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Refinement of the Microwave-Assisted Polyol Process for the
Low-Temperature Synthesis of Intermetallic Nanoparticles

Johannes Teichert,”™ Martin Heise,”™ Jen-Hui Chang®® and Michael Ruck**!

Abstract: The microwave-assisted polyol process was applied to
synthesize phase-pure micro- or nanocrystalline samples of
intermetallic phases in the systems T-M (with T = Co, Ni, Rh, Pd, Ir,
Pt and M = Sn, Sb, Pb, Bi). Reaction temperatures range between
240 °C and 300 °C and reaction times of a few minutes up to one
hour are sufficient. For the optimization of the syntheses reaction
temperature, reaction time, and metal precursors were changed. To
obtain phase-pure samples the process was further modified by the
addition of potassium hydroxide, oleylamine, or oleic acid. Single-
phase powders of a variety of intermetallic compounds were
synthesized. Although not stable at the temperature of synthesis,
high-temperature phases are accessible as well. The microwave-
assisted polyol process opens up the possibility to synthesize
intermetallic compounds in a fast and easily applicable one-step

route, without the utilization of strong and often toxic reducing agents.

Introduction

Nanomaterials exhibit outstanding properties because of the
drastically increased ratio of surface atoms and quantum
confinement effects."! Among others, nanocrystalline metallic
and intermetallic compounds show interesting catalytic, optical,
and magnetic properties which open up a broad field for possible
applications.?®!  Commonly, intermetallic compounds  are
synthesized by high-temperature sintering, melt crystallization,
or high-pressure methods.™! To compensate the slow diffusion in
the solid state, these reactions require high temperatures and
long annealing times, sometimes up to several months.
Crystallization from melt, which is of course also a high-
temperature process, usually results in the thermodynamically
stable products, although often high-temperature phases can be
quenched. Moreover, obtaining single-phase products by means
of peritectic or peritectoid phase formation is challenging if not
impossible. Finally, the milling of bulk intermetallics to their
nanopowders can be a severe problem because they are often
either too hard or too soft, and the control of size and
morphology of the particles is rather limited.
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The polyol process, a solution-based low-temperature method,
has been identified as an effective alternative to directly produce
micro- or nanocrystals of metallic elements or compounds.’*”
Reaction temperatures range from room temperature to about
320 °C and reaction times of several minutes up to hours are
sufficient. The method is based on the (co-)reduction of metal
salts in a polyol (e.g. ethylene glycol, EG), which simultaneously
acts as solvent, reducing agent, and surfactant.’! Depending on
the chemical system and the process parameters either mixtures
of different metal particles, core-shell particles, gradient crystals,
homogeneous alloys, or intermetallics with own structure type
result.

The reduction potential of ethylene glycol strongly depends
on the temperature. The higher the temperature of the polyol the
higher is its ability to reduce metal cations.”! Nevertheless, not
all metal cations can be reduced by the polyol. The polyol
process was used to produce nano- and submicrometer
particles of the metals Co, Ni, Cu, Ru, Rh, Pd, Ag, Cd, Ir, Pt, Au,
Pb, and Bi.>=""*"¥ |t was observed that hydroxide addition often
enhances the reducing ability of the polyol. This could be due to
the deprotonation of the polyol, which facilitates the electron
transfer to the metal cations."'"" Furthermore hydroxide ions can
act as ligands and alter the solubility properties and reduction
potentials of metal cations. By addition of a stronger reducing
agent, e.g. NaBH,4 or hydrazine, less noble metals like indium
are accessible as well™ This is commonly denoted as
“modified polyol process”. The synthesis of non-agglomerated
particles with controlled size and shape is typically achieved by
additon of surfactants like poly(vinylpyrrolidone)'®  or
oleylamine!'”.

Next to the synthesis of metallic elements, the polyol
process was widely applied to the production of bimetallic alloys
as well as core-shell nanoparticles.®! Only a few publications
cover the synthesis of intermetallic compounds by the polyol
process. Schaak et al. performed systematic studies on NaBH.-
modified polyol synthesis of binary phases in the systems Au—
Cul™®® M—sni?°21 pt-p2% and Co-Sb®”. Using a multi-step
synthesis protocol even ternary phases, namely AuCuSn, and
AuNiSn,, could be accessed.”*?! The major drawback of these
syntheses is the utilization of corrosive and toxic reducing
agents. In contrast, polyols itself are biodegradable and exhibit
only low to moderate toxicity.’® Therefore, an unmodified polyol
process would be desirable for the synthesis of intermetallic
nanoparticles. This has already been achieved for a few
compounds, e.g. PdsSn,, Pd;Pb®, PtBi,?®, and PtBil?52"),

