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anism of nanoporous silver during
dealloying with ultrasonic irradiation
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and Ming Wua

Nanoporous silver (NPS) with an extreme coarsened 3-dimensional bi-continuous ligament and nanopore

structure could be prepared by chemical dealloying with high-intensity ultrasonic irradiation (UI). The

formation mechanism of NPS dealloying with UI was different from NPS obtained through free

corrosion. It evolved into NPS with a new lump forming-disintegrating mechanism. Ultrasonic irradiation

had strong effects on the dealloying process of NPS. The stirring effect produced by ultrasonic vibration

could promote the corrosion of Cu and facilitate the diffusion of Ag atoms. Therefore, the coarsening

rate of the ligament was increased significantly. Dealloying assisted by UI could generate an extremely

coarsened microstructure of which ligament and pore sizes were much larger than those obtained from

free corrosion dealloying.
Introduction

Due to their unique structure-related properties, nanoporous
metals that can exhibit a bi-continuous interpenetrating
ligament/channel structure have attracted intense research
interest in recent years in many elds such as catalysis, sensing,
optical, and actuation.1–3 There are many methods to prepare
nanoporous metals up to now. The template method which is
the process of depositing the metallic material into the hole or
surface of the template by physical or chemical methods and
removing the template to obtain the nanometer material with
the standard morphology and size of the template was
a common method used for the fabrication of nanoporous
materials.4–6 It offers convenient control of the microstructure
(mainly mean pore size) by precisely changing the original
template. However, this method shows signicant disadvan-
tages because it is technically difficult and time-consuming.
Dealloying which means the selective dissolution of one or
more components out of an alloy or a compound has been re-
ported to be a simple and effective strategy for the fabrication of
nanoporous metals with homogeneous porous structure.7,8

To date, dealloying has been applied to fabricate nanoporous
metals from different alloy systems, such as Ag–Al, Al–Cu, Au–
Cu, Au–Ag, Cu–Zr alloys.9–13 In this research, a comparative
commercial Ag–Cu alloy system was chosen to be investigated.
According to existing research, the microstructure of the as-
dealloyed sample could be affected by many factors, such as
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nature of the precursor alloy, composition of the precursor
alloy, dealloying time, dealloying temperature, and dealloying
solution.14–17 A slight change in modulation of these factors may
lead to a remarkable difference in the microstructure of nano-
porous metals. Based on this effect, an efficient dealloying
process and a tunable nanoporous structure were presented.18–20

However, the dealloying process can be more efficient and
the microstructure will be more desirable when the dealloying
process is carried out with the assistant treatments.16,21 Nano-
porous Ag micro-particles have been prepared by ultrasonic
assisted dealloying Mg–Ag alloy.22 The length scale of the liga-
ment is not only sensitive to the concentration of the dealloying
solution but also to the intensity of ultrasonic irradiation. The
inuence of a magnetic eld on the dealloying of Al–25Ag has
also been elucidated.23 According to the experimental results,
an external magnetic eld accelerates the dealloying process
and the microstructure obtained from dealloying with magnetic
treatment is more homogeneous than those from free corrosion
dealloying. Moreover, the nanoporous Ag foam was fabricated
by dealloying Ag–Al thin lm through supercritical uid corro-
sion.4 Recently, a three-dimensional bicontinuous nanoporous
materials could be obtained by vapor phase dealloying.24

As we all know, ultrasonic vibration has been widely applied
for purication, degassing, rening metallic melts and fabri-
cating particulate-reinforced metal matrix composites.25–28 In
the present work, the nanoporous Ag with an extreme coarsened
microstructure is obtained by chemical dealloying with ultra-
sonic irradiation at different frequencies. Therefore, a time
saving method for preparing nanoporous Ag was presented and
a lower acid concentration was acquired to obtain NPS. It could
avoid time consuming and reduce environment pollution
simultaneously. Not only the surface diffusion during
RSC Adv., 2019, 9, 9937–9945 | 9937
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Fig. 1 XRD results of Ag25Cu75 precursor alloy and ribbons dealloyed
without or with UI at different frequencies (28, 40 KHz) for 20 min.
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dealloying process with ultrasonic irradiation (UI) is studied,
but also the effect of UI on the resulting nanoporous structure is
discussed. Extremely large variations between the microstruc-
ture of the nanoporous Ag dealloyed under free corrosion and
nanoporous Ag dealloyed with UI are observed. In addition,
different UI frequencies would have different effects on the
dealloying process and diffusion of Ag atoms. Therefore, the
relationship between the nanoporous Ag ligament and other
Fig. 2 SEM images of the Ag25Cu75 samples (plan view) dealloyed withou
20 min. The inset of (a) is the photograph of Ag25Cu75 initial alloy.

