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1. Introduction

Metal nanoparticles have attracted increasing research attention due to their remarkable
size-dependent physical, chemical, and biological properties [1-4]. During the past decades, a
variety of metal nanoparticles, such as Cu, Au, Ag, Pt, and Pd, have been produced with well-
controlled morphologies and properties by different chemical reduction methods, in which the
target metal ions in solution are reduced into nanoscale metallic clusters or aggregates [1,5-8].
However, the complexity of the chemical ingredients, the necessity of high-temperature reactions
for burst nucleation, the contamination of metal nanoparticles by organic surfactants or
stabilizers (such as polyvinylpyrrolidone (PVP) and hexadecyl trimethyl ammonium bromide
(CTAB)), the use of toxic reducing agents (such as hydrazine, sodium borohydride (NaBH,) and
dimethyl formamide), and the production of chemical waste are still challenges for most
chemical reduction methods [9-11]. In addition to controlling the morphological features and
properties of monometallic nanoparticles, recent research has also focused on the fabrication of
alloy nanoparticles with tuneable properties for diverse applications [4,12-15]. The addition of
extra metal(s) into the metal nanoparticles is expected to produce synergistic effects between
different metal elements, resulting in dramatic improvement in important physical and (or)
chemical properties that outclass their counterpart monometallic nanoparticles in many aspects
[12-16]. In the last decades, different solution-based synthetic methods, such as coreduction,
thermal decomposition, galvanic replacement reactions, noble metal-induced reduction reactions,
and seed-mediated growth, have been developed to synthesize various bimetallic and
multimetallic nanoparticles [13,16,17]. However, synthesis of bimetallic and multimetallic
nanoparticles with desired morphologies and composition is still challenging due to the

difficulties in controlling the nanoparticle nucleation/growth kinetics in the presence of multiple
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metal precursors with different reduction potentials. As a result, the one-step coreduction process
of bimetallic or multimetallic precursors usually yields a mixture of monometallic nanoparticles
[16,17]. The galvanic replacement and the seed-mediated sequential reduction methods have
shown the potential to produce bimetallic and multimetallic nanoparticles with desired sizes and
shapes. Unfortunately, these methods usually require stringent experimental conditions which are
difficult to generalize, and thus necessitate tedious multistep reactions [12-17]. Although a few
recently proposed methods, such as the carbothermal shock method [18], the template method
using phenylazomethine dendrimers [19], the fast moving bed pyrolysis strategy [20], and the
“sparking mashup” method [21], are effective in producing multimetallic nanoparticles of high
quality and good monodispersity, they either need complex reagents and (or) equipment, harsh
reaction conditions and multistep procedures, or are only suitable for sub-gram quantity
production in lab scale. Therefore, development of more generalized and simple strategies for
synthesis of monometallic, bimetallic, and multimetallic nanoparticles with controlled size and
composition from inexpensive and non-toxic reactants is extremely desirable to meet the
growing demand for metal and alloy nanoparticles in various applications.

As another widely used approach for synthesis of metallic nanomaterials, dealloying has
been used as an effective and facile method to prepare nanoporous metals with intriguing
physical, chemical, and mechanical properties [22-25]. During dealloying, the less noble metal is
selectively removed from the precursor alloy, while atoms of the more noble metal diffuse and
re-organize into a well-defined three-dimensional bi-continuous structure composed of nanoscale
ligaments/pores [22]. To date, many nanoporous metals (e.g., Co, Cu, Ag, Au, Pt, and Pd) have

been prepared by dealloying various crystalline precursor alloys [22-27] or metallic glass
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precursors [28-33]. However, to the best of our knowledge, the dealloying approach has not been
reported so far for the facile preparation of uniformly dispersed metal and alloy nanoparticles.

In this work, we report a novel ultrasound-assisted dealloying approach to prepare a variety
of Cu, Ag, Au, Cu-Pt, Cu-Au, Cu-Au-Pt-Pd, and Au-Pt-Pd-Cu nanoparticles using Mg-Cu/Ni(Ag,
Au, Pt, Pd)-Gd metallic glass ribbons. The present dealloying approach does not involve the
reduction of target metal atoms from metal ions. Thus, reducing agents, surfactants, and
stabilizers are not required to control the nucleation and growth of the metal and alloy
nanoparticles. In chemical reduction methods, the composition of the alloy nanopaticles is
controlled by the feed ratio of the precursors, whereas in this method the composition and size of
the metal and alloy nanoparticles can be controlled by simply tuning the composition of the
metallic glass precursors. This greatly simplifies the preparation of alloy nanoparticles,
especially for multimetallic nanoparticles with more than three components. The formation
mechanism of the metal and alloy nanoparticles is revealed by a detailed investigation of the
intermediate products formed in different stages of dealloying. It is found that the glass-liquid
phase transition of the initially dealloying metallic glasses, together with the synergistic effect of
dealloying and ultrasound-driven ligament-breakage of the nanoporous intermediates, play key
roles in preparing the uniformly dispersed metal and alloy nanoparticles. The present study offers
a unique strategy for design and synthesis of a variety of monometallic, bimetallic and especially

multimetallic nanoparticles.

