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Abstract: High-entropy alloys (HEAs) present excellent mechanical properties. However,
the exploitation of chemical properties of HEAs is far less than that of mechanical properties, which
is mainly limited by the low specific surface area of HEAs synthesized by traditional methods. Thus,
it is vital to develop new routes to fabricate HEAs with novel three-dimensional structures and
a high specific surface area. Herein, we develop a facile approach to fabricate nanoporous noble
metal quasi-HEA microspheres by melt-spinning and dealloying. The as-obtained nanoporous
CugpAuysPtyPdys quasi-HEA microspheres present a hierarchical porous structure with a high
specific surface area of 69.5 m?/g and a multiphase approximatively componential solid solution
characteristic with a broad single-group face-centered cubic XRD pattern, which is different from
the traditional single-phase or two-phase solid solution HEAs. To differentiate, these are named
quasi-HEAs. The synthetic strategy proposed in this paper opens the door for the synthesis of porous
quasi-HEAs related materials, and is expected to promote further applications of quasi-HEAs in
various chemical fields.

Keywords: dealloying; nanoporous materials; high-entropy alloys

1. Introduction

High-entropy alloys (HEAs) are equimolar or near-equiatomic solid solution alloys with four
or more elements [1,2]. Due to the high mixing entropy, the physical and chemical properties of
HEAs are quite different compared to traditional alloys. In particular, the mechanical properties
of HEAs have been extensively studied and exploited. It was found that refractory NbMoTaW
HEA pillars [1] presented extraordinarily high yield strengths of ~10 GPa and enhanced stability at
high temperature. The CrMnFeCoNi HEA showed improved mechanical properties at cryogenic
temperatures [3]. A metastable FesoMn3(,Co19Crjg dual-phase HEA was developed to overcome the
strength-ductility trade-off [4]. More and more influential work related to the fabrication, phase
transformation, and mechanical properties of HEAs has been reported [5-7]. However, the chemical
properties of HEAs have long been neglected due to the low specific surface area, limited by traditional
synthesis methods. Recently, carbon-nanofiber-loaded HEA nanoparticles composite with a high
specific surface area exhibited excellent selectivity and stability as ammonia oxidation catalysts [8].
To help HEAs shine in broader chemical applications, it is important to develop various HEAs with
new three-dimensional (3D) structures and a high specific surface area.

Nanoporous materials usually possess a high specific surface area [9,10]. However, traditional
methods for preparing porous metals cannot be mechanically duplicated to acquire nanoporous HEAs.
Moreover, to our knowledge, there has still been no report on the fabrication of nanoporous HEAs.
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Here we report the successful synthesis of nanoporous Cu-Au-Pt-Pd quasi-HEA microspheres by
combining melt-spinning and dealloying processes for the first time. The as-prepared quasi-HEA
presents a nearly equal atom ratio and a special multiphase approximatively componential solid
solution structure with a broad single-group face-centered cubic XRD pattern. The strategy opens the
door for the fabrication of various nanoporous noble metal based quasi-HEAs, and may promote the
application of (quasi-)HEAs in the catalysis, sensor, and surface-enhanced Raman scattering fields.

2. Materials and Methods

CugyAu; Pt;Pd; (at.%) ingots were first produced by arc-melting of Cu, Au, Pt, and Pd (99.99 wt.%)
ingots. This starting alloy composition is designed and inspired by a previous work [11]. In this
situation, a small ligament/pore structure can be obtained after dealloying. Then a melt-spinning
process [12,13] was performed to obtain the precursor microspheres. In particular, to guarantee the
formation of microspheres in the rapid solidification process, the tangent speed of the copper wheel
is set to 3000 r/min and the gas pressure for spraying is 1.5 MPa. Finally, nanoporous quasi-HEA
microspheres were fabricated by free dealloying [14-16] of the precursor microspheres in a 2 M HNOj3
solution for 24 h. The preparation process is shown in Figure 1.
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Figure 1. The synthesis process of nanoporous quasi-HEA microspheres.