9938 | RSC Adv., 2019, 9, 9937–9945
dealloying parameters is elucidated. A new formation mecha-
nism of nanoporous Ag is also presented.

Experiment

Ag–Cu alloy with the nominal composition of Ag25Cu75 (at%)
was prepared by melting pure Ag (99.95 wt%) and pure Cu
(99.95 wt%) in a graphite crucible using a high-frequency
induction furnace under an argon atmosphere. The pre-
alloyed Ag–Cu alloy ingots were re-melted in a highly pure
argon atmosphere and were subsequently injected onto
a copper roller (cooling rate: 50–300 �C s�1; rotational speed:
2500 rpm). The ingots were then rapidly solidied into ribbons,
which are normally 40–60 mm thick, 10–15 mmwide and several
centimeters long.

Dealloying of the samples was then performed at 45 �C under
different conditions: (1) under free corrosion in a 10 wt% HNO3

aqueous solution for 5, 10 and 20 min; (2) with UI at the
constant frequency of 28 kHz in a 10 wt% HNO3 aqueous
solution for 5, 10 and 20 min; and (3) with UI at the frequency of
40 kHz in a 10 wt% HNO3 aqueous solution for 5, 10 and
20 min. The dealloyed samples were then rinsed three or four
times sequentially using alcohol and distilled water. Under the
effect of UI, the temperature of dealloying system would
increase 1–2 �C.

Phase patterns of the Ag–Cu precursor alloys and dealloyed
samples were analyzed by X-ray diffraction (XRD, MAXima-
7000) using Cu Ka radiation with a scanning speed of
t UI for different periods of time: (a) 0 min, (b) 5 min, (c) 10 min, and (d)

This journal is © The Royal Society of Chemistry 2019
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2� min�1. The 2q scans were performed between 20� and 90�.
Microstructures and elemental content of the Ag–Cu precursor
alloys and the dealloyed samples were characterized by trans-
mission electron microscopy (TEM, JEOL-2100F) and scanning
electron microscopy (SEM, Hitachi SU8000) equipped with an
energy dispersive X-ray spectrometer (EDS, BRUKER). The
ligament or pore sizes of nanoporous Ag in SEM images were
measured by an image processing soware ImageJ.

Results and discussion
Microstructure characterization and phase composition

The XRD results of the Ag25Cu75 alloy dealloyed in a 10 wt%
HNO3 solution at 45 �C without UI and with ultrasonic irradi-
ation at different frequencies are presented. The XRD patterns
of Ag25Cu75 initial alloy sample was shown in Fig. 1 and the
photograph of Ag25Cu75 initial alloy was inset in Fig. 2a. It can
Fig. 3 (a–c) SEM images of the Ag25Cu75 samples (plan view) dealloyed
10 min, and (c) 20 min. (d–f) SEM images of the Ag25Cu75 samples (plan v
(a) 5 min, (b) 10 min, and (c) 20 min.

This journal is © The Royal Society of Chemistry 2019
be seen that two phases were present in the initial alloy: a-
Cu(Ag) solid solution and an Ag2Cu intermetallic compound.
This result was close to those presented previously.7 As shown in
Fig. 1, only a single Ag phase was le in the samples aer
dealloying for 20 min without UI and with UI at the frequencies
of 28 and 40 kHz respectively. It is obvious that Cu from the
Ag25Cu75 initial alloy was etched away during the dealloying
process and all samples were dealloyed thoroughly aer 20 min.
In fact, the dealloying speed of Ag25Cu75 alloy was faster when
dealloyed with UI than free corrosion. Technically, there was
always a small amount of residual Cu existing in the nal NPS.
So it was not taken into account since the content of residual Cu
was too little.19

The evolution of alloy microstructure during the dealloying
process without UI was characterized. Fig. 2 shows the SEM
images of the NPS ribbons (plan view) dealloyed from the
Ag25Cu75 alloys for different durations in a 10 wt% HNO3
with UI (frequency: 28 kHz) for different periods of time: (a) 5 min, (b)
iew) dealloyed with UI (frequency: 40 kHz) for different periods of time:

RSC Adv., 2019, 9, 9937–9945 | 9939
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Fig. 4 (a) Ligament diameters and (b) pore sizes of Ag25Cu75 at different dealloying time under UI at frequencies of 0, 28 and 40 kHz.
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solution at 45 �C. The morphology of the resulting NPS ribbon
exhibited a homogeneous, ligament-channel structure. Aer
dealloying for 20 min, the diameter of the ligament increased,
and the size changed from 70 � 15 to 120 � 15 nm.

