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Kinetically Controlled Synthesis of Metallic Glass
Nanoparticles with Expanded Composition Space

Bing Deng,* Zhe Wang, Chi Hun Choi, Gang Li, Zhe Yuan, Jinhang Chen,
Duy Xuan Luong, Lucas Eddy, Bongki Shin, Alexander Lathem, Weiyin Chen, Yi Cheng,
Shichen Xu, Qiming Liu, Yimo Han, Boris I. Yakobson, Yufeng Zhao,* and James M. Tour*

Nanoscale metallic glasses offer opportunities for investigating fundamental
properties of amorphous solids and technological applications in
biomedicine, microengineering, and catalysis. However, their top-down
fabrication is limited by bulk counterpart availability, and bottom-up synthesis
remains underexplored due to strict formation conditions. Here, a kinetically
controlled flash carbothermic reaction is developed, featuring ultrafast
heating (>10° K s~') and cooling rates (>10* K s~"), for synthesizing metallic
glass nanoparticles within milliseconds. Nine compositional permutations of
noble metals, base metals, and metalloid (M;—M,—P, M, = Pt/Pd, M, =
Cu/Ni/Fe/Co/Sn) are synthesized with widely tunable particle sizes and
substrates. Through combinatorial development, a substantially expanded
composition space for nanoscale metallic glass is discovered compared to
bulk counterpart, revealing that the nanosize effect enhances glass forming
ability. Leveraging this, several nanoscale metallic glasses are synthesized

with composition that have never, to the knowledge, been synthesized in bulk.

The metallic glass nanoparticles exhibit high activity in heterogeneous
catalysis, outperforming crystalline metal alloy nanoparticles.

glass forming ability (GFA) that quan-
titatively described by critical cooling
rate (Rc), MGs exhibit many dimen-
sional forms. For example, MG ribbouns,
typically <100 pm, are made by rapid
quenching of alloy melts,?! MG thin
films are fabricated by physical vapor
deposition,?! and bulk MGs with low R
are afforded by casting.¥! Recently, MG
nanostructures have received consider-
able interests due to their unique atomic
structures,l’!  intriguing size-dependent
mechanics,[®! and the potential application
in unconventional areas including addi-
tive manufacturing,l’! nanoimprinting,/®]
and catalysis.®) The present top-down
fabrication of MG nanostructures in-
volves thermoplastic forming, #9419 ther-
mal drawing techniques,'") selective
etching,!'?l and laser ablation.!'3] However,
the top-down approaches rely on bulk MG
counterpart availability, which restricts
the material and composition choice. The
bottom-up nanoscale MG synthesis such

1. Introduction

Metallic glasses (MGs) are a broad class of solid metallic ma-
terials with amorphous atomic structures.l!! Depending on the

as chemical reduction,l®!* electrochemical synthesis,*>1°] and
physical vapor deposition,!’! affords better size, morphology,
and compositional tunability. However, wet-chemistry-based pro-
cesses often lead to contamination by surfactants,'*] while
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physical deposition methods require a substrate that hinders in-
trinsic property studies and wide-range applications.

It is highly desired but still challenging to develop a bottom-
up method for synthesizing nanoscale MG with tunable com-
positions, small size, and good morphology. A thermal pro-
cess for nanoscale MG synthesis necessitates certain features.
First, a high temperature is necessary to ensure the intimate
mixing of multiple metal elements with diverse miscibility, as
MGs are typically composed of three or more elements.[!] Sec-
ond, a short reaction duration is required to minimize particle
agglomeration and achieve uniform, nanoscale particle disper-
sion. Finally, an ultrafast cooling rate is needed to vitrify the al-
loy melt and avoid crystallization. Recently, several unconven-
tional thermal processes!'”] have been reported for synthesizing
alloy nanoparticles with single-phase crystal structures, such as
the electrothermal-based shock synthesis of high-entropy alloy
nanoparticles,®) the photothermal-based laser ablation synthe-
sis of high-entropy alloy and ceramic nanoparticles,!’! and the
flash Joule heating synthesis of metastable nanocrystals.[! We
anticipate that by rational composition design, nonequilibrium
thermal processes can kinetically suppress crystallization and
produce metastable glassy materials.

