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High-entropy-alloy nanoparticles synthesized
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2+, Fe3+l

Co?*, Ni?*, Cu?* and Zn?*. The permanent porosity and the evenly distributed metal components make

these porous crystals ideally suited for the synthesis of alloy nanoparticles. Using a laser, these MOFs are

converted in air to alloy nanoparticles of binary (FeNi, FeCo), ternary (FeCoNi) and high-entropy-alloys
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with quinary (MnFeCoNiCu, MnFeCoNiZn) metals. One member, FeNi alloy nanoparticles with a narrow
particle size distribution around 7 nm, shows a low overpotential of 282 mV at a current density of
10 mA cm~2 in the oxygen evolution reaction (OER), better than those of the single metal counterparts.

This demonstrates the possibility of using MOFs to produce alloy nanoparticles with multiple metal

rsc.li/frontiers-materials components by a laser.

Combining various metals at atomic scale to form metal alloys is an
effective way to explore their optical, magnetic and catalytic
properties.' The heterometals form a unique interface for the
precise tuning of the Fermi energy, electron structure and work
function beyond those of monometallic materials. This offers an
opportunity to use alloys of natural abundant metals for the
replacement of noble metals in industrial applications.™ It
remains challenging, however, to obtain alloys with an even
distribution of metals at the atomic scale, when the number of
metal types becomes large. This is due to the difference of metals in
their electronegativity, size and preferred packing in a lattice.
Making alloys into nanoscale might possibly address the compat-
ibility issue at the atomic scale. Typically, materials are regarded as
high-entropy-alloy nanoparticles (HEANPs) when the number of
metal components goes beyond 5.°™ The formation of a high
entropy compound usually involves a kinetically controlled process,
with stringent requirement on the precursor and temperature.'*">

Metal-organic frameworks (MOFs) are porous crystals con-
structed by alternating arrangement of metal clusters and
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organic linkers,'®'” standing as ideal precursors with atomic

precision of the metal distribution. The rich choices both in the
metal clusters and the organic linkers leads to the emergence of
multivariate metal-organic frameworks (MTV-MOFs), where
different organic linkers and metals in the secondary building
units (SBUs) can be introduced into the structure without
altering the backbone.'®' The customized pore environment
in MTV-MOFs leads to excellent performances in various
applications.?®™®* As the precursor for the conversion to metal
nanoparticles, the carbonaceous linkers adjacent to metal ions
naturally produce a reductive environment for metallurgy.”?
Theoretically, it’s straight forward to obtain alloy nanoparticles
from MTV-MOFs with multiple metal components. In fact,
there are very few works reported using the MTV-MOF strategy
for the fabrication of alloy nanoparticles,”?* and the metal
components have yet go beyond two types, due to the poor
compatibility of various metal ions in the SBU of MTV-MOFs
and/or the loss of permanent porosity. In this work, we show
that a series of MTV-MOFs containing various metal ions can be
applied as precursors for the production of alloy nanoparticles
with up to 5 components. The corresponding alloy nano-
particles are generated by a recently developed strategy, laser
metallurgy, where these MTV-MOFs are subjected to instant
heating and cooling induced by a pulsed laser.>**” The
M;0,3N; SBUs with high connectivity of 9, and organic linker
(4,4'-(pyridine-3,5-diyl)dibenzoic acid, PDA) with 3 connectivity
sites are assembled into a series of isoreticular MOFs, CPM-70,
with high stability and permanent porosity (Fig. 1A and B). We
found that the trinucleate metal oxide clusters in CPM-70
exhibited excellent compatibility for various transition metals,
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Fig. 1 (A) The construction of CPM-70 using a 9-connected (9-c) metal oxide cluster and 3-connected (3-c) organic linker. (B) The xmz topology of the
CPM-70. (C) The incorporation of unary, binary, ternary and quinary metal ions in the isoreticular CPM-70 serial MOFs as precursors for the production of

alloy nanoparticles by laser metallurgy.

such as Mn**, Fe**, Co*", Ni**, Cu®>" and zZn*", leading to the
successful fabrication of a series of MTV-MOFs containing
unary, binary, ternary and quinary metals (Fig. 1C). When
irradiated by a nanosecond pulsed laser, these MTV-MOF
precursors are instantly converted to the corresponding metal
nanoparticles, including high-entropy-alloy nanoparticles. The
combination of the MTV-MOF strategy and the laser metallurgy
method provides a new route for the synthesis of high-entropy-
alloy nanoparticles in a fast and designable manner.