2. Experimental
Mge1CuxgGdy,  MgeNizAgyGdy,  MgeCupsPtsGdyy, Mg CugiAuy,Gdyy,  and
MggCuy AusPt PdGdy; (at.%) alloy ingots were prepared by induction melting mixtures of pure
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Mg (>99.95 wt.%), Cu (>99.95 wt.%), Ni (>99.95 wt.%), Ag (>99.95 wt.%), Au (>99.95 wt.%),
Pt (>99.95 wt.%), Pd (>99.95 wt.%), and Gd (>99.9 wt.%) metals in an argon atmosphere. By
remelting the master alloy ingots, MggCuysGdy;, MgeNizAgy Gdy, Mge CuysPt;Gdyy,
Mg Cuy1Au,Gdy g, and Mg Cuy AusPtPd;Gd;; metallic glass ribbons with thicknesses of 20-30
um were prepared by a single copper roller melt-spinning process. Crystalline Mgg CuysGdy;
ribbons were prepared by annealing the Mgs;Cu,3Gd;; metallic glass ribbons at 400 °C for 45

min.

In typical synthesis procedures, 0.25 g Mgg;CusGd, 1, MgeNizAgyGdy1, Mge CuysPt;Gdyy,
MggCuy AusGdy g, and Mge CuyAusPtPd;Gdy; metallic glass ribbons were added into 30 ml,
40 ml, 37 ml, 33 ml, and 31 ml of HCl/ethanol solution (0.24 mol L") at room temperature,
respectively. The dealloying processes were synchronously assisted by ultrasound that was
generated by a common ultrasonic cleaning machine with an ultrasonic intensity of ~4 kW m=2.
The ultrasound-assisted dealloying processes lasted 90 min. Four sequential intermediate
products sampled at 2 min, 5 min, 20 min, and 45 min were collected by ultrasound-assisted
dealloying of Mgs;CuysGd,; metallic glass ribbons. For the synthesis of Au and Au-Pt-Pd-Cu
nanoparticles, 0.25 MgeCuy;Au;Gd;; and Mgg CuyAusPtPd;Gd;; metallic glass ribbons were
ultrasound-assisted dealloyed by 35 ml and 31 ml of HCl/ethanol solutions (0.24 mol L) at
room temperature for 90 min, respectively. Then, the Cu-Au and Cu-Au-Pt-Pd colloidal
solutions containing residual HCI were left standing for 10 days to further slowly reduce the Cu
content in the Cu-Au and Cu-Au-Pt-Pd nanoparticles and to modify their morphologies. All of
the resulting colloidal solutions were centrifuged and washed with deaerated ethanol two times at
12000 rpm for 10 min and then kept for further experiments. To investigate the influence of
ultrasound treatment on the products, nanoporous Cu, Ag, Cu-Pt, Cu-Au, and Cu-Au-Pt-Pd were
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also prepared by ordinary dealloying of 0.25 g Mg CuxGdy;, MgeNizAgyGdyy,
Mg61CUZ5Pt3Gd11, Mg61Cu21Au7Gd11, and Mg61CUZ1AU5Pt1Pd1Gd11 metallic glass ribbons in 30
ml, 40 ml, 37 ml, 33 ml, and 31 ml of HCl/ethanol solution (0.24 mol L!) at room temperature,

respectively.

The morphologies of the intermediate products and the as-prepared products were
characterized by scanning electron microscopy (SEM) equipped with energy dispersive X-ray
spectroscopy (EDS). Transmission electron microscopy (TEM), high resolution transmission
electron microscopy (HRTEM), selected area electron diffraction (SAED), energy-dispersive X-
ray spectroscopy (EDS), scanning transmission electron microscopy (STEM), and spectral maps
were obtained by JEOL 2100 F. The crystal structures of the samples were examined using a
Bruker D8 Advance X-ray diffractometer with Cu K, radiation (4 = 0.1542 nm). The glass
transition temperature of the precursor alloys was investigated by differential scanning

calorimetry (DSC) at a heating rate of 20 K min-!.