In this context, we here report the flash carbothermic reaction
(FCR) for the general synthesis of metallic glass nanoparticles
(MGNPs). Metal precursors loaded on a carbon substrate are sub-
jected to millisecond current pulses, rapidly raising the temper-
ature to ~1800 K through Joule heating (>10° K s71). The result-
ing alloy melts then cool at an ultrafast rate (>10* K s71) through
thermal radiation, vitrifying into glassy nanoparticles. FCR is fea-
sible for the synthesis of various Pd- and Pt-based MGNPs, in-
cluding palladium-nickel-phosphorous (PdNiP), PdCuP, PdCu-
NiP, PtCuP, PtCuNiP, and the high-entropy PtPdCuNiP. By con-
structing phase diagram of PdNiP nanoparticles through combi-
national development, we discover that the composition space of
MG at the nanoscale is substantially expanded than that of the
bulk counterpart, implying that the nanosize effect enhances the
GFA. Structural simulations further reveal delicate short-range
order differences between nanoscale and bulk MG. Importantly,
the enhanced GFA allows for the synthesis of nanoscale MG with
compositions that have never been achieved in bulk, exemplified
by PdCoP, PdSnP, and high-entropy PdCuFeNiP. Furthermore,
we demonstrated applications of MGNP in heterogenous cataly-
sis, outperforming the crystalline counterparts.

2. Results
2.1. Synthesis of PANiP MGNP by Flash Carbothermic Reaction

FCR for MGNP synthesis involves three steps (Figure 1a). First,
metal precursors were dissolved in ethanol and homogeneously
impregnated onto a carbon black support, which served as both
a conductive additive and a supporting substrate (Figures S1 and
S2, Supporting Information). Second, pulsed direct current input
rapidly raised the sample temperature,['822!] leading to the de-
composition of metal salt precursors into elemental liquid met-
als (equations in Figure 1a). Since these metals do not wet car-
bon, the liquid metals diffuse to reduce their surface energy at
high temperature, and subsequently fuse into alloy melts driven
by the negative enthalpy of mixing (AH,;,).??! Finally, the sam-
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ple rapidly cooled due to the intensive thermal radiation and low
heat capacity of carbon substrate (<0.033 ] K7'),[?*] resulting in
the vitrification of alloy melt into glassy nanoparticles (Figure 1b).
Due to the good GFA of ternary PdNiP, it is chosen for the ini-
tial trials.**] A pulsed current of ~90 A within 50 ms was ap-
plied to the precursor mixture in an Ar-filled chamber (Figure 1c
and Figure S3 (Supporting Information)). With strong light emis-
sion (Figure Ic, inset), the sample temperature rapidly reached
its maximum at T, ,, #1760 K (Figure 1d), beyond the decom-
position temperature of metal precursors (Table S1, Supporting
Information). Based on T, ,, and the glass transition temperature
(T,) of PANiP (%600 K),1**] the cooling rate was calculated to be
~1.5 x 10* K s7!, higher than the R. of PANiP bulk MG.[?*]
Deviating from thermodynamically equilibrium crystal
phases, metallic glass is typically trapped by a kinetic barrier.
According to the temperature-time transformation diagram, as
schematically shown in Figure le, the cooling rate determines
the formation of glassy or crystal phases. In the scenario of
FCR, the rapid cooling enables the glassy phase formation. As a
control, the synthesis using a tube furnace with a slow cooling
rate (%10 K min~!) led to the formation of crystalline PANiP
nanoparticles (Figure S4, Supporting Information).

2.2. Characterization of PANiP MGNP

The amorphous structure of the PANiP nanoparticles was con-
firmed by X-ray diffraction (XRD) and transmission electron mi-
croscopy (TEM). The XRD pattern did not show any peaks from
crystalline components, except for the broad diffraction peaks
from the amorphous carbon support (Figure 2a). The synthesized
nanoparticles are supported on carbon black (Figure 2b). The
selected-area electron diffraction (SAED) shows diffusive diffrac-
tion halos without discrete spots (Figure 2b, inset). The amor-
phous structure was further confirmed by high-resolution TEM
(HRTEM) and the corresponding fast Fourier transformation
(FFT) pattern (Figure 2c). HRTEM images with tilt angle from
0° to 5° were acquired and all are characterized of an amorphous
structure (Figure S5, Supporting Information). To exclude the ef-
fect of the carbon support, nanobeam diffraction was performed
on a single nanoparticle, which showed similar diffuse halos
(Figure 2d, inset). The normalized intensity of the nanobeam
diffraction pattern showed the main peak positions at 4.12 and
6.96 nm™, corresponding to k,/k; ~1.69 (Figure 2d), in agree-
ment with previous experimental results on PANiP bulk MG.[?¢]
The particle size was calculated based on the data from the TEM
images, showing an average size of ~10.6 nm and a narrow
size distribution (Figure 2e). The average composition was deter-
mined to be Pd;Ni,,P;; by energy-dispersive X-ray spectroscopy
(EDS) (Text S1 (Supporting Information) and Figure 1f). Due to
the short duration of the FCR process and the temperatures being
<2500 K, the carbon substrates remain unchanged (Figure S6,
Supporting Information). The high temperature of the FCR pro-
cess results in the complete reaction, leaving no chloride residue
in the product (Figure S7, Supporting Information).