The SEM images of the NPS ribbons (plan view) dealloyed
under UI (frequency: 28 kHz) for different durations are shown
in Fig. 3a–c. The nal microstructure was much coarsened than
that of the Ag25Al75 alloy ribbon which was dealloyed without UI
treatment. Aer dealloying for 20 min, the diameter of the
ligament increased from 80� 15 to 190� 15 nm. Fig. 3d–f show
Fig. 5 The time dependence of the coarsening of ligament size at the fre
NPS dealloyed under UI at the frequencies of 0, 28 and 40 kHz inset in

9940 | RSC Adv., 2019, 9, 9937–9945
the SEM images of the NPS ribbons (plan view) dealloyed with
UI (frequency: 40 kHz) for different durations. Many large
cracks appeared on the alloy surface (Fig. 3d) which suggested
that the high intensity of ultra-sonication gives rise to the cracks
even fracture during the dealloying process. The as-dealloyed
sample exhibited an microstructure with coarsened ligaments
and enlarged pores. Moreover, the diameter of the ligament
prepared from the Ag25Al75 alloy dealloyed for 20 min reached
approximately 280 nm and was much larger than those of the
Ag25Al75 alloys dealloyed with UI at the frequency of 0 or 28 kHz.
quencies of (a) 0, (b) 28 and (c) 40 kHz respectively; Microstructure of
(a), (b) and (c), respectively.

This journal is © The Royal Society of Chemistry 2019
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Effect of ultrasonic irradiation on microstructure of NPS

The alterations of average ligament diameters and pore sizes
with UI at different frequencies were measured and the data was
shown in Fig. 4. It can be easily obtained that both ligament
diameters and pore sizes increased with increasing dealloying
time. And the nal results of ligament and pore size were much
larger than many of those from other researches.10,23,29 The
ligament diameters increased sharply for dealloying with UI,
compared with those from free corrosion. Therefore, we
concluded that a high-intensity ultrasonic irradiation would
affect the microstructure of NPS remarkably.

Additionally, the coarsening of the ligament was caused by
the diffusion of the more noble elements atoms which were
driven by surface tension existing at the interface between the
alloy and solution.30,31 With the reduction in the surface energy,
the ligament coarsened gradually.32 It is well known that the
coarsening mechanism of the ligament is controlled by the
surface diffusivity (Ds) of the more noble elements:16

Ds ¼ dðtÞ4 kT

32gta4
; (1)

where k is Boltzmann constant, T is the etching temperature, g
is surface energy, t is the etching time, and a is the lattice
parameter. Moreover, the relationship of Ds (surface diffusion
of gold atoms) and d (ligament diameter of nanoporous gold)
when preparing nanoporous gold dealloyed from Au–Ag alloy
could be estimated by the following proposed equation:33
Fig. 6 Microstructures of Ag25Cu75 ribbons dealloyed under UI at 45 �C i
5 min, (c) 10 min, and (d) 20 min; the inset in (b) is the image of microst

This journal is © The Royal Society of Chemistry 2019
d f (Ds/V0)
m, (2)

where V0 is the velocity of a at alloy surface with no gold
accumulated on it and m is a constant equal to 1/6 or 1/4
depending on whether the theoretical or the empirical model
is used.16,34 Hence, the coarsening rate of the ligament in this
studymay largely reect the diffusion rate of Ag atoms. The time
dependence of the ligament coarsening with UI at different
frequencies can be observed in Fig. 5a–c. According to these
plots, the relationship between time and ligament could be
described as:

d0 kHz f t0.37 z t2/5, (3)

d28 kHz f t0.61 z t3/5, (4)

d40 kHz f t0.80 z t4/5, (5)

where d is the ligament size of NPS and t is the dealloying
duration. The exponents (3/5 and 4/5) were much larger than
the reported surface diffusion exponents of 2/5 for NPS and 1/8
for nanoporous Au.35,36 It is now demonstrated that the coars-
ening rate of the ligament would be increased through deal-
loying with UI. The morphology of NPS dealloyed with UI was
observed to be much more coarsened than that of the NPS
dealloyed without the ultrasonic treatment through the analysis
of the SEM results inset in Fig. 5a, b and c, respectively. This is
well consistent with the result that the ligament diameter and
n a 10 wt% HNO3 aqueous solution for different durations: (a) 0 min, (b)
ructure at the initial stage.