In the last years our group has synthesized a variety of
binary bismuth-containing intermetallic nanoparticles without the
addition of strong reductants by the microwave-assisted polyol
process.®=" Microwave radiation is an efficient heating source
for highly polar solvents like polyols. Because of the unique
dielectric heating mechanism from the inside of the reaction
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mixture wall effects can be diminished. High heating rates and a
relatively homogenous temperature profile in the reaction vessel
lead to short reaction times and a minimum amount of
byproducts.®>*4 The commonly applied closed-vessel setup
opens up the possibility to work under solvothermal conditions.
High vyields of phase-pure powders with small particle-size
distributions and well-shaped crystallites can been obtained by
the microwave-assisted polyol process.

Nanoscaling of intermetallic compounds with this process
revealed some remarkable effects on the physical and chemical
properties, which shall be demonstrated by three examples. (A)
Nanocrystalline NiBiz exhibits the very rare simultaneous
existence of the antagonists superconductivity and
ferromagnetism below 4.06 K.?®*% |t has been shown that
special surface states in combination with the high specific
surface lead to this phenomenon.®® (B) Phase-pure pseudo-
hexagonal shaped nanocrystals of RhBi proved extraordinary
catalytic performance in the semi-hydrogenation of acetylene to
ethylene with respect to conversion and selectivity.? (C) In a
reversible process, nanocrystalline IrBiz activates molecular
oxygen from air and intercalates it into its structure, thereby
forming the first metallic oxide ion conductor and the first that
operates at room temperature.®” Recently, we showed the
potential of the microwave-assisted polyol process in the
synthesis of binary Pd-Bi compounds. All phases, including
some that are thermodynamically stable only at high
temperatures, can be synthesized utilizing a modified polyol
process."! Potassium hydroxide and surfactants like oleylamine
and oleic acid were used to ensure the formation of phase-pure
products and to promote the crystallization of uniform well-
shaped monodisperse nanoparticles.

In this study we focus on the microwave-assisted polyol
process for the synthesis of nanocrystalline intermetallic
compounds between electron-rich transition metals T (Co, Ni,
Rh, Pd, Ir, Pt) and heavy main group elements M (Sn, Sb, Pb,
Bi). We present an overview of known intermetallic phases in the
systems T-M and established nanoparticle syntheses, show the
possibilities given by the microwave-assisted polyol process in
the synthesis of phase-pure nanocrystalline powders, and also
try to evaluate the limitations of this method. The products were
characterized by means of powder X-ray diffraction (PXRD),
scanning electron microscopy (SEM), and energy-dispersive X-
ray spectroscopy (EDS).

Results and Discussion

By adapting the initial metal ratio, reaction temperature, reaction
time, addition of oleylamine and oleic acid, and pH modification
by KOH we synthesized pure nanocrystalline samples of as
many T-M binary phases (T = Co, Ni, Rh, Pd, Ir, Pt and M = Sn,
Sb, Pb, Bi) as possible (Table 1). In most cases the molar ratio
of the starting materials primarily determines the product formed.
Nevertheless, because each binary system revealed its own
characteristics, the procedures had to be tested by systematic
variation of all synthesis parameters until an optimum was
reached. Because of the complexity of the system and the large
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number of factors that are crucial for high-yield single-phase
product formation, these results represent a progress report but
cannot provide a general statement to the synthesis of binary
intermetallics.

The standard reduction potential can be seen as a rough
indicator for the feasibility of the polyol process. The least noble
metal which could be produced in boiling ethylene glycol is
cobalt (standard potential —0.28 V for Co*"/Co°). Phase-pure iron
microparticles could be produced starting from FeCl; in strongly
alkaline polyol media at relatively low temperatures.® % Fiévet
et al. proposed that this is not a reduction reaction but a
disproportionation of Fe?* to Fe** and Fe®, which also accounts
for the low yields obtained.®” Considering only the standard
potential the reduction of all metal cations used in this study
should be possible. However, the reduction of antimony(lll)
(standard potential +0.150 V) as well as tin(ll) (standard
potential —0.138 V) to the elements proved to be impossible. In
preliminary tests microwave treatment up to 300 °C starting from
different precursor salts with or without hydroxide addition
resulted in clear solutions or precipitation of oxides or alkoxides.
Mixtures containing transition metal cations led to the formation
of intermetallic 7-Sb and T-Sn compounds. Obviously, not only
the standard potentials of the individual metal species but also
the free enthalpy of phase formation is important for the
“reducibility” of metal cations in polyols. The synthesis of
intermetallics with high tin or antimony content was not possible.
In contrast, bismuth- and lead-rich phases can easily be
obtained. For some systems, namely Co—Sn, Rh-Sn, Ir-Sn, and
Ir-Sb, only amorphous or poorly crystalline black powders could
be obtained directly from the polyol process. Iridium and
rhodium are very noble metals which give rise to rapid
nucleation and limited particle growth. Most probably the
produced nanoparticles are too small to give intense diffraction
signals. For Ir-Sb, it was possible to obtain crystalline IrSb, by
heating raw “IrSbs” nanopowder in an evacuated ampoule. Using
the same strategy for tin compounds, oxide impurities were often
observed which probably arise from an incomplete reduction.