The synthesis of the isoreticular CPM-70 serial MOFs with
various metal ions in the SBU was based on a reported
solvothermal reaction with slight modifications.”®**' The PDA
ligand was synthesized in a two-step reaction with a yield of
85% (Fig. S1-S7, ESIt). The isoreticular CPM-70 with desig-
nated metal ions in the SBU was obtained by mixing of the
metal ions in the mother solvent. CPM-70 with unary metals,
CPM-70-Fe, CPM-70-Co and CPM-70-Ni, were cubic crystals
with size around 200 pm after solvothermal reaction of the

metal ions and organic linker in DMF with an incubation time
of 24 h at 150 °C (Fig. S8, ESIT). Single crystal X-ray diffraction
(SCXRD) analysis of these MOF crystals showed that they had
isoreticular xmz topology, and slightly varied cell parameters
(Tables S1-S3, ESIt). The MTV-MOFs, such as CPM-70-
MnFeCoNiCu crystals also appeared in cubic shape; however,
they preserved a smaller size of around 5 pm (Fig. 2G).

The homogeneous dispersion of metal ions within MTV-
MOFs was confirmed by energy-dispersive spectroscopy (EDS)
in scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) (Fig. 2A-G and Fig. S9, ESIt). When
binary and ternary metal ions were introduced in the CPM-70,
such as Fe/Co, Fe/Ni, and Fe/Co/Ni, they showed identical
elemental signals with C and N signals from the linker, imply-
ing that these metals were in a well-mixed manner and evenly
dispersed across the MOF crystals. When the species of the
metal ions increased to 5, Mn/Fe/Co/Ni/Zn or Mn/Fe/Co/Ni/Cu,
for instance, they still maintained identical signal distribution

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022 Mater. Chem. Front., 2022, 6, 2796-2802 | 2797
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Fig. 2 The crystalline structure and corresponding elemental mappings of (A) CPM-70-Fe, (B) CPM-70-Co, (C) CPM-70-Ni, (D) CPM-70-FeCo,
(E) CPM-70-FeNi, (F) CPM-70-FeCoNi, and (G) CPM-70-MnFeCoNiCu. (H) The PXRD patterns of the isoreticular CPM-70 serial MOF precursors

containing various metal ions in the SBU.

with the C and N (Fig. 2G and Fig. S9, ESIt), suggesting that the
trinucleate metal clusters had high compatibility with different
metal ions. All the synthesized isoreticular MOFs exhibited
identical powder X-ray diffraction (PXRD) patterns and
matched well with the simulated one from the single crystal
data (Fig. 2H), demonstrating their phase purities.

The permanent porosity of these MTV-MOFs was evaluated by
nitrogen adsorption isotherms measured at 77 K. The guest
molecules in the pores of these MOFs could be successfully
removed by solvent exchange and supercritical CO, activation
without altering the crystallinity. This was proved by the identical
PXRD patterns before and after activation (Fig. S10-S17, ESIT).
High Brunauer-Emmett-Teller (BET) surface areas of 1930, 920,
1050, 1380, 1540, 1600, 1520, and 1380 m? g~ were observed in
CPM-70-Fe, CPM-70-Co, CPM-70-Ni, CPM-70-FeCo, CPM-70-FeNi,
CPM-70-FeCoNi, CPM-70-MnFeCoNiCu, and CPM-70-MnFe
CoNiZn, respectively (Fig. S18-S25, ESIT). The high porosity in
the MTV-MOFs benefits their conversion to alloy nanoparticles by
laser metallurgy. These MTV-MOFs with high connectivity also
exhibited high chemical stability, which could be revealed by the
well-maintained PXRD patterns before and after immersing these
MOF crystals in H,O, HCI (PH = 4) or NaOH (PH = 9) for 6 h

(Fig. S26-S28, ESIT). Thermo-gravimetric analysis (TGA) uncov-
ered that these MTV-MOFs also had high thermal stability and
decomposed at around 400 °C in air (Fig. S29-S36, ESI}). The
successful incorporation of various metal ions in the activated
MOF precursor was analyzed by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) (Table S4, ESIT). When
a feeding ratio of Mn/Fe/Co/Ni/Zn=1:1:1:1:1 was applied in the
mother solvent of the MOF, the obtained MOF exhibited a
corresponding ratio of 1:1.32:1.54:1.55:1.49.