The phase composition of samples was verified by an X-ray diffractometer (XRD, D8-Advance
Bruker, Karlsruhe, Germany) using Cu K« radiation at a step rate of 10°/min. The chemical valence
state of samples was examined by X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific,
Waltham, MA, USA). The morphology and chemical composition of samples were characterized
by scanning electron microscopy (SEM, Nova nanoSEM 450, 2 kV, FEI, Hillsboro, OR, USA)
equipped with an X-ray energy dispersive spectroscope (EDS, Oxford Instruments, Oxford, UK)
and transmission electron microscopy (TEM, JEM-2010F, JEOL, Tokyo, Japan). The surface area
and pore size distributions of samples were determined by using the Brunauer-Emmett-Teller
(BET) or Barrett-Joyner-Halenda (BJH) method, respectively. The particle size and ligament/pore
size distribution were measured by Nano Measurer V1.2, software created by Fudan University,
Shanghai, China.

3. Results and Discussion

Figure 2a shows the XRD patterns of the microspheres before and after dealloying. Since the
content of Cu is as high as 97 at.% in the precursor, the peak positions are very close to pure Cu. After
dealloying, the obvious broad diffraction peaks at 40.7°, 46.8°, 68.2°, and 83.0° can be indexed as
(111), (200), (220), and (311) planes of a single-group face-centered cubic (FCC) structure respectively.
It is reported that multicomponent noble metal solid solutions usually present broad but not very
sharp peaks [17,18] compared with the traditional crystalline XRD patterns with sharp peaks. So the
solid solution structure of the as-dealloyed material can be confirmed according to the characteristic
of the broad diffraction peaks. In comparison with the XRD spectra of the precursor microspheres,
the diffraction peaks of the dealloyed microspheres shift to the lower diffraction angles. This is mainly
due to the removal of a large amount of Cu, which is consistent with the EDS results in Figure 2b,c.
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According to the EDS results, as shown in Figure 2b,c, the composition of microspheres changes from
Cugy1Auq oPtgoPdq g (near the target ratio) to CuggoAugy 9Pty oPdoy g (denoted as CugoAu23Pt22Pd25)
after dealloying.
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Figure 2. (a) XRD patterns of the precursor microspheres before and after dealloying in 2 M HNOj for
24 h. EDS analysis of the precursor microspheres before (b) and after (c) dealloying in 2 M HNOj for
24 h.

In order to predict the formation of solid solution structure in the dealloyed microspheres, typical
physical parameters including ASyix, AHmix, & and Q) of the product as well as other reported HEAs
are calculated by Equations (1)-(4) [19-21]:

ASmix = —R 2?:1@ Inc; 1)
AHmix = Z?:Li%jélAHfjmxcic]- )

n n 2
5= /L 61— i/ (T yem) @
Q= TmASmiX/|AHmix‘ 4)

where AS,ix is the mixing entropy of the alloying elements, AHy,jy is the enthalpy of mixing, § is the
atomic size difference, () is a special parameter defined to predict the solid solution formation, 7 is the
total number of components in a system, R (8.31 J]-K~!-mol~1) is the gas constant, ¢; is the molar ratio
of the ith component, r; is the atomic radius of the ith component, AHgﬁx is the enthalpy of mixing
between i and j elements, and Tp, is the average melting point. It was proposed [22] that the HEAs
with simple solid solution structures tend to form when the following empirical rules can be satisfied
simultaneously: ASpx > 11.3 J- K 1mol~!, —15 kJ-mol~! < AHpnix <5kJ-mol~1, 6§ <6.6 and Q> 1.1.
Table 1 lists the above calculated physical parameters of the product and other reported HEAs [23-25],
indicating that the composition of the product satisfies the empirical rules for the formation of HEAs.

Table 1. Calculated parameters of the quasi-HEA microspheres and other reported HEAs.