We investigated the electronic structures of the PANiP MGNP
by X-ray photoemission spectroscopy (XPS) (Text S2 and Table
S3 (Supporting Information) and Figure 2g—i). Various chemi-
cal bonds, including Pd—Pd, Ni—Ni, P—P, Pd—Ni, Pd—P, and
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Figure 1. Synthesis of MGNP by flash carbothermic reaction. a) Schematic of the FCR process for MGNP synthesis. b) Molecular dynamics simulated
atomic model of a ternary MGNP. ¢) Pulsed current curve under the FCR conditions of 100 V and 50 ms. Inset, the pictures of the sample before
(top) and during (bottom) the FCR reaction. Scale bar, 1 cm. d) Real-time temperature curve recording using an infrared thermometer. T, and T,
are the maximum temperature of the FCR process and the glass transition temperature of PdNiP, respectively. e) Schematic of the time-temperature
transformation diagram showing the kinetic formation of MG. T;;; and T, are the melting temperature and the glass transition temperature of PdNiP,

respectively.

Ni—P, were found, resulting from its amorphous feature. The
Pd 3d is split into two peaks of Pd 3ds,, and 3d,, (Figure 2g).
The Pd 3ds,, peak at 335.4 eV is assigned to Pd—M (including
Pd—Pd”’l and Pd—Nil**l). The Pd 3ds;, peak at 337.0 eV is as-
signed to Pd—P.*’) The minor Pd 3ds , peak at 338.3 eV could be
assigned to be Pd—O*"! due to the surface oxidation. The Ni 2p; ,
peak at 852.9 eV is assigned to Ni—P, and the peak at 857.0 eV
is its satellite peak!’!} (Figure 2h). The minor Ni 2p;;, peak at
854.3 eV can be assigned to Ni—O due to surface oxidation. The P
2pis split into two peaks of P 2p; , and 2p, ,. For P 2p; ,, the peak
at 130.5 eV is assigned to P—M,*? and the peak at 132.5 eV could
be assigned to M—P—O due to surface oxidation (Figure 2i).

2.3. General Synthesis of Pd- and Pt-Based Metallic Glass
Nanoparticles

To demonstrate the versatility of our FCR method, a series of
Pd- and Pt-based MGNPs were synthesized (Figure 3 and Tables
S2 and S3 (Supporting Information)). Typically, the GFA of an
alloy is susceptible to its composition, where even the differ-
ence of a few atomic ratio percentages could induce a change
of R by several orders of magnitude.[**] Nevertheless, due to
the presence of deep eutectics in the Pd—P and Pt—P systems,
Pd- and Pt-based MG can be synthesized over a wide composi-
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tional range.** To control product composition, we employed
an excessive supply of P, given its higher volatility compared to
other metal components (Tables S1 and S2, Supporting Infor-
mation). The amorphous features of the synthesized nanoparti-
cles were confirmed through multiscale characterization meth-
ods, including XRD, SAED, and HRTEM. The average com-
positions were Pd,;Ni,P;, (Figure 3a), Pd,;Cu,,P,, (Figure 3b
and Figures S8-S10 (Supporting Information)), Pt;,Cu,gPy
(Figure 3c and Figures S11-S13, Supporting Information),
Pd,,Cu,;Nig P, (Figure 3d and Figures S14-S16 (Supporting In-
formation)), Pt,Cu,,Ni;P,, (Figure 3e and Figures S17-S19
(Supporting Information)), and the quinary Pt,, Pd,,Cu,;Ni,P,,
(Figure 3f and Figures S20-S22 (Supporting Information)),
which is considered a high-entropy MG.°*35] High-angle annular
dark-field scanning transmission electron microscopy (HAADEF-
STEM) image and element maps demonstrated uniform dis-
tributions of elements. The nanoparticles exhibited structural
and elemental uniformity, regardless of their compositions. The
EDS spectra of individual nanoparticles of all compositions show
the absence of carbon or oxygen peaks (Figure 3a for PdNiP,
Figure 3b for PdCuP, Figure 3c for PtCuP, etc.), proving that
the as-synthesized nanoparticle is metallic glass, instead of ox-
ide glass or carbide phase. The carbon black serves as the con-
ductive additive and substrate and does not participate in the
reaction.

© 2024 Wiley-VCH GmbH

85U8017 SUOLILLOD BATE810) 3(dedl|dde 8y} Aq peusenob ae ss(pie YO ‘SN JO s3I 10} ARIqiT8UIIUO AS]IAN UO (SUONIPUOD-PUR-SWLIBI ALY AS 1M ARIq 1 BUIUO//:SANY) SUORIPUOD PUe SW | 8 88S [Z0z/20/ET] Uo ArigiTauliuo AjIM ‘AISeAIUN IXUeUS AQ 9S660£202 BLIPR/Z00T OT/I0P/WO0 A8 | IMAleIq U1 |UO//SdNY W1} papeojuMod ‘0 ‘G607 TZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
MATERIALS

www.advmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

a

s C(002)

E [ﬂl

2l |

§ \.