The even dispersion of different metal ions in the MTV-MOF
provides an ideal precursor for the production of uniform
nanoalloys by ultrafast laser nanometallurgy.>**> The operation
of laser nanometallurgy for the conversion of the MTV-MOF to
the corresponding nanoalloys was achieved by irradiation of
the powdery MOF precursor sandwiched between two glass
slides. The nanosecond pulsed laser was operated at a wave-
length of 1064 nm, frequency of 20 kHz, pulse energy of 30 m],
beam size of 200 pm, and scribing speed of 75 mm s~ *. Once
laser scribed, the pristine MOF layer instantly turned black,
indicating the successful conversion of the MOF precursor to a
carbonaceous support. A previous study revealed that the laser
nanometallurgy method could convert the transition metal ions
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Fig. 3 The TEM images and the elemental mappings of (A) FeNi, (B) FeCoNi, and (C) FeCoNiCuMn nanoalloys from laser metallurgy of the corresponding
MOF precursors and the corresponding alloy nanoparticle models to illustrate the distribution of elements in the nanoparticles. (D) The PXRD patterns of
the nanoalloys converted from the corresponding MOF precursors. The scale bar is 5 nm, 20 nm, and 50 nm in the magnified TEM image and elemental

mappings in (A-C), respectively.

in the MOF to the corresponding MNPs because of the localized
reductive atmosphere formed around the laser irradiated spots.”*
In the case of MTV-MOF with various transition metal ions in the
SBU, the instant heating and cooling should lead to the formation
of nanoalloys without segregation into metallic phases.” The laser
processed product, denoted as CPM-70-M-laser (M represents the
metal ions in the SBU), was collected and characterized. The SEM
images showed that all the CPM-70-M-laser samples exhibited an
amorphous and porous structure with nanoparticles embedded
(Fig. S37-S44, ESIY).

To demonstrate the well-mixed nature of different metals in
the nanoalloys derived from these MTV-MOFs, elemental map-
pings were collected from energy dispersive spectroscopy (EDS)
(Fig. 3A-C). The elemental mappings of the binary FeNi nanoal-
loy also confirmed the uniform distribution of Fe and Ni across
the nanoparticles (Fig. 3A). The ternary FeCoNi nanoalloys also
exhibited well mixed nature of the three elements across the
nanoparticles (Fig. 3B). When the metal elements increased to
five, in CPM-70-MnFeCoNiZn-laser for example, all the five
metals showed similar distribution in each nanoparticle
(Fig. 3C), suggesting the successful formation of HEANPs.”
The successful conversion of the MTV-MOF precursor to the

nanoalloys was also proved by the PXRD patterns (Fig. 3D). No
obvious peaks assigned to the pristine MOF were observed,
suggesting their complete conversions. The broad peak at
20 = 26° was ascribed the 001 facet of graphite and the two
peaks located around 20 = 45° and 52° were assigning to the
facets of 110 and 200 of nanoalloys in fcc. No obvious peaks
from the unary metals were observed in the product from
MTV-MOF (Fig. S45, ESIT), demonstrating the well-mixed nat-
ure of the metals in the nanoparticles. Even encapsulated with
5 metals, the PXRD pattern of the CPM-70-MnFeCoNiCu-laser
only preserved peaks assigned to fcc alloys, revealing the
capability to produce HEANPs from MTV-MOF by laser
metallurgy.