3. Results and Discussion

3.1. Synthesis and characterization of metal and alloy nanoparticles

Mg-Cu/Ni(Ag, Au, Pt, Pd)-Gd metallic glass ribbons (Mgg;CuysGd;;, MgegNizAgy Gdyy,
Mg CuysPt;Gdyy, MggCuyAu,Gdyy, and MggCuyAusPtPdGd, ;) with thicknesses of 20-30
um were used as precursor materials to synthesize different metal and alloy nanoparticles (Fig.
la). Here, with a high glass-forming ability, the Mg-Cu/Ni-Gd alloys can be easily made into
metallic glass precursor ribbons by melt spinning method [34,35]. By partially substituting Cu or
Ni with other target metal elements (such as Ag, Au, Pt, and Pd), a variety of multicomponent
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metallic glass precursor ribbons can be designed and prepared for synthesis of different
bimetallic and multimetallic nanoparticles. The amorphous structure of the metallic glass
precursor ribbons was confirmed by X-ray diffraction (XRD) (Supplementary Fig. 1). Based on
the target composition of each product, a certain amount of 0.24 mol/L HCl/ethanol solution was
used as the corrosive solution. The dealloying processes were assisted by ultrasonic treatment
(UT) with an ultrasound intensity of ~4 kW/m? and a frequency of 40 kHz (Fig. 1a). Taking the
synthesis of Cu nanoparticles as an example, red-brown colloidal Cu nanoparticles can be
synthesized by ultrasound-assisted dealloying of Mg Cu,3Gd;; metallic glass ribbons for 90 min
(Supplementary Fig. 2). Without using any surfactant or stabilizer, the as-prepared colloidal Cu
nanoparticles exhibits a strong resistance to sedimentation, where only soft aggregation can be
observed after sanding for 5h (Fig. 1b). However, they can be easily re-dispersed by a
subsequent ultrasonic dispersion process (Supplementary Fig. 3). Through the same procedure,
monometallic Ag, bimetallic Cu-Pt and Cu-Au, and multimetallic Cu-Au-Pt-Pd nanoparticles
were also synthesized by ultrasound-assisted dealloying of MggNi;AgyGdyy, Mge Cu,sPt;Gdy,
Mg Cuy1Au,Gdy, and Mgg CuyAusPtPd;Gdy; metallic glass ribbons, respectively (Fig. 1c-f).
Their colloidal solutions also show a strong resistance to sedimentation. As shown in Fig. 1e and
f, no obvious sedimentation and stratification can be observed for the colloidal Cu-Au and Cu-
Au-Pt-Pd nanoparticles after standing for 24 h. Moreover, it is also found that the morphologies
and composition of the as-prepared bimetallic or multimetallic nanoparticles can be easily
modified by further dissolving of the relatively less noble element(s) in the bimetallic or
multimetallic nanoparticles. For example, here Au and Au-Pt-Pd-Cu nanoparticles can be
prepared by further dissolving all or part of Cu in the colloidal Cu-Au and Cu-Au-Pt-Pd

nanoparticles, respectively (Fig. 1g and h). This process is also accompanied by a controllable
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coalescence and growth of the Au and Au-Pt-Pd-Cu nanoparticles, resulting in the increase of the
particle size. Details of the synthesis procedures for the Cu, Ag, Cu-Pt, Cu-Au, Cu-Au-Pt-Pd, Au,
and Au-Pt-Pd-Cu nanoparticles can be found in the Methods section and the Supplementary
Information.

Figure 2 shows representative transmission electron microscopy (TEM) images and size
distribution histograms of the as-prepared metal and alloy nanoparticles. The as-prepared Cu, Ag,
Cu-Pt, Cu-Au, Cu-Au-Pt-Pd, Au, and Au-Pt-Pd-Cu nanoparticles have spherical shapes and
average diameters of ~24 nm, ~41 nm, ~4.0 nm, ~3.0 nm, ~6.0 nm, ~21 nm, and ~12 nm,
respectively. High-resolution TEM images (Fig. 2a-g) showed that the lattice spacing of the
representative Cu, Ag, Cu-Pt, Cu-Au, Cu-Au-Pt-Pd, Au, and Au-Pt-Pd-Cu nanoparticles is 0.206
nm, 0.204 nm, 0.215 nm, 0.220 nm, 0.216 nm, 0.236 nm, and 0.231 nm, respectively, which are
corresponding to the (111), (200), (111), (111), (111), (111), and (111) planes of their face-
centred cubic (fcc) lattices, respectively. Based on the energy-dispersive spectroscopy (EDS)
results (Supplementary Fig. 4), the average composition (at.%) of the as-prepared Cu, Ag, Cu-Pt,
Cu-Au, Cu-Au-Pt-Pd, Au, and Au-Pt-Pd-Cu nanoparticles are Cu, Ag, CugsPts;, CusgAus,,
Cuz0Auy,PtyPdy, Au, and Aug;Pt,Pd;;Cuyy, respectively. By comparing the composition of these
metal and alloy nanoparticles with their corresponding metallic glass precursors, it can be found
that part of the Cu content in the MgsCuysPt;Gdy, MgeCuyAu,Gdy, and
MgeCuy AusPtiPd;Gd;; metallic glass ribbons were also dissolved by dealloying. These results
are consistent with our design, in which the volume of the reaction solutions and the
corresponding H™ content were specifically calculated to control the Cu content (nanoscale Cu
can slowly react with dilute H") in the target alloy nanoparticles. Since nanoscale Au, Pt, and Pd

do not react with dilute H*, the molar ratio of Ca,:Cpi:Cpq in the as-prepared Cu-Au-Pt-Pd

8

https://mc03.manuscriptcentral.com/jmst

Page 8 of 44



Page 9 of 44

cONOYULT A~ WN =

Journal of Materials Science & Technology

nanoparticles can be well controlled by the composition design of the metallic glass precursors.
For example, here the measured molar ratios of Cau:Cpi:Cpy in the Cu;pAuy,PtyPd, and
AugrPt;,Pd;1Cuyo nanoparticles are 5.5 : 1 : 1 and 5.6 : 1 : 0.9, respectively, which are almost the
same as that in the corresponding Mgg;Cu,; AusPt;Pd;Gd;; metallic glass ribbons.