ASmix AH, mix

Alloy Phase (J-K—1-mol—1) (kJ-mol—1) 8 Q Reference
Alp 375CoCrFeNi FCC 13.0 —8.1 41 2.4 [23]
CoCrFeNi FCC 11.6 -3 1.3 6.1 [24]
AuPdAgPt FCC 11.6 -2 22 7.9 [25]

Cu30Au23Pt22Pd25 FCC 11.5 —8.6 2.3 1.8 This work
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To further investigate the chemical valence states of metal elements in the product, XPS detection
was carried out (Figure 3). The XPS fully scanned spectra (Figure 3a) show predominant signals of Au,
Cu, Pd, Pt, C (from the atmosphere), and O, indicating that no other impurity elements are present.
As shown in Figure 3b, the two peaks located at 84.2 and 87.9 eV can be attributed to Au 4f;,, and
Au 4fs ), of AuY, respectively [26]. The Pt 4f spectra (Figure 3c) shows two strong peaks at binding
energies of 71.1 and 74.5 eV, corresponding to Pt 4f;, and Pt 4f5, of Pt°, while two weak peaks at 72.0
and 75.4 eV are attributed to Pt** 4f;, /2 and 4fs /5, respectively [27]. For the Pd 3ds,, spectra shown in
Figure 3d, two peaks located at 335.7 and 336.5 eV can be assigned to Pd’ and Pd?*, respectively [28].
Similarly, the two peaks located at 932.5 and 934.4 eV are attributed to Cu’ and Cu?* of Cu 2p3 /5,
respectively (Figure 3e) [29]. The shift of the binding energies of Au, Pt, Pd, and Cu in the product
indicates the evident change in the electronic structure, probably owing to the formation of a solid
solution structure [30,31]. The existence of very few divalent metals can be attributed to the oxidation
of surface elements in air [29]. By calculating the peak areas of M? and M?*, the results show the
percentage of Cu’, Pd’, and Pt° species are 63.3%, 67.7%, and 78.5%, respectively, indicating that the
dealloyed microspheres are mainly in zero valence state.
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Figure 3. XPS spectra of the precursor microspheres after dealloying in 2M HNOj3 for 24 h: (a) fully
scanned spectra; (b) Au 4f; (c) Pt 4f; (d) Pd 3d; (e) Cu 2p.

When conducting further investigation into the porous structure of the as-fabricated samples,
nitrogen adsorption-desorption isotherms analysis was employed (Figure 4a). In Figure 4a, a kind
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of type-1V isotherm characterized by a distinct hysteresis loop [32] was observed, indicating the
mesoporous nature of the material. This corresponds well with the pore diameter distribution curve
displayed in Figure 4b. The pore size of samples mainly ranges from 4 to 20 nm, and the peak size is
about 7.9 nm. Due to the above porous structure characteristics, the specific surface area obtained by
BET method reaches 69.5 m?2/ g.
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Figure 4. N, adsorption desorption isotherms (a) and corresponding BJH pore size distribution curves
(b) of nanoporous quasi-HEA microspheres.

Figure 5 shows the SEM image of the microspheres with a histogram of microsphere size
distribution. One can see that the shape of the precursor is regular and spherical (Figure 5a). After
dealloying, the diameter of parts of microspheres decreases (Figure 5b). The size statistics in Figure 5c
show that the diameter of the precursor mainly ranges from 70 to 100 pm, with an average diameter
of 86 um. After dealloying, though the main diameter range of microsphere stays around 70-100 um,
the ratio of microspheres with diameter less than 80 pm increases slightly.

Percentage (%)

<70 70-80 80-90 90-100100-110 >110
Microsphere diameter (um)

<70 70-80 80-90 90-100100-110 >110
Microsphere diameter (um)

Figure 5. SEM images of the precursor microspheres (a) and the dealloyed microspheres (b).
Corresponding size statistics of microspheres before (c) and after (d) dealloying.

Figure 6 shows plane and cross section view SEM images of the dealloyed microspheres. It can
be seen (Figure 6a,b) that there are continuous network-like void channels with a width of ~0.6 um
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formed along the grain boundaries of original precursors. That is because Cu atoms are much easier
to remove from grain boundaries with abundant crystal defects [33]. These void channels can also
be seen inside the microspheres (Figure 6¢c), indicating that they distribute throughout the whole
microspheres. Moreover, highly magnified SEM images (Figure 6b,d) reveal that both the surface and
internal grains show nanoporous structures after dealloying. Figure 6e,f present the ligament and pore
size distribution of microspheres after dealloying, showing that the size ranges from 7 to 15 nm and
from 4 to 13 nm for ligament and pore size, respectively. This result accords with the above pore size
distribution curves created by the BJH method.