We found that uniform binary FeNi nanoalloys with an
averaged size of 7 nm could be successfully synthesized by
laser metallurgy from the CPM-70-FeNi precursor (Fig. 4A and
B). The high-resolution TEM images revealed the lattice dis-
tance of 0.21 nm (Fig. 3A), consistent with the 111 lattice plane
of the FeNi nanoalloy. The selected area electron diffraction
(SAED) pattern of the FeNi nanoalloys also revealed their fcc
phase. Notably, larger particles of FeC and Ni were observed
from the corresponding unary MOF precursors (Fig. 4C and D),

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022 Mater. Chem. Front., 2022, 6, 2796-2802 | 2799
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Fig. 4 (A) TEM image and (B) the particle size distribution of the FeNi alloy nanoparticles. TEM images of (C) Fe and (D) Ni nanoparticles from laser
conversion of CPM-70-Fe and CPM-70-Ni, respectively. (E) The LSV curves of the metal nanoparticles and nanoalloys from laser metallurgy of the
corresponding MOF precursors in the OER reaction. The commercial RuO, catalyst was also tested as a control under identical conditions. (F) The
performance comparison of different catalysts in overpotentials under different currents. (G) The Tafel plots of different metal nanoparticle catalysts.
(H) The electrochemical impedance spectroscopy (EIS) of metal nanoparticle catalysts from laser metallurgy of the corresponding MOF precursor.

suggesting that the MTV-MOF strategy can regulate the
morphology of the nanoparticles. The chemical state of the
elements in the nanoalloys was analyzed by X-ray photoelectron
spectroscopy (XPS) (Fig. S53, ESIT). We found that most of the
transition metals, Mn, Fe, Co, Ni, Zn, and Cu, were in zero
oxidation state with partial oxidation on the surface, consistent
with previous reports.” The existence of the carbonaceous

support was proved by the Raman spectra of the CPM-70-M-
laser samples (Fig. S54, ESIT). Two peaks located at Raman
shifts of 1050 and 1350 cm ™" are ascribed to the D and G band
of graphite.®* The existence of a peak at 2600 cm™ ' suggested
the formation of few-layered graphene in the product,
which would benefit the electron transfer in electrochemical
reactions.
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Nanoalloys are widely used as catalysts in energy and environ-
mental fields.*® The catalytic performance of the uniform FeNi
nanoalloys from laser nanometallurgy was demonstrated in the
oxygen evolution reaction (OER) for electrochemical water splitting.
Linear sweep voltammetry (LSV) curves of laser-induced samples
were recorded to evaluate their OER performance (Fig. 4E). The
binary CPM-70-FeNi-laser exhibited the lowest potential at a fixed
current density of 10 mA cm™ 2, smaller than that of CPM-70-Ni-
laser, CPM-70-Fe-laser and the commercial RuO, catalyst.
The overpotentials measured at a current density of 10, 20 and
50 mA cm™ > are listed in Fig. 4F. The binary CPM-70-FeNi-laser
catalyst delivered the smallest overpotential of 282 mV at a fixed
current density of 10 mA cm™ 2, while CPM-70-Ni-laser, CPM-70-Fe-
laser and RuO, catalysts showed higher overpotentials of 357 mvV,
442 mV and 328 mV, respectively, under identical conditions.
A similar trend was found when the current density increased to
20 and 50 mA cm > (Fig. 4F). The Tafel curves of the samples were
recorded to investigate the reaction kinetics of the catalysts
(Fig. 4G). The binary CPM-70-FeNi-laser catalyst showed a smallest
slope of 40 mV dec ' among these samples, suggesting its fast
oxygen evolution kinetics. Electrochemical impedance spectroscopy
(EIS) was further performed at a fixed potential of 1.51 V vs. RHE to
uncover the charge transfer impedance in the catalysts (Fig. 4H).
The binary CPM-70-FeNi-laser catalyst exhibited the smallest charge
transfer resistance (R.) in the three catalysts, indicating the excel-
lent electron transfer in the nanoalloy catalysts. The alloying
strategy by laser nanometallurgy of MTV-MOF provides rich
choices for the fabrication of nanoalloys with excellent catalytic
performance.

In summary, the MTV-MOF strategy was successfully applied
to incorporate various metal ions in a series of isoreticular
MOFs for the synthesis of alloy nanoparticles. The high com-
patibility of the metal clusters in these MTV-MOFs provides
exceptional dispersion of the metal ions in the precursor and
the laser metallurgy method benefits the ultrafast reaction
kinetics. We believe that this method will shed new light on
the fabrication of HEANPs derived from MOFs because of the
huge MOF family and their MTV-MOF variants.
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