Figure 3a shows the powder XRD spectra of the as-prepared Cu, Ag, Au, Cu-Pt, Cu-Au,
Cu-Au-Pt-Pd, and Au-Pt-Pd-Cu nanoparticles. For comparison, the XRD spectra of pure Cu, Au,
Ag, and Pt are also presented. In each XRD spectrum, only one single fcc phase is determined,
indicating that the as-prepared Cu-Pt, Cu-Au, Cu-Au-Pt-Pd, and Au-Pt-Pd-Cu samples are
composed of bimetallic or multimetallic nanoparticles. Specifically, the bimetallic Cu-Pt (or Cu-
Au) alloy phase is evidenced by the (111), (200), (220), and (311) reflections located between
the reflections of pure Pt (or Au) and pure Cu fcc phase, indicating lattice contraction due to
insertion of the Cu atoms into the Pt (or Au) lattice. The high intensity, broad XRD reflection
peaks at ~41.9° in the Cu-Pt sample and ~40.9° in the Cu-Au sample are in good agreements
with the (111) lattice planes of fcc Cu-Pt and Cu-Au alloys, respectively [36]. The interplanar
spacing calculated from the scattering angle of the (111) diffraction peaks is 0.216 nm and 0.222
nm for the Cu-Pt and Cu-Au samples, respectively. These results are consistent with the high-
resolution TEM (HRTEM) observation of single Cu-Pt and Cu-Au nanoparticles (Fig. 2).
According to the Vegard’s law [37], the calculated compositions of the as-prepared Cu-Pt and
Cu-Au samples are CugsPt;s and CuysAuss, respectively, which is also consistent with the EDS
results. The mean particle diameter of the as-prepared metal nanoparticles is also calculated from
the XRD spectra using the Scherrer equation [38]. The calculated average particle diameters of
the Cu, Ag, Cu-Pt, Cu-Au, Cu-Au-Pt-Pd, Au, and Au-Pt-Pd-Cu nanoparticles are ~22 nm, ~35
nm, ~4 nm, ~4 nm, ~5 nm, ~23 nm, and ~9 nm, respectively, which agree well with the results
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measured by the TEM images (Fig. 2). Figure 3d-g shows the elemental maps of the
AugrPt,Pd;1Cuyo nanoparticles obtained by scanning transmission electron microscopy coupled
with energy-dispersive X-ray spectroscopy (STEM-EDS). These results demonstrate a
homogeneous distribution of Au, Pt, Pd, and Cu atoms in the nanoparticles, further confirming

the successful preparation of Au-Pt-Pd-Cu multimetallic nanoparticles.

3.2. Formation mechanism

To explore the formation mechanism of the metal and alloy nanoparticles, the morphology
and composition of four sequential intermediate products (sampled after a reaction time of 2 min,
5 min, 20 min, and 45 min) during ultrasound-assisted dealloying of Mgs;Cuy3Gd;; metallic
glass ribbons were investigated (Fig. 4a-h). After dealloying for 2 min, the sample mainly
consisted of remaining metallic glass ribbons (Fig. 4a-b) and partly dealloyed intermediate
fragments that were peeled off from the outer layers of the corresponding remaining metallic
glass ribbons (Fig. 4c-d). For the remaining metallic glass ribbons, as marked by the arrows in
Fig. 4a-b, some traces of local “melting” can be observed on the outer surface and in the interior
of the remaining ribbons. Considering that the glass transition temperatures (7,) of the Mg-
Cu/Ni(Ag, Au, Pt, Pd)-Gd metallic glasses are as low as 149-165 °C (Fig. 41), it is speculated
that the local temperature at the reaction sites may have exceeded the 7, thus glass-liquid phase
transition occurred during dealloying and the metallic glass around the reaction sites was actually
in a supercooled liquid state [33]. The average composition of the “melted” regions is measured
to be Mgs9ClsCuyGd;y (Supplementary Fig. 5). The presence of Cl in the “melted” regions
indicates that HCI in the solution has been mixed and reacted with the supercooled liquid phase

in the dealloying ribbons, and most of the as-formed MgCl, and GdCl; are retained in it
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(Supplementary Fig. 5). For the partly dealloyed intermediate fragments, they have a size
ranging from ~5 um to ~25 um and show a rudimentary ligaments/pores structure (Fig. 4c-d).
The average composition of the intermediate fragments is measured to be Mg,;Cl;CugGdy
(Supplementary Fig. 6), indicating a high erosion rate of Mg and Gd during the first 2 min. The
XRD spectrum demonstrates that the intermediate fragments are composed of both Cu phase and
remaining amorphous phase (Fig. 4j). After dealloying for 5 min, the intermediate fragments
were further dealloyed and broken into much smaller nanoporous particles with a size less than
~2 um (Fig. 4f). The nanoporous particles show an obviously ligaments/pores structure, in which
the average size of the ligaments is ~25 nm (Fig. 4e). The average composition of the
nanoporous particles is measured to be MggCugsGd, (Supplementary Fig. 7), still containing a
considerable amount of Mg and Gd. After dealloying for 20 min, the TEM image and XRD
spectrum show that the Cu-rich ligaments in the small nanoporous particles can be further broken
into irregular nanorod-like ligament debris, and the size of the ligaments remain unchanged (Fig.
4g and j). The average composition of the ligament debris is measured to be Mg;CuysGd,, which
still contains a small amount of Mg and Gd (Supplementary Fig. 8). After dealloying for 45 min,
the ligament debris can be further broken into spherical Cu nanoparticles with a diameter of 15-
30 nm and a small fraction of short Cu nanorods with a length of 20-70 nm (Fig. 4h,
Supplementary Fig. 8). After dealloying for 90 min, spherical Cu nanoparticles with an average
diameter of ~24 nm were prepared (Fig. 2, Supplementary Fig. 8).