RSC Adv., 2019, 9, 9937–9945 | 9941
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pore size of NPS dealloyed at 40 kHz, as shown in Fig. 4, were
larger than those obtained at other frequencies.
Formation mechanism of nanoporous Ag during dealloying
with ultrasonic irradiation

The formation mechanism of NPS may be somewhat distinctive
with the application of UI. Aer the Ag25Cu75 alloy was
immersed in the dealloying solution with ultrasonic treatment,
Cu atoms on the surface will be leached away easily. The reac-
tion of Cu in HNO3 aqueous solution could be described as
follows:

HNO3 (hydrolyzed) / H+ + NO3
� (6)

Cu(Ag) + 4H+ + 2NO3
� / Cu2+ + 2NO2[ + 2H2O + Ag (7)

Ag2Cu + 4H+ + 2NO3
� / Cu2+ + 2NO2[ + 2H2O + Ag (8)

To ll the vacancies caused by the etching of the copper
atoms, the Ag atoms on the interface between the alloy and
dealloying solution moved and agglomerated into clusters by
Fig. 7 (a) TEM images of NPS produced by dealloying Ag25Cu75 within UI
(b) Is the EDS pattern marked in (a). (c) Is the part enlarged bright-field s
remarked by a blue rectangle.

9942 | RSC Adv., 2019, 9, 9937–9945
diffusion due to the effect of surface tension.32 With the
assembly of the Ag atoms, ligaments were formed and coars-
ened gradually. Compared with free corrosion dealloying, the
formation mechanism of NPS by dealloying Ag25Cu75 with UI
developed in a new lump-forming-disintegrating manner, as
described below.

Fig. 6a is the SEM image of Ag25Cu75 precursor alloy. When
dealloying began, the Cu atoms exposed to the HNO3 solution
would react actively with H+ ions and then are transformed into
free Cu2+ ions in the solution. At the moment, some walls and
small particles can form on the alloy surface. According to the
previous related reports, the wall structure was the Ag2Cu phase
and the particle structure was Cu(Ag) phase. And Cu(Ag) phase
was dealloyed prior to the Ag2Cu phase.29,37,38 Moreover, the
inset of Fig. 6b is presented to illustrate the distributions of the
Cu(Ag) solid solution and the Ag2Cu intermetallic compound in
the Ag–Cu alloy at the initial stage of dealloying. The structure
of Ag2Cu and Cu(Ag) are both marked using black arrows.
Inuenced by ultrasonic condition, many cracks and lumps can
then be formed on the surface layer of the sample (Fig. 6b).
However, many residual Ag2Cu walls were still on the surface of
at the frequency of 40 KHz in 10wt% HNO3 aqueous solution for 5 min.
can transmission electron microscope (STEM BF) image of (a) which is

This journal is © The Royal Society of Chemistry 2019
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the lumps as illustrated in Fig. 6b. Their sizes measuring to be
45 � 15 nm are very small.

For further characterizing the lump structure, TEM images
of the Ag25Cu75 alloy sample dealloyed with UI at the frequency
of 40 kHz for 5 min are represented in Fig. 7a. Some large plates
Fig. 8 (a)–(d) Schematic diagram of NPS formation process when Ag25C
reaction interface at period of (a) corrosion and (c) diffusion.

This journal is © The Royal Society of Chemistry 2019
and thin particles corresponding to lumps and clusters
respectively can be observed clearly. The EDS pattern (Fig. 7b)
conrmed that the particles were actually the Ag-rich clusters.
There are a lot of spaces appearing between the plate and
particles. This demonstrates the appearance of cracks at the
u75 Alloy is dealloyed in a UI; (e) and (f) are the schematic diagrams of

RSC Adv., 2019, 9, 9937–9945 | 9943
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beginning of dealloying. The formation of vacancies may
support the hypothesis that high-intensity ultrasonic irradia-
tion could accelerate the reaction process between Cu and
HNO3. Fig. 7c is the bright-eld scanning transmission electron
microscopy (STEM BF) image. It shows an enlarged view of
a part of Fig. 8a which was marked by a blue rectangle and
represent the distributions of lumps, clusters and cracks clearly.
Distinctly, the lumps (corresponding to plates) and cracks
(corresponding to vacancies) have formed at the initial stage of
dealloying and the clusters moved and aggregated on the
surface of the lumps.