E %\J

10 20 30 40 50 60 70 80

26 (°)
d f Pd43Ni26P31
14 50 -
e 10.6 £ 1.6 nm PdNiP MGNP [ Point 1
= 121 — [ Point 2 B
= 401 I Point 3
:; K, 10 — \ -
E | £ 8 Py
£ /"w"\ 3 g
— s 6 il 4
B v\ k, - 220
N Lo | kJk,=1.69 4
= 10+
B . 2
o
- r T T 0 . . 0 L e -
0 3 6 9 12 6 8 10 12 14 16 P Ni Pd
k (nm") Particle size (nm)
g h i
I Pd 3d (Pd-M) i Ni 2p,, (Ni-P) WP 2p (P-M)
— | WM Pd 3d (Pd-P) - | ™ Ni 2p., (Ni-O) P 2p (P-0)
£ | %9 Pd 3d (Pd-O i 3ds, £ | —Fit Z | —Fit
= 3 = =
§ | —Fit : 5 g
g | o =
T T =)
g g 2
= £ &
= = g
i 2p, «f
348 344 340 336 332 870 865 860 855 850 845 140 135 130 125

Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 2. Characterization of the PANiP MGNP. a) XRD pattern of the PANiP MGNP supported on carbon black. The PDF reference card is graphite
(PDF#41-1487). b) Bright-field transmission electron microscopy (BF-TEM) image of the PANiP MGNP supported on carbon black. Inset, SAED pat-
tern of the MGNP supported on carbon black. The scale bar is 50 nm for the TEM image, and 5 nm™" for the SAED pattern. c) HRTEM image of
the PANiP MGNP and the corresponding FFT image (inset). Scale bar, 5 nm. d) Nanobeam diffraction pattern of the PANiP MGNP, and the in-
tensity profile derived from the electron diffraction. k; and k, are the first and second diffraction vectors, respectively. Scale bar, 5 nm~. ) Size
distribution of the PANiP MGNP. The average size is 10.6 + 1.6 nm. f) Elemental composition of the PANiP MGNP determined by EDS. Three
points were collected with the average composition of Pd,3NiygP37. g) XPS fine spectrum of Pd. h) XPS fine spectrum of Ni. i) XPS fine spectrum
of P.

The FCR method for MGNP synthesis offers wide tunabil-
ity in terms of particle size, dispersity, composition, and sub-
strate. The MGNPs show a narrow size distribution with vari-
ation <10%. The particle size can be tuned by varying precur-
sor loadings (Figure S23, Supporting Information) or the FCR
time durations (Figure S24, Supporting Information), but par-
ticle size cannot be adjusted independently from loading. The
synthesized MGNPs were uniformly dispersed on the carbon
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black support, and other conductive carbons like carbon nan-
otubes can also be used (Figure S25, Supporting Information),
expanding the range of substrate applicability. However, our
FCR process is currently not compatible with insulative sub-
strates like TiO,, Al,O;, etc. Importantly, the MGNPs remained
stable in atmospheric conditions and preserve their structure,
size, and morphology even after 6 months of storage (Figure
S26, Supporting Information). The FCR process for MGNP
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Figure 3. General synthesis of MGNP by the FCR process. HRTEM images, the corresponding FFT patterns, HAADF-STEM images, elemental maps,
and EDS spectra for a) ternary PANiP MGNP, b) ternary PdCuP MGNP, c) ternary PtCuP MGNP, d) quaternary PACuNiP MGNP, e) quaternary PtCuNiP
MGNP, and f) quinary, high-entropy PtPdCuNiP MGNP. All scale bars in the HRTEM images and STEM images are 10 nm.

synthesis is also scalable. By simply increasing the FCR voltage,
we achieved a batch size of 0.2 g (Text S3 and Figure S27, Sup-
porting Information). Considering the time used to charge the
FCR system and the loading of the sample, we conclude that
the time required for the 200 mg batch synthesis is ~10 s, cor-
responding to a production rate of 72 g h™', higher than other
reported methods like chemical reduction, electrochemical syn-
thesis, and physical vapor deposition (Figure S28, Supporting In-
formation).

2.4. Nanosize Effect Enhanced Glass Forming Ability

Combining easily tunable precursor loading and ultrafast synthe-
sis, the FCR provides access to a broad compositional space of
MG. By combinatorial development, we synthesized a large li-
brary of ternary PANiP nanoparticles, whose phases (crystalline
or glassy) and compositions were determined by TEM and EDS,
respectively (Figure 4a). The Pd—Ni—P phase diagram revealed
that ~54% of the nanoparticles formed a glassy phase, covering
about 10-55 at% of P. In comparison, the compositions of rib-
bon MGl and bulk MGI®! appear to lie close to P x20 at%
(Figure 4a), which is rooted in the deep eutectic points at approx-
imately Nig, P,, and Pdg,P,,. Therefore, the composition space of
PdNiP MG at the nanoscale is substantially larger than its bulk
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counterpart, i.e., the nanosize effect enhances the glass forming
ability.