In the following sections, the features of some individual
phase systems will be discussed, ordered by the main group
metal M. For each system the known intermetallic compounds
and established nanoparticle syntheses are presented followed
by the synthesis results of the microwave-assisted polyol
process.

Synthesis of T-Sn phases. The Ni-Sn phase diagram
comprises the room-temperature phases a-NizSn, a-NizSny,
NisSns and two high-temperature phases B-NisSn and pB-
NisSn2.*% Several syntheses for Ni-Sn nanoparticles were
reported. For example, nanocrystalline -NisSn, was obtained by
a co-reduction route of SnCl, and NiCl, using NaBH,; in
ethanol.*" This method offered the crystallization of the high
temperature phase in form of agglomerated granule-like
particles with 30 nm and smaller in diameter. The co-reduction
of SnCl; and NiCl; or Ni(OAc), with NaBH, in tetraethylene
glycol yielded nanocrystalline NizSns.?*? The previously
unknown compound NiSns resulted from the conversion of 3-Sn
nanocrystals with NiCl, at 150 °C in tetraethylene glycol using
NaBH, as reducing agent.®?"
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Table 1. Summary for the investigated binary phase systems T-M. Bold face type indicates phases that were obtained by the microwave-assisted polyol

)

process. Phase-pure products are underlined. For completeness, previously published syntheses of Ni-Bi, Rh—Bi, Pd-Bi, and Ir-Bi compounds are included.”®
31

System Phases

Co-Sn a-Co3Sn,, B-Co3Sn,, CoSn, CoSny, a-CoSns, B-CoSn;

Ni-Sn a-NigSn, B-NizSn,a-NigSn,, B-NizSny, NizSn,

Rh-Sn Rh,Sn, Rh3Sn,, RhSn, a-RhSn,, B-RhSn,, RhSn,

Pd-Sn PdsSn, Pd,Sn, Pd2Snys, v (= PdssSnas), a-PdsSny, B-PdsSny, 6 (= PdseSnass), PASn, PdsSnyz, PdSn,, PdSn;, PdSny
Ir-Sn IrSn, IrsSny, IrSny, Ir3Sny, a-IrSny, B-IrSny

Pt-Sn Pt;Sn, PtSn, Pt,Sns, PtSn,, PtSn,

Co-Sb CoSb, a-CoSb,, B-CoSb,, CoSbs

Ni-Sb a-Ni3Sb, B-NisSb, NisSb,, NiSb, NiSb,

Rh-Sb Rh,Sb, Rh3Sb,, RhSb, RhSb,, RhSbs;

Pd-Sb PdsSb, Pd2Sb7, PdgShs, PdsSb,, Pd,Sb, PdsSbs, PdSb, PdSbh,
Ir-Sb IrSb, IrSb,, IrSbs;

Pt-Sb Pt;Sb, PtsSb, Pt;Sb, Pt;Sb,, PtSb, PtSb,

Rh-Pb Rh3Pb,, RhPb, RhsPbs, RhPb;, RhPb,

Pd-Pb PdsPb, a-PdsPbs, B-PdsPbs, PdisPbs, PdPb, PdPb,

Pt-Pb PtsPb, PtPb, PtPb,

Ni-Bi NiBi, NiBi;

Rh-Bi RhBi, a-RhBi,, B-RhBi,, RhBis, RhBis

Pd-Bi Pd3Bi, Pd31Bij,, PdsBi;, PdBig 6, a-PdBi, B-PdBi, y-PdBi (metastable), a-PdBi,, B-PdBi,
Ir-Bi IrBi,, IrBis

Pt-Bi PtBi, Pt;Bis, a-PtBi,, B-PtBiy, y-PtBi,

By the microwave-assisted polyol process, we synthesized
phase-pure -NisSn, as intergrown platelets that form spherical
agglomerates (desert rose morphology) with diameters of about
100 nm (Figure 1a, b). The crystallization and stabilization of this
high-temperature phase takes place by simple usage of ethylene
glycol as solvent and reducing agent without utilizing any
auxiliary, in contrast to the approaches in literature. Starting with
the ratio Ni:Sn = 3:1, also the nickel-rich high-temperature phase
B-NisSn crystallized besides B-NisSn, (Figure S1 in . the
Supporting Information). We did not observe the formation of
NizSn4 even with low Ni:Sn starting ratios.

