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ABSTRACT: Transition-metal silicides are part of an
important family of intermetallic compounds, but the high-
temperature reactions that are generally required to
synthesize them preclude the formation of colloidal
nanoparticles. Here, we show that palladium, copper, and
nickel nanoparticles react with monophenylsilane in
trioctylamine and squalane at 375 °C to form colloidal
Pd,Si, Cu;Si, and Ni,Si nanoparticles, respectively. These
metal silicide nanoparticles were screened as electro-
catalysts for the hydrogen evolution reaction, and Pd,Si
and Ni,Si were identified as active catalysts that require
overpotentials of —192 and —243 mV, respectively, to
produce cathodic current densities of —10 mA cm ™.

Intermetallic compounds of the transition metals and silicon
constitute an important and diverse family of inorganic solids
that are of interest for their fundamentally interesting structures
and properties, as well as for their technological applications.' ~
Depending on their constituent metals, stoichiometries, and
crystal structures, metal silicides can exhibit a range of electronic,
magnetic, optical, catalytic, and mechanical properties.3 Metal
silicides are typically synthesized using high-temperature
methods.* However, such methods do not produce nanostruc-
tures, which are needed for studying size- and dimension-
dependent properties and integrating into nanoscale devices, or
colloidal particles, which are useful for solution processing and
for producing high-surface-area materials.”>> For these
purposes, lower-temperature synthetic methods are highly
desirable because they can minimize sintering and grain growth
while permitting control over the growth process and therefore
the size and morphology of the product.>>*

Metal silicide nanostructures have been produced using
methods that include chemical vapor transport, chemical vapor
deposition, ball milling, and high-temperature and -pressure
reduction of metal oxide and metal salt precursors.>**” Solution
routes have been used to grow metal silicide nanostructures off of
substrates,” as well as to synthesize colloidal iron silicide
nanoparticles.® However, it remains challenging to produce
colloidal metal silicide nanoparticles using all-solution, ambient-
pressure routes. Such solution routes, by analogy to the
capabilities for other families of intermetallic compounds,”’
constitute a powerful low-temperature approach for synthesizing
high-surface-area nanostructures. Such methods also offer an
alternative, non-main-stream platform for the exploratory
synthesis and discovery of new compounds, complementing
strategies used by John Corbett to synthesize metal silicides and
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other intermetallic compounds throughout his distinguished
career. ¥’

Accordingly, here we report a lower-temperature solution
route to colloidal metal silicide nanoparticles. Colloidal metal
nanoparticles serve as reagents that transform into their
corresponding metal silicides upon the injection of mono-
phenylsilane (MPS) into trioctylamine (TOA) and squalane at
375 °C. MPS is sometimes used in the synthesis of silicon
nanowires, often via higher-temperature seed-mediated vapor—
liquid—solid growth processes.'’ Our prototype system for
demonstrating this approach is Pd,Si because this metal silicide is
known to form readily from the interdiffusion of palladium and
silicon in electronic devices'> and because it has also been
demonstrated to be catalytically active for selective hydro-
genation reactions.'> We then generalize this approach to the
Cu;Si and Ni,Si systems. Leveraging heterogeneous catalysis as a
key application that benefits from the high surface areas afforded
by nanoparticles, we also show that these metal silicides function
as catalysts for the hydrogen evolution reaction (HER). The
HER, which involves the electrochemical reduction of aqueous
protons to produce molecular hydrogen, is implicit in the
function of water electrolyzers and solar fuel cells and is typically
catalyzed most effectively by noble metals such as platinum."*

The Pd,Si nanoparticles were synthesized by reacting
palladium nanoparticles, which were produced by heating
Pd(acac), in trioctylphosphine and oleylamine at 250 °C (Figure
S1 in the Supporting Information, SI),'> with MPS in TOA and
squalane at 375 °C. (Complete experimental details are included
in the SL.) Briefly, the palladium nanoparticles were dispersed in
TOA and then injected into a solution of squalane at 375 °C,
followed by the injection of MPS dispersed in TOA. The Pd,Si
product was then washed with a mixture of chloroform and
methanol and redispersed in ethanol. To remove any
adventitious SiO,, the particles were also washed with 1 M
NaOH in water. Figure 1 shows a powder X-ray diffraction
(XRD) pattern for the Pd,Si particles, along with a simulated
XRD pattern for Fe,P-type Pd,Si for comparison. The lattice
parameters for the Pd,Si product are a = 6.489 A and c = 3.435 A,
which match well with literature values (a = 6.497 A and c = 3.432
A).'® Scherrer analysis of the XRD peak widths indicates an
average grain size of approximately 15 nm, which is indicative of
nanocrystallinity.