The R determines whether the phase is crystalline or glassy
under a specific cooling rate. The composition-dependent R was
calculated for the Pd—Ni—P system using an empirical model®”]
and a recently developed algorithm!*#! (Figure 4b; computational
details in Text S4 in the Supporting Information). The R strongly
correlates with the P content, with compositions of 20-70 at% of
P having R <100 K s7! (Figure 4b). For P content <10 or >80
at%, the R. surges to >10* K s™!. As the cooling rate of our FCR
is on the order of 10* K s™! (Figure 1d), it affords the synthesis of
PdNiP MGNP with P content as low as ~10 at% (Figure 4b). This
is consistent with experimental results, where crystalline phases
form at P <10 at% (Figure 4a).

To further explain the size-dependent GFA, ab initio molecu-
lar dynamics was implemented to explore the MG structure in
both the nanoparticulate and bulk forms. We modeled a PANiP
nanoparticle surrounded by a vacuum layer (Figure 4c) and a
PdNiP supercell under periodic boundary conditions (Figure 4d),
both having the same composition ratio (Pd:Ni:P & 2:2:1). While
both ensembles had amorphous atomic structures, the local bond
orientational order was employed to quantitatively describe the
degree of disorder.>*! 100% atoms in the MG nanoparticle are
disordered under the normalized bond orientational order pa-
rameter criterion (Figure 4e). By contrast, while most atoms
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Figure 4. Nanoscale effect enhanced glass forming ability. a) The phase diagram of the ternary Pd—Ni—P system. The compositions of bulk MG and
ribbon MG were from literatures values.[?33¢] b) Calculated R¢ of the ternary Pd—Ni—P system. The dashed line denotes the composition of P = 20
at%. c) Molecular dynamics simulated 3D atomic model of MG nanoparticle with composition of Pd,5Ni;,7Pgo (P at% x19%). d) Molecular dynamics
simulated 3D atomic model of MG bulk with composition of Pdy79Niy;oPgo (P at% x~19%). e,f) Local bond orientational order parameters of all the atoms
in the MG nanoparticle (e) and the MG bulk (f). The dashed red curves denote the normalized bond orientational order parameter at 0.5, which serves as
the criterion differentiating disordered and ordered structures. g) Ten most abundant Ni/Pd-centered Voronoi polyhedra in the MG nanoparticle. h) Four
representative Ni/Pd-centered Voronoi polyhedra. i) Ten most abundant P-centered Voronoi polyhedra in the MG nanoparticle. j) Four representative
P-centered Voronoi polyhedra. k) The coordination number distribution of Ni/Pd and P for MG nanoparticle. The average coordination numbers of
Ni/Pd and P are 11.5 and 7.9, respectively. |) The coordination number distribution of Ni/Pd and P for MG bulk. The average coordination number of

Ni/Pd and P are 11.1 and 8.8, respectively.

(~96.4%) in the MG bulk are disordered, some have crystal fea-
tures approaching hexagonal close packed (hcp) or face cubic cen-
ter (fcc) structures (Figure 4f). These results demonstrate that,
even with the same composition, the MG nanoparticle is more
disordered than its bulk counterpart, echoing the experimental
result that the nanosize effect enhances GFA. A series of MG
with P content of —11, —19, —33, —40, and —52 at% were mod-
eled (Figure S29, Supporting Information), where all nanoparti-
cles are more disordered than the bulk counterparts, regardless
of the composition (Figure S30, Supporting Information).
Furthermore, the subtle differences in short-range order be-
tween nanoscale and bulk MG were analyzed based on Voronoi
tessellation.[>*%] In metal-metalloid MG, the metals (Ni, Pd) and
metalloid (P) exhibit distinct local orders.[**] The ten most preva-
lent Ni/Pd-centered Voronoi polyhedra in MG nanoparticle are
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depicted in Figure 4g. Common motifs observed in MG, such
as distorted icosahedra with indices of <0, 1, 10, 2>, <0, 2, 8,
2>, <0, 2, 8, 1>, and <0, 3, 6, 3> are identified (Figure 4h). For
the P-centered cases (Figure 4i), frequently encountered polyhe-
dra include tricapped trigonal prisms with an index of <0, 3, 6,
0>, and distorted tricapped trigonal prisms with indices of <0,
4,4, 0>, <0, 5, 2, 0>, and <0, 3, 6, 1> (Figure 4j). The Voronoi
polyhedra of the MG bulk are mostly the same as those in the
nanoparticle (Figure S31, Supporting Information). The polyhe-
dral face distribution of all the Voronoi polyhedra shows the most
prevalent 5-edged Ni/Pd-centered faces in both MG nanoparticle
and bulk. By contrast, the 4-edged P-centered polyhedral faces are
the most abundant in MG nanoparticle, and 5-edged ones in MG
bulk (Figure S32, Supporting Information). Moreover, the coor-
dination numbers of all the atoms in the MG were determined
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based on the Voronoi index from Y n, (Figure 4k,]). The average