M
=]

o
!

=
&
>
I 15
£
Q
[&]
2
Q
o

<7 79 9-11 1113 13-15 1517 =17
Ligament width (nm)

<4 47 7-10 10-13 13-16 >16
Pore size (nm)

Figure 6. (a-d) SEM images of microspheres after dealloying in 2M HNOj3 for 24 h: (a,b) plane view;
(c,d) cross section view. Ligament (e) and pore (f) size distribution of microspheres after dealloying.

Further analysis by TEM (Figure 7a,b) reveals a nanoscale bicontinuous ligament/pore structure
inside the grains, in which the ligament width and pore sizes are ~12 nm and ~9 nm, respectively.
From the above morphological observation, a hierarchical porous structure, containing micro-sized
channels along grain boundaries and nanopores inside grains, can be ascribed to the dealloyed
microspheres. In addition, the selected area electron diffraction (SAED) pattern in Figure 7c can be
ascribed to (111), (200), (220), and (311) diffractions of FCC structure (rather than single-phase Au,
Pt, Pd, or Cu diffractions), which is consistent with the crystal planes information of the XRD result.
The high-resolution TEM image in Figure 7d shows special solid solution characteristics, in which
Au-rich, Pt-rich, Pd-rich, and Cu-rich solid solution areas coexist in the ligament [34-37]. The Au, Pt, Pd,
and Cu elements, with FCC structures, easily form a FCC-type solid solution between each other and
among three/four elements for their great miscibility, which may be the reason to form a multiphase
solid solution structure. In particular, these multiphase solid solutions possess an approximate
component ratio and are connected by many dislocations and defects, so that these solid solution
areas cannot be completely distinguished from others. As a result, it is multiphase approximatively
componential solid solutions (not four-phase separable solid solution) that create. Thus, the diffraction
peaks represent a broad single-group FCC pattern rather than sharp multiple-group FCC patterns in
the XRD results.
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10 stacks

2.24 nm
10 stacks

Figure 7. TEM image (a), corresponding SAED patterns (b), magnified TEM image (c), and
high-resolution TEM image (d) of the dealloyed porous microspheres.

In this work, the standard equilibrium electrode potential of Cu is much lower than that
of Au, Pt, and Pd [38-40], which offers a great driving force for the selective dissolution of Cu
under free-dealloying conditions. After dealloying for 24 h, the ratio of remaining Cu and the
other three elements is nearly equal, and the calculated physical parameters in Table 1 satisfy the
empirical rules for forming HEAs. In particular, the as-formed nanoporous structure presents a
multiphase approximatively componential solid solution characteristic, which is different from the
traditional single-phase or two-phase solid solution HEAs. To differentiate, we call it quasi-HEAs.
The as-fabricated nanoporous quasi-HEAs possess plentiful dislocations and defects between
two neighboring solid solution areas and a high specific surface area, which may be applied in
wide chemical fields [41-43]. The higher resolution characterization of quasi-HEAs needs to be
examined in future work. For example, spherical aberration-corrected high-angle annular dark field
(HAADF) STEM images of nanoporous metals could reveal surface atoms with different coordination
numbers [44]. Atomically resolved elemental mapping of the surface of nanoporous electrocatalyst
could uncover the surface atomic change before and after a catalytic reaction [45]. With the help
of these higher resolution tests, some chemical reaction mechanisms can be clearly revealed. Thus,
the exploitation and development of chemical properties of HEAs can be promoted.

4. Conclusions

We developed a facile route to fabricate nanoporous noble metal quasi-HEA microspheres by a
melt-spinning and dealloying process. The material presents a hierarchical porous structure with a
high specific surface area and a multiphase approximatively componential solid solution characteristic
with a broad single-group FCC XRD pattern. Metallic elements such as Au, Pt, Pd, Ag, Ir, Rh,
Cu, and Ni with FCC structure can be selected for developing other porous quasi-HEAs by using
this route. Moreover, the work may stimulate the overall development of quasi-HEAs in various
chemical applications.
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