Figure 4k shows a plot of the average diameter of the as-prepared Cu, Ag, Cu-Pt, Cu-Au,
and Cu-Au-Pt-Pd nanoparticles vs. the average diameter of ligaments in the corresponding
nanoporous metals prepared by ordinary dealloying (without UT) of Mgg CuygGdyy,
Mg Ni;Agr1Gdy, MgeCuysPt;Gdyy, MggCuyiAusGdyy, and Mg CuyAusPtiPd;Gd; metallic
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glass ribbons, respectively. The average diameter of the ligaments in the nanoporous Cu, Ag, Cu-
Pt, Cu-Au, and Cu-Au-Pt-Pd are ~27 nm, ~42 nm, ~3 nm, ~3 nm, and ~7 nm (Fig. 4k,
Supplementary Fig. 9), respectively, which are almost the same as the average diameter of the
corresponding metal and alloy nanoparticles. There is sufficient evidence to show that, with the
assistance of UT, the formation of metal and alloy nanoparticle is related to the complete
breakage of the ligaments in the corresponding nanoporous particles. Moreover, it is interesting
to see that, by partially substituting Cu with Pt, Au, and Pd in the Mg-Cu-Gd metallic glass
precursors, a significant decrease in the size of the ligaments and their corresponding Cu-Pt, Cu-
Au, and Cu-Au-Pt-Pd nanoparticles are achieved by dealloying. So the size and composition of
the metal and alloy nanoparticles can be controlled and manipulated by simply tuning the
composition of the metallic glass precursors.

Based on the above experimental evidences, the formation mechanism of metal and alloy
nanoparticles by ultrasound-assisted dealloying of metallic glass ribbons is schematically
illustrated in Fig. 5 (taking the synthesis of Cu nanoparticles as an example). To be concise, we
divide the formation process into three stages: (1) dealloying and breakage of the initial
dealloyed Mg-Cu-Gd precursor ribbons (Fig. 5a-c), (2) dealloying and complete breakage of Cu-
rich ligaments in intermediate nanoporous Cu-rich particles (Fig. 5c-¢), and (3) spheroidization
of the Cu nanoparticles (Fig. Se-f). During the first stage, the reaction latent heat induced local
temperature rose above the 7, and caused local glass-liquid transition of the precursor ribbons
(Fig. 4i and 5b). Due to a low viscosity (7=10-10% Pa-s) of the supercooled liquid phase [39],
the bulging effect of in-situ generated H, (Mg + H" — H, + Mg?*, Gd + H" — H, + Gd3*") on the
supercooled liquid phase occurred not only on the surface regions but also in some interior

regions of the precursor ribbons (Fig. 4b and 5b). As a result, loose biscuit-like nanoporous
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ribbon fragments, rather than intact nanoporous ribbons that maintained their initial shape,
formed even without UT (Supplementary Fig. 10). This morphology is totally different from that
of the products by ordinary dealloying of similar Mge;Cu,sY 1o and MgesCu,sGd;o metallic glass
ribbons in H,SO,4 aqueous solution, in which the as-formed nanoporous Cu maintained the shape
of the initial precursor ribbons [29,30]. When the dealloying process is assisted with UT, the
supercooled liquid phase in the dealloying precursor ribbons can be partly dealloyed and broken
into small intermediate fragments (Fig. 5a-b). Subsequently, these intermediate fragments can be
further dealloyed and broken into much smaller Cu-rich nanoporous particles with considerable
amount of residual Mg and Gd (Fig. 5b-c). In the second stage, the remaining Cu atoms in the
Cu-rich ligaments continue to diffuse and rearrange for further crystallization, while the residual
Mg and Gd atoms are continuously dissolved. In view of the fact that the Cu-rich ligaments in
the nanoporous particles are composed of nanopolycrystals, it can be expected that the diffusion
and dissolving rate of atoms at the grain boundaries are faster than that in inner grains, which
makes the grain boundaries mechanically and chemically unstable. One the other hand, the
acoustic cavitation induced by ultrasonic wave can generate implosive bubble collapse and
associated shock waves in the solution [40,41]. The shock waves can cause many physical
effects, such as surface damage at the liquid-solid interfaces [42,43], dispersion of agglomerated
powders [44], and particle breakage due to high-velocity interparticle collisions [41,45]. When
the dealloying process is assisted with UT, the small Cu-rich nanoporous particles can be further
broken into Cu-rich ligament debris or short nanorods by a synergistic effect of dealloying and
ultrasound-driven ligament-breakage process (Fig. 5d-e). Finally, spherical Cu nanoparticles can

be prepared by a spheroidization process to reduce their surface energy (Fig. Se-f) [46].
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3.3. Discussion