first-neighbor coordination numbers of Ni/Pd in MG nanoparti-
cle (»11.5) are very similar to those in MG bulk (~11.1). However,
the average coordination numbers of P in MG nanoparticle (7.9)
are smaller than MG bulk (8.8), clearly revealing the more disor-
dered local structure of MG in nanoparticle form.

2.5. Synthesis of MGNP with Expanded Composition Space

The conclusion of the enhanced GFA in nanoscale MG has
two implications. First, for a given alloy system, a composition
ratio that cannot form bulk MG may form glassy material at
the nanoscale. The strict composition requirement for bulk MG
would be lessened for bottom-up nanoscale MG synthesis, as
demonstrated by the synthesis of Pd—Ni—P MGNP with wide
tunable composition (Figure 4a).

Second, an alloy system that is inaccessible for bulk MG may
form MG at the nanoscale. Based on this, we further expanded
the composition space of Pd-based MG. Combined with the
composition-dependent R calculation as described earlier (Text
S4, Supporting Information), the MGNP synthesis could be ra-
tionally designed. As examples, we here expanded the choice of
base metals and achieved the synthesis of PdCoP (Figure 5a—c
and Figure S33 (Supporting Information)) and PdSnP MGNPs
(Figure 5d-f and Figure S34 (Supporting Information)). Due to
the similar property of Co and Ni, the composition-dependent R
for Pd—Co—P system (Figure 5a) resembles to that of Pd—Ni—P
(Figure 4Db), where P content is critical. By contrast, the calcu-
lated R of Pd—Sn—P (Figure 5d) shows that all three elements
are critical for the glassy formation. Furthermore, we incorpo-
rated Fe and synthesized the high-entropy PdCuNiFeP MGNP
(Figure 5g,h and Figures S35 and S36 (Supporting Information)).
These MGNP compositions, to the best of our knowledge, have
not yet been reported in bulk form, so we do not know whether
they can be synthesized in bulk. This will inspire researchers
to explore a wide range of glassy materials and high entropy
materials!*!l beyond current reports.

Due to the versatility of our developed FCR method, the syn-
thesized MGNP can find wide applications in various fields. As
a demonstration, we here showed the application of MGNP in
heterogeneous catalysis (Text S5, Supporting Information), ex-
emplified by Suzuki-Miyaura coupling of a boronic acid and
an aryl halide (Table S4, Supporting Information). High yields
(>99%) for different coupled biaryl products were obtained with
the PANiP MGNP catalyst under mild reaction conditions. The
yields are higher than those of the bimetallic PANi catalyst
nanoparticles.[*?] To assess the intrinsic catalytic performance of
these Pd-based catalysts, the turnover frequency (TOF) was calcu-
lated. The TOF of the PANiP MGNP is significantly higher than
the bimetallic Ni, ,Pd,; and Pd,Ni,, demonstrating the high in-
trinsic activity of the PANiP MGNP. This could be due to the
optimized electronic structure by the synergic Pd—Ni—P inter-
actions, as well as the geometric effect through which the amor-
phous structure has more active sites for catalysis. In addition,
the Pd—Ni—P MGNP also exhibits high yields for catalytic cou-
pling of aryl halides and styrene by Miyaura—Heck coupling (Text
S5 and Table S5, Supporting Information).
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3. Conclusion

In summary, we developed a kinetically controlled FCR process
featuring ultrafast heating and cooling for the general synthesis
of Pd- and Pt-based MGNPs with good control over their com-
position, particle size, dispersity, and supporting substrates. We
discovered that the nanoscale MG has an expanded composition
space than its bulk counterpart, indicating that the nanosize ef-
fect enhanced GFA, which could inspire exploration of the com-
positional space of nanoscale MG beyond the bulk form. The
MGNPs show promising performance in heterogeneous cataly-
sis. We anticipate that this method can be extended to synthesize
a wide range of amorphous and metastable materials, thereby ex-
panding the current crystal-phase-diagram-dominated material
discovery.

4. Experimental Section

Materials: Metal salts, including H,PtCly (>37.5 wt% Pt basis,
Millipore-Sigma), PdCl, (99 wt%, Aldrich Chem), CuCl, (97 wt%,
Sigma-Aldrich), NiCl, (98 wt%, Sigma-Aldrich), FeCl; (Fisher Scientific),
CoCl, 6H,0 (Acros Organics), and SnCl,2H,0 (98 wt%, Sigma-Aldrich),
were used as metal precursors. Triphenylphosphine (PPhs, 99 wt%, Acros
Organics) was used as the phosphorus precursor. Carbon black (Carbot,
Vulcan XC72) or carbon nanotubes (CNTs, MEIJO DIPS, single-walled
CNT) was used as conductive additives and supports.