The complex Pd—Sn phase diagram comprises eight room-
temperature phases (PdsSn, Pd.Sn, PdzSnis, 0-PdsSny, y-
phase = PdsgSn41, PdSn, PdsSn7, PdSn,, PdSn;, PdSns) and two
high-temperature phases (B-PdsSn,, 5-phase = PdgsSnss). ¥ In
previous investigations, nanocrystals of Pd.Sn*Y and PdSn?"
were synthesized by a modified polyol process using NaBH,4 as
reducing agent. PdsSn, nanoparticles could be obtained by Sun
et al. without using an additional reducing agent in EG under
solvothermal conditions.**IThe similarity of the powder pattern of
Pd2oSniz with the pattern of PdsSn, (PDF number 4-801, no
crystal structure deposited in the ICSD) and the phase width of
PdoSn1s indicate, that this phase may be the main product in
the published synthesis.

We synthesized nanocrystalline samples of Pd>Sn, Pd2Sn1s,
and PdSn by the microwave-assisted polyol process. Phase-
pure Pd,Sn (Figure 1c) precipitated starting from Pd:Sn ratios
2:1, 3:2, and 1:1. For accessing the compounds Pd2Sn+3 and

PdSn (Figure 1e, g) an initial metal ratio of at least Pd:Sn = 1:2
was necessary. Nanocrystalline Pd»Sn13 formed at 240 °C while
nanocrystals of PdSn were obtained at 290-300 °C. The co-
reduction of Sn?* seems to be favored at higher temperature, in
accordance with the general reducibility trend in polyols. The
excess of tin cations remained in solution. EDS analyses
confirmed the expected compositions of the products Pd,Sn
(Pd66,7Sn33,3; measured: Pde7(2)sn33(2)), szosn13 (Pdeo,esn3g,4;
measured: Pd59(1>Sn41(1>), and PdSn (measured: Pd48(1>Sn52(1>).
SEM measurements revealed highly agglomerated particles in
all cases. In samples of Pd,Sn and Pd»,Sn3 the average particle
size is 50 nm (Figure 1d, f), and in PdSn the largest particles
observed have diameters of about 100 nm (Figure 1h). All tested
syntheses targeting on the other known phases in this system
resulted in the crystallization of only one of the three described
phases Pd,Sn, Pd2eSn+3, or PdSn.

In the Pt—Sn system, the phases Pt3;Sn, PtSn, Pt,Sns, PtSny,
and PtSn, are known."® Several syntheses of nanocrystalline
samples in this system are reported in the literature. The
synthesis of PtSn by a modified polyol process was done by
Schaak et al.®” A synthesis-screening for nanoscale Pt-Sn
compounds was performed with a room-temperature reduction
approach by alkali metal borohydrides, revealing the formation
of ordered intermetallic nanoparticles for PtsSn and PtSn.H®
Only by further annealing of the as-prepared samples, the tin-
rich compounds Pt,Sn3, PtSn,, and PtSns could be crystallized.
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Figure 1. Powder X-ray diffractograms (Cu-Kq radiation) and SEM pictures of (a, b) B-NizSny, (c, d) Pd,Sn, (e, f) Pd2oSnas, (g, h) PdSn, (i, j) PtsSn, and (k, I) PtSn,
respectively. XRD shows that the samples are phase-pure. According to the SEM pictures agglomerated nanoparticles were produced. NizSn, particles with
desert rose morphology and diameters of about 100 nm were formed by intergrowth of thin platelets (inset in b).

A stepwise injection method at 300 °C using hexadecanediol
as the reducing agent gave direct access to nanocrystalline
Pt;Sn, PtSn, and PtSn,.*"! PtSn, could be accessed directly by
controlled oxidation of preformed Zintl clusters with iodine.*®!

PtsSn and PtSn are accessible by the microwave-assisted
polyol process. Starting with metal ratio Pt:Sn = 3:1 but also
Pt:Sn = 2:1 phase pure PtsSn was produced, according to PXRD
(Figure 1i). EDS analyses for the samples with the initial metal

ratio Pt:Sn = 3:1 verified the expected composition (measured:
Pt77(2)Sn23(2)). The product consits of agglomerated nanoparticles
with a broad particle size distribution (Figure 1j). For the
synthesis of PtSn, an initial excess of tin (Pt:Sn = 1:3) was
necessary. According to PXRD phase-pure PtSn was obtained
(Figure 1k). The particles have diameters of about 100 nm
(Figure 11).
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Figure 2. Powder X-ray diffractograms (Cu-Kg4 radiation) and SEM pictures of (a, b) NisSby, (c, d) NiSn, (e, f) RhSb, (g, h) PdxSb, (i, j) PdgSbs, and (k, I) PdSb,
respectively. XRD shows that the samples are phase-pure. According to the SEM pictures agglomerated nanoparticles were obtained.