It is well known that the dealloying of precursor alloys usually leads to the formation of
nanoporous metals with three-dimensional bi-continuous ligaments/pores. In this work, for the
first time, highly dispersed metal and alloy nanoparticles can be prepared by an ultrasound-
assisted dealloying approach. We propose that the following factors are crucial to achieve this
breakthrough: (1) UT assisted dealloying, (2) metallic glass precursors with low 7,, (3)
HCl/ethanol corrosive solution. Supplementary Fig. 11-14 present photographs of the products
when one of the above conditions was not met. (I) The UT was performed after ordinary
dealloying of Mg Cu,3Gd;; metallic glass ribbons in HCl/ethanol solution (Supplementary Fig.
11), (II) ultrasound-assisted dealloying of crystalline Mgg Cu,3Gd;; ribbons in HCl/ethanol
solution (Supplementary Fig. 12), and (III) ultrasound-assisted dealloying of Mgg CuysGdy;
metallic glass ribbons in HCl/water solution (Supplementary Fig. 13) or H,SO,/water solution
(Supplementary Fig. 14). In all cases, the products are mainly large micro-sized nanoporous Cu
particles that can not be further broken into uniformly dispersed Cu nanoparticles. Similar results
have also been reported by ultrasound-assisted dealloying of crystalline Mg-Ag alloy in
HCl/ethanol solution, in which micro-sized (30-110 pm) nanoporous Ag particles, rather than
uniformly dispersed Ag nanoparticles, were prepared [27]. Based on these evidences, We
speculated that there might be a critical particle size, below which the intermediate nanoporous
particles can be accelerated to a critical velocity by ultrasonic waves. Thus, in addition to being
directly triggered by acoustic cavitation, the complete breakage of ligaments in intermediate
nanoporous particles can be further achieved by high-velocity interparticle collisions [41,45].
Considering that the supercooled liquid phase with low viscosity can be easily broken into small

pieces by UT, we believed that the formation of small enough intermediate nanoporous particles
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(with a size less than 2 pm) and the complete breakage of ligaments in small nanoporous
particles are closely related to the glass-liquid transition of the precursor alloys during dealloying.
While for the other cases mentioned above, the size of the intermediate nanoporous particles is
tens of microns (Supplementary Fig. 11-14), which should have exceeded the critical particle
size, and thus the complete breakage of ligaments in large intermediate nanoporous particles can
not occur due to ineffective interparticle collisions with low-velocity. Besides the assistance of
UT and the use of metallic glass precursors with low Ty, it is also found that the introduction of
HCl/ethanol corrosive solution is also crucial for the synthesis of present metal and alloy
nanoparticles (Supplementary Fig. 13-14). One the one hand, ethanol with lower thermal
conductivity (A = 0.18 W (m K)!) and heat capacity (C = 2.4 kJ (kg K)! ) compared to water is
beneficial to the accumulation of reaction latent heat, thus promoting the local temperature rise
above T, to induce local glass-liquid transition of the metallic glass precursors. One the other
hand, ethanol instead of water can greatly slow down the reaction rate, so that the local
temperature of the dealloying metallic glass precursors can not exceed their crystallization

temperature (7x = 195-205 °C, Fig. 4i). Therefore, the local temperature of the metallic glass

around the reaction sites can be controlled between 7, and T, leading to a stable existence of
supercooled liquid phase and thus facilitating the synergistic effect of dealloying and ultrasound-
driven breakage processes. Third, because GdCl; and MgCl, are highly soluble (the solubility of
GdCl; and MgCl, in ethanol at 298 K is about ~2.4 mol kg and ~0.7 mol kg!, respectively)
[47,48], while MgSO,4 and Gd,(SO,); are insoluble in ethanol, HCI rather than H,SOy, is selected
as the most suitable acid for dealloying (HNOs is also excluded because of its strong oxidability).
Therefore, we propose that the synthesis of metal and alloy nanoparticles is also attributed to a

synergistic effect of metallic glass precursors, HCI, ethanol, and UT in the dealloying system.
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It is worth noting that the present synthesis process involves neither the nucleation and
growth of metallic clusters from metallic ions nor the decrease in the size of the bulk metals or
alloys to the nanoscale, so it cannot be simply classified as either conventional bottom-up or top-
down approaches [49]. Moreover, here the less noble elements are chemically dissolved during
dealloying, while the remaining ligaments with target noble elements are broken into metal
nanoparticles by UT. Thus, the present method has the characteristics of both chemical and
physical approaches. In comparison to traditional chemical synthesis approaches, one of
the most distinguishing advantages of the present strategy is that it greatly simplifies the
synthesis process of metal and alloy nanoparticles with controlled size and composition. On the
one hand, without the requirement of reducing agents and stabilizers (or surfactants) to control
the nucleation and growth of metallic clusters, the size of the metal and alloy nanoparticles can
be well controlled by the size of the ligaments in the corresponding nanoporous metals, which is
a fixed value for a given reaction system. On the other hand, the composition of the metal and
alloy nanoparticles, especially multimetallic nanoparticles, can be well designed and easily
controlled by the composition design of the precursor alloys. As a result, the synthesis of
multimetallic nanoparticles containing several alloying elements like Cu, Ag, Au, Pt, Pd, Ir, Re,
and Ru is possible by ultrasound-assisted dealloying of Mg-Cu/Ni(Ag-Au-Pt-Pd-Ir-Re-Ru)-Gd
metallic glass precursors. Furthermore, in view of the facts that the reactants just simply consist
of inexpensive Mg-based metallic glasses and a dilute HCl/ethanol solution, and the synthesis
processes can be carried out at room temperature and atmospheric pressure, the present one-step
preparation method is much simpler than most chemical synthesis methods consisting of
complicated chemical ingredients and tedious multistep reactions. Without requiring harsh