Precursor Loading: The metal precursors were dissolved in ethanol
separately at a concentration of 0.05 m (Figure S1a, Supporting Informa-
tion). PdCl, was dissolved in ethanol with 1 m HCI. The loading of Pd
or Pt was fixed to 5 wt% with respect to carbon black. Then, the amount
of other precursors, including Cu, Ni, Fe, Co, Sn, and P, was calculated
according to a fixed molar ratio. For example, in the synthesis of ternary
PdNiP MGNP, the molar ratio of Pd:Ni:P = 1:1:2 was used. Accordingly,
the mass or volume for each precursor was carbon black (50 mg), PdCl,
(0.05 M, 0.94 mL), NiCl, (0.05 m, 0.94 mL), and PPh; (0.05 m, 1.88 mL).
The metal precursor solutions (PdCl, and NiCl,) were mixed first, and
then carbon black was added into the mixed solution. The slurry of car-
bon black and precursor solution was bath-sonicated (Cole-Parmer Ultra-
sonic Cleaner) for 10 min to enhance the dispersion, and then dried in a
vacuum desiccator overnight (Figure S1b, Supporting Information). Next,
the black power was added to the PPh; solution, followed by sonication,
and drying in a vacuum desiccator overnight. It was crucial to follow the
above sequence, i.e., first loading metal precursors and then P precursor,
to prevent the reaction of Pd?* with PPh; and form a complex that precip-
itated in the ethanol. The same protocol also prevented the formation of
PtCl,2~ and PPh; complexes. The detailed precursor loading conditions
for the synthesis of each MGNP, as well as the controlled samples, are
listed in Table S2 (Supporting Information).

FCR System and Synthesis Process: The electrical diagram of the FCR
system is presented in Figure S3a (Supporting Information). A mixture of
carbon black and metal precursors was loaded into a quartz tube with an
inner diameter of 4 mm. Graphite rods were used as the electrodes on
both sides of the quartz tube. The quartz tube was set in a reaction jig and
connected to the FCR system. The resistance of the sample was controlled
by compressing the two electrodes. The reaction jig was placed inside a
desiccator filled with Ar gas to prevent sample oxidation. The capacitor
bank with total capacitance of 60 mF was charged by a DC supply capa-
ble of reaching 400 V. The discharging time was controlled by a relay with
programmable delay time, accurate to millisecond. The specific parame-
ters for synthesizing the various MGNPs are listed in Table S2 (Supporting
Information). After the reaction, the samples rapidly cooled to room tem-
perature.

Temperature Measurement: The temperature measurement was per-
formed using an IR thermometer (Micro-Epsilon) with a temperature
range of 200-1500 °C. The thermometer was connected to LabView

© 2024 Wiley-VCH GmbH

85U8017 SUOLILLOD BATE810) 3(dedl|dde 8y} Aq peusenob ae ss(pie YO ‘SN JO s3I 10} ARIqiT8UIIUO AS]IAN UO (SUONIPUOD-PUR-SWLIBI ALY AS 1M ARIq 1 BUIUO//:SANY) SUORIPUOD PUe SW | 8 88S [Z0z/20/ET] Uo ArigiTauliuo AjIM ‘AISeAIUN IXUeUS AQ 9S660£202 BLIPR/Z00T OT/I0P/WO0 A8 | IMAleIq U1 |UO//SdNY W1} papeojuMod ‘0 ‘G607 TZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

a R, (Ks")
10°

108
10¢
10?
10°

102

R.(Ks")
10°

10°
10¢
10°
10°

102

www.advmat.de

c
5 Pd
E‘, s
>
=
I3 Pd
=
P_ Co

Energy (keV)
f
—~ Pd
=
s
2
E _Pd
£
S
A" L

0 2 4 6 8 10

Energy (keV)
h
g Pd Cu\
=
© i
— Fe
> 3 NI\
2
)
£ P
b

0 2 4 6 8 10
Energy (keV)

Figure 5. Nanoscale effect enhanced glass forming ability. a) Calculated R¢ of the ternary Pd—Co—P system. The black line denotes R. = 10* K s~
b) HRTEM image of PdCoP MGNP. Inset, the corresponding FFT pattern. c¢) EDS spectrum of PdCoP MGNP. d) Calculated R of the ternary Pd—Sn—P
system. The black line denotes Rc = 10* K s~'. e) HRTEM image of PdSnP MGNP. Inset, the corresponding FFT pattern. f) EDS spectrum of PdSnP
MGNP. g) HRTEM image, the corresponding FFT pattern, HAADF-STEM image, and EDS maps of PdCuFeNiP MGNP. h) EDS spectrum of PdCuFeNiP

MGNP. Scale bars, 10 nm.

through a Multifunction 1/O (NI USB-6009) for real-time temperature
recording with time resolution of 0.1 ms. Before use, the temperature was
calibrated.

