure,
which supports the vacancy-mediated lattice diffusion mechanism of
porosity evolution. It is noted that the positron lifetime in the as-
prepared np AuAg(Pt) is fitted with a sum of two lifetime components
with τ1 ~ 167 ps and τ2 ~ 348 ps, with the former associated with the
positron annihilation in ligaments containing vacancy defects and the
latter corresponding to positron annihilation from the encased voids
within the ligaments formed in the dealloying process. More experi-
mental [29] and simulation [28,37] results reveal a large amount of
0.5–2.5 nm enclosed voids within the ligaments which are in good
agreement with our experimental results.

Fig. 2 shows variations of the positron lifetime components τ1 and
τ2, and their corresponding intensities I1 and I2, as well as the average
lifetime τm = (τ1I1 + τ2I2) / (I1 + I2), with the annealing temperature.
In Fig. 2(a) τ1 increases up to 280 °C with a small peak in the low tem-
perature range, after which there is a second τ1 peak, followed by a de-
crease with the annealing temperature, finally reaching a steady value.
The variation of τ2 with the annealing temperature in Fig. 2(b) shows
little change below 280 °C, followed by a significant increase around
300 °C, afterwhich the τ2 variation is found to be very small. The accom-
panied changes in I1 and I2 in Fig. 2(c) exhibit an opposite trend. The av-
erage lifetime τm in Fig. 2(d) increases at first below 350 °C and then
decreases monotonously with the annealing temperature.

The first component of the lifetime τ1 represents the intensity-
weighted average of the positron lifetime in the bulk and at vacancy de-
fects. In the beginning of the annealing process, both atomic and vacan-
cy diffusion increased due to the temperature rise. At the early stage, a
small decrease in τ1 can be assigned to annealing out vacancies in the
as-prepared np AuAg(Pt). Ag atoms diffuse from the interior to the sur-
face of the Au ligaments, which leaves non-equilibrium vacancies in the
ligaments. When Ag atoms diffuse out completely, further gradual de-
crease in τ1 is due to annealing out vacancies, until 280 °C. It is seen
ographs of the np AuAg(Pt) obtained after annealing at various temperatures: (a) 250 °C;



Fig. 2. Variation of the positron lifetime parameters: (a) τ1 and I1; (b) τ2 and I2; (c) I1 and I2; (d) τ1, τ2 and τm with the annealing temperature of the np AuAg(Pt).
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that τ1 has a sharp increase at 320 °Cwhen the ligament starts growing,
and the ligament growth is non-homogeneous. A number of vacancies
are generated in the ligaments with the growth of the ligaments. Also,
the accompanied change in I1, which has similar variation with τ1,
means the generation of vacancies. It should also be noted that the var-
iation of τ1 starts decreasing above 360 °C.

Based on the kinetic Monte Carlo simulations performed using
dealloyed nanoparticles, Erlebacher [28] concluded that coarsening is
controlled by the ligament pinch-off associatedwith the Rayleigh insta-
bilities, and the bubbles are formed naturally during surface-diffusion-
controlled coarsening, and are topologically complementary to liga-
ment pinch-off. It is said that in porous metals, coarsening proceeds
by reduction of the overall surface energy, surface-diffusion currents
proportional to gradients in the local surface chemical potential, and
also by ligament pinch-off in which surface diffusion pulls material
away from the saddle-point curvature ligament, which thins to one
atom thick and then breaks. Also, Kolluri et al. [37] showed that
restructuring of the network of interconnected ligaments causes coars-
ening in np gold using atomistic modeling. It is said that the
restructuring arises from the collapse of some ligaments onto neighbor-
ing ones and is enabled by localized plasticity at ligaments and nodes.
Competitively, these two mechanisms may explain the occurrence of
enclosed voids and reduction in volume in np metals.

In our study, the positron lifetime τ2 indicates annihilation in the
enclosed voids in the ligaments. It is seen that the variation of τ2 is
found to be very small before 280 °C, meaning that there is almost no
coarsening at this stage. It is noted that around 320 °C, some ligaments
pinch-off into coarser ligaments, leading to larger voids formation. Also
a very small variation above 360 °C means that the void diameter re-
mains unchanged when the ligament size increases further. It gives an
implication that the coarsening mechanismmay change when the liga-
ment size reaches a certain value. However, more experiments and sim-
ulations are needed to provide a clear explanation of the coarsening
mechanism.

It was demonstrated that the vacancies in the AuAg ligaments,
which are retained during the dealloying process, are the vital part of
the np structure formation. The thermal stability is improved by the ad-
dition of Pt atoms, and the positron lifetime experiments demonstrated
that the nanoligaments are stable against coarsening at the annealing
temperature below 320 °C. The increase of the ligament size is non-
uniform around 320 °Cwith the increase, migration and diffusion of va-
cancies. This implies that the vacancy defects play a critical role in the
ligament coarsening.
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