Curiously, the calculated yield based on PtSn is 131 %. EDS
analysis showed an average product composition Pts12)Sneg().
Most probably, the PtSn nanoparticles are surrounded by
amorphous tin or tin oxide. In resistance measurements, pellets
of the product showed the behavior of a doped semiconductor,
although bulk PtSn is a metallic conductor.Overall, we observed
that an initial tin content of less than 50 at.-% always resulted in
the formation of “pure” Pt;Sn, whereas more than 50 at.-%
always led to “pure” PtSn. Remarkably, the reduction of both

types of metal cations was completely hindered at very high
excess of tin, e.g. when starting with the ratio Pt:Sn = 1:8.
Synthesis of T-Sb phases. The Ni-Sb phase diagram
indicates four room-temperature intermetallic phases (a-NizSb,
NisSb, — also denoted as NizSbs, NiSb, NiSb,) and the high-
temperature  phase  B-NisSb.*!  Nanocrystalline  Ni-Sb
compounds were first produced by co-reduction of NiCl:6H,O
and SbCls in ethanol with zinc or NaBH, as reducing agents in
an autoclave.®®5"! The choice of the reducing agent influenced
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the product formation. The authors only got access to phase-
pure antimony-rich phases, namely NiSb and NiSb,. NiSb can
also be obtained by NaBH, reduction®® or by heating of pre-
synthesized nickel and antimony nanoparticles® in
tetraethylene glycol. Syntheses of nanocrystalline nickel-rich
phases in this system have not been described yet.

By the microwave-assisted polyol process starting from
Ni(OAc), and Sb(OAc)s; we obtained a-NizSb, NisSb,, and NiSb.
a-NisSb (Figure S3 in the Supporting Information) was
synthesized using an excess of nickel in the initial ratio (Ni:Sb =
5:1). As a consequence, crystallization of the solid solution Nij_
by (x £ 0.05, i.e. nickel with antimony impurities) occurred.
Starting with Ni:Sb = 3:1, mixtures of nanocrystalline NisSb, and
NiSb were obtained.

Phase-pure NisSb, (Figure 2a) resulted starting from a Ni:Sb
ratio of 5:2 and using some KOH. EDS analyses showed a
composition Nizy2)Sbog) (expected: Niz14Sbase). For NiSb
(Figure 2c), the initial ratio Ni:Sb = 1:1 was required without
further addition of auxiliaries. Adding more Sb(OAc); to the
starting solution (up to Ni:Sb = 1:4) did not lead to the formation
of NiSb, but of phase-pure NiSb. Excess Sb®" cations remained
in solution, which was confirmed by EDS measurements on the
resulting powders showing the composition Nisi(1)Sbag). The
corresponding SEM investigations for NisSb, showed
monodisperse particles of about 100 nm in diameter and
agglomerated particles for NiSb (Figure 2b, d).

In the Rh—Sb system four room temperature phases Rh;Sb,
RhSb, RhSb,, RhSbs; and a high-temperature phase Rhs;Sb, are
known.®¥ RhSb nanoparticles can be obtained by sequential
NaBH, reduction of RhCls and SbCl3.% Silica-supported Rh,Sb
and RhSb nanocatalysts were recently prepared by pore-filling
impregnation of metal salts, drying, and reduction in a H»
stream.®®5" Starting from the metal acetates with an initial
Rh:Sb ratio of 1:1 the intermetallic compound RhSb was
obtained via the microwave-assisted polyol process (Figure 2e).
EDS showed a composition Rhae1)Sbssry for the product,
probably due to the phase width of RhSb or impurities not
detectable by PXRD. The product consists of intergrown small
platelets, which form star-shaped agglomerates with up to
200 nm in diameter (Figure 2f). Similar to the synthesis of B-
NisSny, the polyol process generated a special product
morphology. Moreover, the initial Rh:Sb ratio can be varied
between 1:1 and 1:6 without altering the powder X-ray
diffractogram and product morphology. Synthesis attempts
towards Rh,Sb and RhsSb; resulted in mixtures of elemental
rhodium and RhSb.