Characterization: ~ Scanning electron microscopy (SEM) images were
obtained using a FEI Quanta 400 ESEM Field Emission Microscope at
5 kV. EDS spectra were collected using the same system equipped with
an EDS detector at 30 kV. XPS spectra were acquired on a PHI Quantera
XPS system under a pressure of 5 x 10~° Torr. Full XPS spectra were ac-
quired with a step size of 0.5 eV and a pass energy of 140 eV, and elemental
XPS spectra were acquired with a step size of 0.1 eV and a pass energy of
26 eV. XPS of P was collected after Ar* sputtering for 5 min to remove
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the surface layer of &5 nm to avoid surface oxidation when exposed in air.
All XPS spectra were calibrated using the standard C 1s peak at 284.8 eV.
XRD was conducted on a Rigaku SmartLab XRD using Cu Ka radiation (4=
1.5406 A). BF-TEM, HRTEM, and tilt-angle HRTEM images were collected
using a JEOL 2100 field emission gun transmission electron microscope
operating at 200 kV. SAED and nanobeam diffraction were collected using
the same JEOL 2100F TEM system, and the diffraction patterns were cal-
ibrated using the Al standard. HAADF-STEM imaging and EDS mapping
were carried out on a FEI Titan Themis3 system equipped with image and
probe aberration corrections and an electron monochromator operating
at 80 kV.
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Ab Initio Molecular Dynamics (MD) Simulation of Atomic Structures
of PANiP MG: The density functional theory (DFT) method[“] imple-
mented in the Vienna ab initio simulation packagel*4! was used. A plane
wave expansion up to 500 eV was employed in combination with an all-
electron-like projector augmented wave potential.[**] Exchange correla-
tion was treated within the generalized gradient approximation using the
functional parameterized by Perdew and Wang.[“¢l Both bulk MGs and
their nanoparticle counterparts with the same composition were studied
using the same method, potentials, and criteria of convergence for elec-
tronic band and atomic forces. The initial coordinates of atoms were gen-
erated using a random number generator with the constraint that all the
atoms were closely packed in a box for bulk or a sphere for nanoparticle
based on their bond lengths. Bulk MG was modeled in a supercell con-
taining 420 atoms with the size of the supercell optimized. Nanoparticle
MG was modeled in a sphere containing 313 atoms surrounded by a 10—
15 A thick vacuum layer. Since all the supercells were large enough, only
I' point was used for the Brillouin zone integration over a Monkhorst—
Pack type mesh.[*”l For structure optimization, the atoms were consid-
ered fully relaxed when the maximum force on each atom was smaller than
0.01eV A~T. The optimized structures were then annealed at ~1500 K in a
MD simulation, followed by rapid cooling to 300 K at a rate of 125 K ps~.
The MD simulations were performed using Nose—Hoover thermostat and
number—volume—temperature ensemble. The resulting atomic structures
were then optimized, as shown in Figure S29 (Supporting Information).

Local Bond Orientational Order (BOO) Parameters: Local BOO pa-
rameters (Q, and Qg) were calculated from the atomic models of both
MG bulks and MG nanoparticles obtained by MD simulation, using the
method described previously.[>3°] The distribution of the local BOO pa-
rameter for all the atoms in bulks and particles are shown in Figure 4e,f
and Figure S30 (Supporting Information). A normalized BOO parameter

was defined as \/Qi + Qé/\/Qi,fcc + Qé,fcc' where Q4 ¢ and the Qg ¢

are the Q4 and Qg parameters for perfect fcc structures.’! This normal-
ized parameter was between 0 and 1, where a larger value represented a
more ordered structure. A normalized parameter value of 0.5 was used
as the cutoff to separate the amorphous and ordered structures. The frac-
tion of disordered atoms in the metallic glass was calculated (Figure S30k,
Supporting Information).

Short-Range Order Analysis Based on Voronoi Tessellation and the Coordi-
nation Number:  The Voronoi analysis of each atomic model of metallic
glass was conducted by following a recent report.[’] The regulation was ap-
plied to each Voronoi polyhedron that those surfaces with areas less than
1% of the total polyhedron surface area were removed to minimize the de-
generacy problem and thermal vibration effects.[4%2] Each polyhedron was
assigned an Voronoi index, <ns, ny, ns, ng, ...>, where n; represented the
number of i-edged faces of the polyhedron. After obtaining the Voronoi
index, the coordination number of the center atom was calculated from

ZI’I/.
i

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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