As the dealloying continued, more Cu atoms were leached
away leading to the decrease of the Cu content in alloy. The
number and the size of the pores increased correspondingly.
Then the lumps shrank and disintegrated gradually. Due to the
further removal of Cu atoms, more Ag atoms exposed to solu-
tion moved and assembled to form the ligament. As a result,
many large knots composed of ligaments appeared which was
marked by the white circles in Fig. 6c. It is obvious that they
evolved from the large lumps to the thinner knots. Subse-
quently, the coarsening of the ligaments proceeded and the
knots vanished gradually until an ultra-homogeneous nano-
porous structure ultimately formed (Fig. 6d). The whole deal-
loying process of Ag25Cu75 alloy in an ultrasonic environment
can be illustrated in details by a schematic diagram (Fig. 8a–d).

As previously reported, the application of ultrasonic elds
into the solution could give rise to phenomena such as cavita-
tion and acoustic streaming which could lead to the effects of
ultrasonic stirring and degassing.39 We assumed the ultrasonic
irradiation could generate high-intensity shock waves to effec-
tively accelerate the reaction between Cu and the HNO3 solu-
tion. The stirring and shocking effect could generate waves in
the medium solution as shown in Fig. 8e. That would greatly
increase the chance of collision and contact among the atoms
which were involved in the reaction system, such as the reaction
between H+ ions hydrolyzed in the solution and Cu atoms
crystalized in the alloy. Hence Cu atoms were more inclined to
be separated from the alloy and turned into Cu2+ compared with
those dealloyed through free corrosion. As a result, cracks and
lumps appeared at the initial stage of dealloying process with
ultrasonic irradiation.

In addition, the ultrasonic vibration could facilitate the
coarsening of Ag ligament. The acoustic streaming effects
originating from ultrasonic vibration may affect the diffusion of
Ag atoms. As reported, the streaming was eventually related to
the pressure present in the dealloying solution and the pressure
acting on diffusing atoms could be described by:40

Pa ¼ vrc ¼ rcA0u cos
�
ut� u

x

c

�
: (9)

Obviously, the maximum value of the pressure could
approximately be simplied into:

Pmax ¼ nrc ¼ rcA0u, (10)
9944 | RSC Adv., 2019, 9, 9937–9945
where A0 is the amplitude (mm), u is the frequency (Hz) of the
ultrasonic eld, x/c is the phase factor, r is the density of the
dealloying solution (g cm�3) and c is the speed of sound in the
HNO3 aqueous solution (m s�1). In this system, r z
1.06 g cm�3, c z 1.51 � 103 m s�1, A01 ¼ 3.3 mm for u1 ¼ 2.8 �
104 Hz, and A02 ¼ 4.2 mm for u2 ¼ 4.0� 104 Hz. Therefore, Pmax1

and Pmax2 are estimated to be 0.15 MPa and 0.27 MPa, approx-
imately equal to 1.5 and 3 atmospheres, respectively.

When the alloy ribbon was immersed in the dealloying
solution with ultrasonic vibration, the whole surface of alloy
ribbon was under the pressure from all directions. The sche-
matic diagram of reaction interface when Ag25Cu75 Alloy is
dealloyed with UI during the period of diffusion is presented in
Fig. 8f. Since Ag atoms at the surface of alloy are all under the
pressure from multi-direction, the Ag atoms (or particles)
become more aggressive during diffusion process. The move-
ment rate of Ag atoms was accelerated and the diffusion was
forced intensely. As a result, an extremely homogeneous
microstructure of the nanoporous Ag with a coarsened
ligament-pore distribution was obtained. Moreover, the micro-
structure of the ultrasonically treated sample was much more
homogeneous than that of the free corrosion samples.

Conclusions

Effects of ultrasonic irradiation (UI) on the diffusion and
microstructure of NPS were analyzed. The following conclu-
sions were drawn: the formation mechanism of NPS dealloying
with UI was different from that for NPS obtained by free
corrosion. The NPS evolved depending on a lump forming-
disintegrating mechanism. Ultrasound has an extremely
strong effect on the microstructure of NPS. On one hand, the
stirring produced by ultrasonic vibration could promote the
reaction between Cu and HNO3 aqueous solution. On the other
hand, ultrasonic vibration could facilitate the diffusion of Ag
atoms by the induced solution pressure when the coarsening
rate of ligament was increased signicantly during dealloying
with UI. Dealloying treated with ultrasonic irradiation could
generate an extremely homogeneous microstructure with much
coarser ligaments compared with those dealloyed by free
corrosion.
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