The Pd-Sb phase diagram exhibits six room-temperature
(Pd2eSb7, PdsSbs, PdsSb,, Pd,Sb, PdSb, PdSb,) and two high-
temperature compounds (PdsSb, PdsSbs).® To the best of our
knowledge, the only example of nanoparticle synthesis in this
system was described by Schaak et al., who obtained PdsSbs
from reacting preformed Pd nanoparticles in a SbClz solution
with NaBH,4.®® Using the microwave-assisted polyol process the
palladium-rich compounds PdSb7, PdsSbs and PdSb could be
obtained as phase-pure powders (Figure 2g, i, k). Only for the
synthesis of the palladium-richest compound Pd»Sb; (EDS
analysis: expected Pd74.1Sb2sg; measured Pd7se1)Sbass(r)) the
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exactly matching initial ratio of the metal cations was essential.
PdsSbs (EDS analysis: expected Pdr27Sbsss; measured
Pds9.8(4)Sb30.2¢4)) Was obtained from initial ratios Pd:Sb = 8:3 with
the addition of KOH or 1:2 in pure ethylene glycol. PdSb without
any solid byproduct (EDS analysis: Pds:(1)Sbagn)). crystallized
starting from the initial ratio Pd:Sb = 1:4.6 at 240 °C. Excess
antimony cations remained in solution at this temperature. At
300 °C, the antimony-rich compound PdSb, was present as a
byproduct (Figure S4 in the Supporting Information). The
utilization of ethylene glycol and oleylamine in combination with
KOH is crucial for the phase-pure formation of PdSb; otherwise
mixtures with other Pd—Sb phases were observed. Due to the
varying synthesis conditions, the size of the product particles is
very different.  Particles with diameters of about 30 nm for
Pd20Sb7 (Figure 2h), 100 nm for PdsSbs (Figure 2j), and 200 nm
for PdSb (Figure 2I) were observed.

Synthesis of T-Pb phases. Contrary to tin and antimony,
the reduction to elemental lead via an unmodified polyol process
is possible. As a consequence, lead-rich intermetallic phases
can easily be obtained. The systems Co—Pb, Ni—Pb, and Ir—Pb
do not show any thermodynamically stable intermetallic phases
and synthesis attempts vyielded mixtures of monometallic
products.

The phase diagram of the Rh—Pb system shows five room-
temperature phases (RhsPb,, RhPb, RhsPbs, RhPby, RhPby).™!
Nanocrystalline Rh—-Pb/SiO, catalysts (RhsPbz, RhPb, and
RhPb,) were prepared by co-impregnation of silica templates
followed by H; reduction.’™ Using the microwave-assisted polyol
process RhPb, could be obtained (Figure 3a). The product
contains only small impurities of RhsPbs and EDS analyses
showed a composition Rhsse)Pbes), which is close to the
expected value Rhss 3Pbes 7. Syntheses starting with a higher Rh
amount in the reaction mixture yielded only poorly crystalline
products. Similar to synthesis attempts in the Rh—Sn system, the
small particle size due to a fast reduction of Rh?** leads to weak
diffraction signals.

The phase diagram of Pd-Pb contains five room-
temperature phases (PdsPb, a-PdsPbs, PdisPbg, PdPb, PdPb;)
and the high-temperature phase B-PdsPbs.®" Nanocrystalline
PdsPb has already been obtained by borohydride reduction.®%%!
A two-step polyol process was used to produce carbon-
supported PdsPb nanoparticles.”® a-PbsPds could be accessed
by a sequential two-step reduction protocol with NaBH4.*® Al
Pd-Pb compounds except for the high-temperature phase B-
PdsPb; are accessible with the polyol process, but only in the
case of PdsPb as a phase-pure product. The powder pattern of
PdsPb exhibits broadened reflections (Figure 3c) due to a
crystallite domain size of about 10 nm, according to Rietveld
refinement. This is consistent with SEM pictures showing highly
agglomerated small particles (Figure 3d). For the product a-
PbsPds only trace impurities of Pdi3sPbg could be detected by
PXRD (Figure S6 in the Supporting Information).

The phase diagram of Pt—Pb reveals three phases Pts;Pb,
PbPt and PtPb,.® The synthesis of nanoscale PtPb was
already achieved, e.g., by reduction of the metal salts with
sodium borohydride®®®®® or sodium naphthalide!®®..
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Figure 3. X-ray powder diffractograms (Cu-Ka1 radiation) and SEM pictures of (a, b) RhPby, (c, d) PdsPb, and (e, f) PtPb, respectively. XRD shows Rh4Pbs as a
minor impurity for RhPb,. According to the SEM pictures agglomerated nanoparticles were obtained.