conditions and equipment, the present method is also more economical and feasible for up-
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scaling production of multimetallic nanoparticles than other newly developed physical methods,

such as the “sparking mashup” method [21].

cONOYULT A~ WN =

10 4. Conclusion

13 In summary, a novel strategy to simplify the synthesis of metal and alloy nanoparticles by
ultrasound-assisted dealloying of metallic glass ribbons was proposed. The formation mechanism
18 of the metal and alloy nanoparticles is investigated by analysing the intermediate products
20 formed at different synthesis stages. It is revealed that the glass-liquid phase transition of the
initially dealloying metallic glasses, together with the synergistic effect of dealloying and
25 ultrasound-driven ligament-breakage of small enough nanoporous intermediates, play key roles
27 in preparing the present metal and alloy nanoparticles. With its simple and flexible nature, this
synthesis strategy not only has a big potential for up-scaling industrial production of a variety of
32 monometallic, bimetallic, and multimetallic nanoparticles with desired composition and

34 properties, but also provides a new perspective for the application of metallic glasses.
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Figure captions

Fig. 1. Synthesis of metal and alloy nanoparticles by ultrasound-assisted dealloying of Mg-Cu/Ni
(Ag, Au, Pt, Pd)-Gd metallic glass ribbons. (a) Typical synthetic procedure to prepare metal and
alloy nanoparticles by ultrasound-assisted dealloying metallic glass ribbons. (b-f) Photographs
of as-prepared colloidal Cu (after standing for 5 h), Ag (after standing for 2 h), Cu-Pt (after
standing for 24 h), Cu-Au (after standing for 24 h), and Cu-Au-Pt-Pd (after standing for 24 h)
nanoparticles, respectively. (g-h) Photographs of colloidal Au (after standing for 10 days) and
Au-Pt-Pd-Cu (after standing for 10 days) nanoparticles prepared by further dealloying of

colloidal Cu-Au and Cu-Au-Pt-Pd nanoparticles, respectively.

Fig. 2. TEM images and size distributions of metal nanoparticles. (al-gl, a2-g2) Representative
low-magnification TEM images and high-magnification TEM images of Cu (al, a2), Ag (bl, b2),
Cu-Pt (cl, c2), Cu-Au (d1, d2), Cu-Au-Pt-Pd (el, e2), Au (fl, f2), and Au-Pt-Pd-Cu (gl, g2)
nanoparticles. (a3-g3) Size distribution histograms of Cu (a3), Ag (b3), Cu-Pt (c3), Cu-Au (d3),

Cu-Au-Pt-Pd (e3), Au (f3), and Au-Pt-Pd-Cu (g3) nanoparticles.

Fig. 3. XRD spectra and elemental maps. (a) XRD spectra of the as-synthesized Cu, Ag, Au, Cu-
Pt, Cu-Au, Cu-Au-Pt-Pd, and Au-Pt-Pd-Cu nanoparticles. The blue, brown, pink, and red vertical
lines represent the reference peaks of pure Au, Pt, Ag, and Cu, respectively. (b-c) TEM and

scanning TEM (STEM) images of typical Au-Pt-Pd-Cu nanoparticles, respectively. (d-g) STEM-
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EDS elemental maps of the Au (d), Pt (e), Pd (f), and Cu (g) in typical Au-Pt-Pd-Cu

nanoparticles.

Fig. 4. Evolution of the intermediate products by ultrasound-assisted dealloying Mge; Cu,sGd;
metallic glass precursor ribbons. (a-b) SEM images of the outer surface (a) and cross section (b)
of a metallic glass ribbon after dealloying for 2 min. (c-f) SEM images of the intermediate
products after dealloying for 2 min (c-d) and 5 min (e-f). (g-h) TEM images of the intermediate
products after dealloying for 20 min (g) and 45 min (h). (i) Differential scanning calorimetry
(DSC) curves of the Mg-Cu/Ni (Ag, Au, Pt, Pd)-Gd metallic glasses. (j) XRD spectra of the
intermediate products after dealloying for 2 min, 5 min, 20 min, 45 min, and 90 min. Due to the
atmospheric oxidation during the preparation and test processes, a small amount of Cu,O can be
detected in the samples. (k) Mean diameter of metal and alloy nanoparticles vs. corresponding
mean diameter of ligaments in nanoporous metals by dealloying Mg-Cu/Ni(Ag, Au, Pt, Pd)-Gd
metallic glasses without UT. The inserts show SEM images of the corresponding nanoporous Cu

and Cu-Au.