A transmission electron microscopy (TEM) image of the
Pd,Si product, along with the corresponding selected-area
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Figure 1. Powder XRD data for Pd,Si nanoparticles: bottom (black),
simulated; top (red), experimental. Indexing corresponds to Fe,P-type
Pd,Si.

electron diffraction (SAED) pattern and energy-dispersive
spectrometry (EDS) spectrum, is shown in Figure 2. The TEM
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Figure 2. (a) TEM image with the corresponding (b) SAED pattern and
(c) EDS spectrum for Pd,Si nanoparticles. The copper signal in part ¢
originates from the copper TEM grid.

image (Figure 2a) indicates that the Pd,Si particles are
nanoscopic and discrete, with a mixture of pseudospherical and
multifaceted morphologies that have diameters ranging from
approximately 15 to 45 nm. The average grain size of
approximately 15 nm that was observed by Scherrer analysis of
the XRD data is smaller than the majority of the particles
observed by TEM, suggesting that the particles are polycrystal-
line. The SAED pattern (Figure 2b) shows diffraction spots that
are consistent with the peaks expected for Fe,P-type Pd,Si,
matching well with the bulk XRD data. The EDS data in Figure
2c indicate an approximate Pd/Si ratio of 63:37, which is
consistent with the expected Pd,Si stoichiometry.

To demonstrate the potential generality of the method, two
other metal silicides were synthesized. Upon reaction of copper
nanoparticles with MPS at 375 °C, Cu;Si nanoparticles formed.
Similarly, Ni,Si nanoparticles formed from the reaction of nickel
nanoparticles with MPS at 375 °C. (See Figure S1 in the SI for
TEM and XRD data for the copper and nickel nanoparticles.)
Figure 3 shows XRD data and TEM images for the Cu;Si and
Ni,Si products. The XRD pattern for the Cu;Si nanoparticles
matches well with that expected for #-Cu,Si (Figure 3a). For
Ni,Si, the XRD pattern matches well with that expected for
Co,Si-type Ni,Si (Figure 3b). The Cu,Si and Ni,Si nanoparticles
appear to be pseudospherical by TEM (Figures 3 and S2 in the
SI), and the SAED patterns confirm their phase assignment
(Figure S2 in the SI).
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Figure 3. Powder XRD and TEM data for (a) Cu;Si and (b) Ni,Si
nanoparticles. The bottom XRD patterns are simulated data, and the top
patterns are experimental data. Minor Cu, g;Siy ,; and NiSi impurities are
sometimes observed.

One advantage of solution-synthesized nanoparticles is that
they have high surface areas that maximize exposure of surface
sites for heterogeneous catalysis. Metal silicides catalyze several
types of reactions, including hydrodesulfurization (HDS),"
hydrogenation,'® and hydrogen evolution." In particular, Ni—Si
phases are known HDS catalysts,17 and PdSi, NiSi,, and CusSi
phases are known HER catalysts."” This therefore provides an
impetus to evaluate the Pd,Si, Cu;Si, and Ni,Si nanoparticles as
HER catalysts because a mechanistic commonality between the
HDS and HER processes has been postulated based on the low
ener 4ezt(i)c barrier to binding and dissociating molecular hydro-
gen.””

The metal silicide nanoparticles were deposited onto 0.2 cm?
titanium foil supports (1 mg cm™2) and heated in 5% H,/Ar at
450 °C. Figure 4 shows polarization data for a bare titanium foil
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Figure 4. Polarization data (iR-corrected) in 0.50 M H,SO, for Pd,Si,
Ni,Si, and Cu;Si nanoparticle films on titanium foil electrodes, as well as
titanium foil and platinum mesh controls.

electrode and a platinum mesh control, as well as Pd,Si/Tj,
Cu,Si/Ti, and Ni,Si/Ti electrodes. The titanium foil is inactive in
the potential range that was surveyed, while platinum is an
excellent HER catalyst. Cu;Si was not an active catalyst for the
HER. However, Pd,Si and Ni,Si required overpotentials of —192
and —243 mV, respectively, to produce a current density of 10
mA cm ™2 The HER overpotentials for Pd,Si and Ni,Si revealed
by this initial, preliminary evaluation are higher than those of
related metal phosphide nanoparticle systems prepared and
tested in a similar manner, which require —50 to =110 mV to
produce a 10 mA cm™ current density.”’ However, the HER
overpotentials for Pd,Si and Ni,Si are comparable to those of
other systems, including some molybdenum compounds and
carbon-based nanostructures.”’ While long-term stability
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remains to be established given the possible reactivity of metal
silicides with aqueous acids, FeSi and FeSi, were previously
found to be highly stable during sustained HER testing in
H,S0,.*

In conclusion, we demonstrated the solution synthesis of
several transition-metal silicides—Pd,Si, Cu;Si, and Ni,Si—as
colloidal nanoparticles by reacting metal nanoparticles with MPS
in TOA and squalane at 375 °C. The addition of metal silicides to
the list of systems that can be accessed in solution using
straightforward adaptations of known colloidal nanoparticle
synthetic protocols further expands this synthetic toolbox, as well
as the scope of future studies that leverage their solution
dispersibility and high surface areas. An initial screening indicates
that Pd,Si and Ni,Si function as heterogeneous electrocatalysts
for the HER and, as such, complement previous studies of metal
silicide HER catalysts."
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