Furthermore, the formation of PtPb nanorods by tert-
butylamine borane in a mixture of diphenyl ether, adamantine
carboxylic acid, hexadecanethiol, and hexadecylamine at 180 °C
was described.® A two-step synthesis protocol for PtPb
nanoparticles on a WOs; substrate, comprising the
photodeposition of Pt nanoparticles on WO3 and subsequent
polyol reduction of Pb*, was reported recently.®® With the
microwave-assisted polyol process, PbPt was obtained in a
single step as highly crystalline particles with diameters up to
200 nm (Figure 3e, f). Starting with a high initial amount of Pb?"
mixtures of PtPb and PtPbs were obtained.

Synthesis of PtBi and PtBi,. The Pt-Bi phase diagram
hosts two compounds that are stable at room-temperature (PtBi,
a-PtBiz) and three high-temperature phases (Pt;Bis, 3-PtBi», and
y-PtBi»).*¥ Additionally, a third high-temperature phase of PtBi,
(6-phase) has been mentioned, whereas its existence is not
clarified yet® Some syntheses of nanocrystalline Pt-Bi
compounds have already been published. Schaak et al.
described the synthesis of nanoscale PiBi by the co-reduction of
bismuth(l1l) nitrate pentahydrate and potassium
hexachloridoplatinate(IV) in tetraethylene glycol with NaBH, and
poly(vinylpyrrolidone) at 220 °C.?! The DiSalvo group achieved
the synthesis of PtBi by using ethylene glycol as the only
reducing agent.?”! However, the synthesis protocol includes the
use of an inert gas atmosphere and the total synthesis time is
about three days. Depending on the reaction temperature, PtBi
and y-PtBi, nanoparticles were produced in a continuous flow
setup.® Increasing the temperature to 350 °C led to phase-pure
trigonal y-PtBi,, whereas at lower temperatures PtBi or mixtures
of PtBi and Pt occurred.

We synthesized phase-pure PtBi with the microwave-
assisted polyol process (Figure 4). SEM of the PtBi product

revealed a homogeneous powder of rather isotropic particles
(diameter about 50 nm) and smaller fibrous particles decorating
their surface. In EDS analyses, the composition of the powder
samples was determined as Ptsos5(5)Bisosi5. PXRD verified the
previously assigned NiAs structure type. The lattice parameters
determined by Rietveld refinement (a = 433.1 pm and ¢ = 550.4
pm) are slightly higher than those reported in the literature (a =
431.5 pm, ¢ = 549 pm)." This could be due to a phase width of
PtBi at least in its nanocrystalline form, which cannot be seen in
the phase diagram. The existence of phase widths is known to
be a common characteristic of NiAs-type intermetallics.”"
Likewise, Pt;Bis is a defective variant of the NiAs structure type.
This high-temperature phase is thermodynamically stable above
570 °C as bulk material. It can be obtained as a byproduct
besides PtBi and y-PtBi; starting from an initial Pt:Bi ratio of 2:3.

The synthesis of PtBi; resulted in the simultaneous formation
of the three known modifications a, B, and y. High-temperature
phases were obtained at 240 °C, which is below their bulk
formation temperatures (B-PtBix: 272 °C, vy-PtBix: 420 °C).
Rietveld refinement of the phase fractions revealed a reaction
time dependency of the phase distribution (Figure S8 and Table
S2 in the Supporting Information). With a reaction time of 5 min
the distribution is a:B:y = 14:14:72 wt.-%. After 30 min it changes
to 26:28:46 wt.-% and after 60 min to 45:47:8 wt.-%.
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Figure 4. X-ray powder diffractogram (Cu-Kq radiation; a) and SEM pictures
(b) of phase-pure PtBi.

The longer the reaction mixtures are annealed at 240 °C the
more of the a- and B-form are obtained and the amount of the y-
modification decreases. This can be explained by Ostwald’s step
rule, which states that the least-stable modification of a
compound would occur first during a crystallization process.
Accordingly, the y-PtBi, should be the least stable form and
transforms to B-PtBi,, which is also metastable at the reaction
conditions, and finally to the thermodynamically stable a-PtBis.
Remarkably, the phase fractions of a- and B-PtBi; have a ratio of
approximately 1:1 over the entire reaction time. B-PtBi> seems to
be stabilized under the reaction conditions, since the phase
transition temperature of 272 °C is not much higher than the
reaction temperature of 240 °C. It has to be taken into account,
that phase ftransition temperatures can be significantly
decreased in nanostructured systems.["

Conclusions

We demonstrated the power of the microwave-assisted polyol
process as a feasible method for the synthesis of a wide range
of binary nanocrystalline intermetallics in the systems T-M (T =
Co, Ni, Rh, Pd, Ir, Pt; M = Sn, Sb, Pb, Bi). Ethylene glycol was
utilized as a solvent and reducing agent without adding stronger
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reducing agents. Phase formation takes place at comparatively
low temperatures within minutes. To crystallize as many phases
as possible we had to optimize the synthesis procedures by
adding KOH, oleylamine, and oleic acid.