Fig. 5. Schematic illustration of the formation mechanism of Cu nanoparticles. (a) Metallic glass
precursor ribbons. (b) Remaining metallic glass precursor ribbon and partly dealloyed
intermediate fragments that were peeled off from the outer layers of the corresponding remaining
metallic glass ribbons. The red regions represent the supercooled liquid regions (7, < T < Ty)
induced by the local glass transition. (c) Dealloying and breakage of intermediate fragments into

small nanoporous Cu-rich particles. (d) Dealloying and breakage of small nanoporous Cu-rich
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particles into Cu-rich ligament debris. (¢) Dealloying and breakage of Cu-rich ligament debris

into short Cu nanorods and Cu nanoparticles. (f) Spheroidization of Cu nanoparticles.
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Supplementary Fig. 2. Photographs of the reaction solution by ultrasound-assisted
dealloying of 0.25 g Mg CuysGdy; metallic glass ribbons in 30 ml of 0.24 mol L-!

HCl/ethanol solution for 5 min (a), 20 min (b), 45 min (c), 60 min (d), and 90 min (e).
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Supplementary Fig. 3. (a) Photographs of the soft aggregated colloidal Cu nanoparticles (4 g
L1, after standing for 5 h); (b) Photographs of the Tyndall effect of a dilute Cu nanoparticles
colloidal solution (0.4 g L, after standing for 1 h) prepared by re-dispersing the soft

aggregated colloidal Cu nanoparticles in (a).
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Supplementary Fig. 5. (a) Electron back-scattered diffraction (EBSD) image, and (b) EDS

result of the local “melted” area in the interior of the remaining Mgg;CuysGd;; metallic glass

ribbon after dealloying for 2 min.
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Supplementary Fig. 6. (a) SEM and (b) EDS results of the intermediate fragments

dealoying for 2 min.
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Supplementary Fig. 7. (a) SEM and (b) EDS results of the small nanoporous particles after

dealoying for 5 min.
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Supplementary Fig. 8. EDS spectra of the intermediate products at a reaction time of 20 min,

45 min, and 90 min by ultrasound-assisted dealloying of Mgs;Cu,3Gd;; metallic glass ribbons.
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Supplementary Fig. 9. TEM images of the nanoporous metals by ordinary dealloying
(without UT) of MgeCuxsGdi (a), MgaNizAgGdir  (b), MgeCuxsPtsGdyy (¢),

Mg Cuy1Au,Gdy; (d), and Mgg Cuy AusPtiPd;Gdy; () metallic glass ribbons.
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Supplementary Fig. 10. SEM images of the intermediate products by ordinary dealloying
(without UT) of Mgs;CuyGd;; metallic glass ribbons in 0.24 mol L-' HCl/ethanol solution
for 5 min (a), 8 min (b), and 30 min (c-d). Due to a low viscosity (#=10°-108 Pa s) of the as-
formed supercooled liquid phase, the bulging effect of in-situ generated H, on the
supercooled liquid phase occurred not only on the surface regions but also in some interior
regions of the precursor ribbons. The traces of the flowed supercooled liquid phase and the
H, escape sites can be seen in (d). In order to demonstrate the traces of flowed supercooled
liquid phase more obviously, the thickness of the metallic glass ribbons in (¢) and (d) is ~100

pum.
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Supplementary Fig. 11. (a) Photograph of the as-prepared nanoporous Cu by ordinary
dealloying of MggCu,3Gd;; metallic glass ribbons in 30 ml 0.24 mol/L HCl/ethanol solution
for 90 min (without UT). Due to the bulging effect of in-situ generated H, on the dealloying
precursor ribbons, the final products are large nanoporous Cu particles, which do not keep
their original ribbon shape. (b) Ordinary dealloying for 90 min + UT for 10 min, (c) Ordinary

dealloying for 90 min + UT for 30 min, (d) Ordinary dealloying for 90 min + UT for 60 min.
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Supplementary Fig. 12. (a-b) BSEM images of the crystallized MggCu,3Gd;; ribbon (the

insert shows the XRD spectrum). (c-d) SEM images of the as-prepared nanoporous Cu
particles by ultrasound-assisted dealloying of crystallized Mgs; Cu,3Gd;; alloy ribbons in 0.24
mol L' HCl/ethanol solution for 90 min. The nanoporous Cu with different morphology in (d)

is correspond to different dealloying products of Mg,Cu phase and Mg;CuGd phase in (b).
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Supplementary Fig. 13. (a) Photograph and (b) SEM image of the as-prepared nanoporous
Cu by ultrasonic-assisted dealloying of Mge Cu,sGd;; metallic glass ribbons in 0.24 mol L-!

HCl/water solution for 90 min.
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Supplementary Fig. 14. Photograph of the as-prepared nanoporous Cu by ultrasonic-assisted
dealloying of Mgg; CuysGd;; metallic glass ribbons in 0.12 mol L' H,SO4/water solution for 2

min (a), 20 min (b), 45 min (c), and 90 min (d).
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