A variety of phase-pure powders was obtained: [B-NizSny,
Pd2Sn, PdxSnis, PdSn, PtsSn, PtSn, CoSb, NisSb,, NiSb,
Pd2oSb7, PdsSbs, PdSb, PdsPb, PtPb, and PtBi. Synthesis
protocols for some of these compounds in nanocrystalline form
have already been known, but there are some disadvantages
like toxic and corrosive reducing agents, long reaction times,
necessity of inert gas protection, or the need for multi-step
processes. With the microwave-assisted polyol process,
intermetallic compounds can be synthesized in one step and in a
comparatively short time, using less toxic solvents and no inert
gas. For the first time, we presented the synthesis of
nanostructured single-phase samples of NisSb,, Pd»Sbz, and
PdSb. In the cases of B-NisSn, B-NisSn,, B-/y-PtBi;, and Pt:Bis
the crystallization and stabilization of high-temperature phases
was observed at temperatures below their bulk formation
temperature, similar to the previously reported syntheses in the
Pd-Bi system.?"

Furthermore, we identified some limitations of the method.
The crystallization of bismuth- or lead-rich phases is in general
possible, whereas antimony- and tin-rich phases seem to be not
accessible with the presented method. In most phase systems,
only particular phases can be crystallized, especially in the case
of antimony- or tin-containing compounds. The intermetallic
phase formation itself seems to be an essential driving force for
the reduction of Sb® and Sn?', which is confirmed by the non-
reactivity of these cations themselves in ethylene glycol, even at
300 °C.

Experimental Section

Chemicals. For synthesis of the nanocrystalline intermetallic compounds
all chemicals were used as received from the supplier. Metal salts and
solvents for synthesis: cobalt(ll) nitrate hexahydrate (99 %, Merck),
nickel(ll) acetate tetrahydrate (99 %, Merck), rhodium(ll) acetate (99 %,
ABCR), palladium(ll) acetate (48.35 % Pd, ABCR), platinum(ll)
acetylacetonate (49.6 % Pt, ChemPur), tin(ll) acetate (p.a., Sigma
Aldrich), antimony(lll)-acetate (97 %, Alfa Aesar), lead(ii) acetate
trinydrate (Sigma-Aldrich, 99.5 %), lead(ll) nitrate (p.a., Riedel-de Haén),
bismuth(lll) acetate (abcr, 99 %), bismuth(lll) nitrate pentahydrate
(98.5 %, Riedel-de Haén), potassium hydroxide (analytical reagent
grade, Fischer Chemical), ethylene glycol (99.5 %, Fluka), oleylamine
(technical grade 70 %, Sigma-Aldrich), oleic acid (pure, AppliChem).

Synthesis. The nanocrystalline intermetallic compounds were
synthesized by microwave-assisted polyol process in a CEM Discover
SP synthesis microwave, which allows monitoring of the reaction by a
video camera. Ethylene glycol was used as solvent and reducing agent.
We used KOH to modify the pH, what can have a significant impact on
the reducibility of the metal salts. All reactions were carried out in 35 ml
Pyrex® vessels equipped with magnetic stirring bars ensuring proper
mixing of the reagents. Specific synthesis conditions can be found in
Table S1 in the Supporting Information. The metal salts and KOH, if
necessary, were dissolved in 15 ml of EG. The reaction mixtures were
heated to the desired temperature in 3 min using microwave radiation.
After annealing for up to 60 min, the vessels were cooled with a stream
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of air to 60 °C inside the microwave device and then removed. The black
powdery products were isolated by centrifugation, washed several times
with ethanol or acetone to remove residual solvent, and dried overnight
under vacuum at room temperature. Yields of the products regularly
exceed 90 %.

Characterization. X-ray powder diffractograms were recorded at
296(2) K on an X'Pert Pro MPD diffractometer (PANalytical) equipped
with a curved Ge(111) monochromator using Cu-Kq radiation (1 =
154.056 pm). Rietveld refinement was performed with TOPAS, using the
fundamental parameter approach and spherical harmonics functions for
modelling preferred orientation.”? Scanning electron microscopy was
carried out using a SU8020 (Hitachi) with a triple detector system for
secondary and low-energy backscattered electrons (U = 3 kV). A Silicon
Drift Detector X-Max" (Oxford) was used to perform energy dispersive X-
ray spectroscopy for semi-quantitative composition analysis. Cold
pressed pellets of the nanocrystalline powders were fixed on silicon
wafers to produce a plane surface for the measurement.
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