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Nanocrystalline intermetallic powders have been synthesized from metal salt precursors at low
temperatures using a modified polyol process with tetraethylene glycol as the solvent. This solution route
has yielded several phase-pure compounds in thesM (M = Ag, Au, Co, Cu, Fe, Ni), PtM' (M' =
Bi, Pb, Sb, Sn), and CeSb bimetallic systems. In the €E&b system, CoSb and Costan be selectively
produced by controlling the initial metal concentrations and the reaction temperature. Han@aod
Cu—Sn systems can selectively form £Sop, vs CoSn and Gysrs vs Cw Sy during a single reaction
as a function of temperature. These results demonstrate kinetic control over crystal structure in these
intermetallic systems. The reaction progress may be monitored at different times and temperatures by
XRD, giving insight into the reaction pathways. TEM micrographs show that the particle sizes in the
M—Sn systems range from 5 to 50 nm, while the-Rt systems range from 10 to 100 nm. SEM
micrographs show that these particles aggregate to form densely packe@Q®@m clusters. DSC
data show that the intermetallics synthesized using the polyol process exhibit-disieder phase
transitions at temperatures near those expected for bulk powders. The nanocrystalline powders are re-
dispersible in solution, and preliminary experiments have shown that they may be templated by nanoscale
molds, allowing for solution-based materials processing applications.

Introduction Bulk powders of intermetallic compounds are traditionally

Intermetallic compounds are important functional materials SYnthesized using high-temperature arc melting or powder
that find use in a wide range of application&s atomically ~ Metallurgy techniques, which often require several days of
ordered compounds that span a range of compositions annealing to obtain the desired structures. While highly
crystal structures, intermetallics often exhibit physical prop- Successful for synthesizing many important intermetallics,
erties that are superior to their atomically disordered alloy t_hls traditional method does have some limitations. Flrst_, the
analogues. For example, intermetallic FePt is a room- final products are gene_rally those that are thermodynamically
temperature ferromagnet with high coercivity and magne- stable. Thus, it is difficult to access metastable phases or
toanisotropy, which makes it promising for magnetic storage Structures that are only stable at low temperatures. Second,
applicationg Likewise, PtBi exhibits enhanced electrocata- 'eaction pathways are usually unknown, precluding kinetic
lytic activity compared to Pt and is virtually immune to CO control over phase format!on. Third, it can be very dlfflgult
poisoning® Important properties of other transition-metal 0 control the crystallite size and morphology using high-
intermetallics include superconductivityshape memory ~ témperature methods, which favor grain growth and the
effects® magnetoresistan@ehigh structural strength at ~ formation of large micrometer-scale crystallites.
elevated temperaturésand solid-state hydrogen storage  Solution-based synthetic strategies offer several important
capability® advantages over traditional high-temperature metféds.
example, solution routes can precipitate nanocrystalline
oI, ST St b s Enat ek powders af low temperatures where bulkphase solc-sate
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tals'! and processing them into thin filffsand nanotem-
plated material$? Despite significant research effort aimed

at developing solution-based routes to oxide and chalco-

Cable and Schaak

and optical nanomaterials. Recently, we reported that inter-
metallic nanocrystals and nanocrystalline powders could be
synthesized using low-temperature solution routes, including

genide materials! much less progress has been made in a modified polyol proces¥:1327.28This approach bypasses
accessing reduced multi-metal compounds as nanocrystallinghe high-temperature melting step that is often required in
powders. A few nanocrystalline intermetallics have been traditional bulk syntheses of intermetallics and greatly

accessed, but they typically require ball millitghermoly-
sis1® chemical vapor depositiof,gas-phase condensatitn,
or high-temperature/high-pressure procesSing form.

reduces the time required to form them. Importantly, we have
also shown that new ternary intermetallic compounds having
structures not observed using traditional bulk syntheses can

Intermetallics in general have been overlooked as syntheticbe stabilized as nanocrystals using the polyol protess.
targets of solution-based synthetic strategies. This is a Here, we show that the polyol process is general for the
significant shortcoming because the availability of general rapid low-temperature synthesis of nanocrystalline interme-

low-temperature solution routes for synthesizing nanocrys-

talline intermetallic compounds would likely open the door

tallics, successfully yielding phase-pure binary intermetallics
in the M—Sn (M= Ag, Au, Co, Cu, Fe, Ni), PtM' (M’

to many new and metastable phases as well as increase®i, Pb, Sb, Sn), and CeSb systems. These systems were

utilization in emerging nanotechnological applications.
The polyol process, which exploits high-boiling poly-

chosen because (a) the Sn-based systems show a variety of
interesting magnetic, electronic, and electrochemical proper-

alcohol solvents that also act as mild reducing agents whenties?®-3* (b) the Pt-based systems are of interest for their

heated, was originally developed for the synthesis of nano-

crystalline powders of Pd and other late transition elen?nts.

catalytic propertied,and (c) the Ce-Sb system has well-
known size-dependent thermoelectric properte¥. In

Since then, it has been modified to produce size- and shape-addition to the known phases that can be formed, these results

controlled nanocrystals of a variety of elements and
alloys'1?3-26 and has yielded important magnetic, catalytic,
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have important implications for possibly synthesizing new
and metastable intermetallics using low-temperature solution
methods. Also, since a variety of modifications to the polyol
process are known to yield well-formed monodisperse
nanocrystal$;'! it is reasonable to anticipate similar mor-
phological control for intermetallic systems. This would
impact fields such as magnetic information storage, nanoscale
electronics, self-assembled nanocomposites, and catalysis,
for which the limited number of existing intermetallic
nanocrystals are known to yield superior properties.

Experimental Section

Materials. The following metal reagents were used: SnCl
(anhydrous, 99% min.), SN[GKCH,)sCH(CHs)CO,)2, Cu(GHz05),:
H,0 (98.0-102.0%), HAuCJ:3H,0O (99.99%), AgNQ (99.9+%),
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Table 1. Details for the Synthesis of Nanocrystalline M-Sn, Pt—=M', and Co—Sb Intermetallic Powders

reaction M:M' intermetallic
intermetallic molarity reaction phase formation
species reagents in M or M' (mM) ratio® temperature°C)
AgsSn AgNG;, tin(ll) 2-ethylhexanoate 4.4 mMin Ag 1.0:1.0 176
AusSn HAuCl-3H,0, tin(ll) 2-ethylhexanoate 4.2mMin Au 1.0:1.0 176
CosSrp, CoSn Co(OOCCH)2+4H,0, SnCh 4.3 mMin Co 1.0:4.0 200C, 260°C
CusSrs, Cus1Smia Cu(OOCCH)2°H20, SnCh 4.3 mMinCu 1.0:5.0 128C, 275°C
FeSn Fe(acag), SnCh 4.4 mMin Fe 1.0:5.9 128C
NizSny Ni(OOCCH)-xH20, SnCh 5.2 mM in Ni 1.0:4.4 190C
PtBi Bi(NO3)3:5H:0, K,PtCk 4.0 mM in Bi 1.0:1.0 220C
PtPb Pb(OOCCEH)2:3H,0 , KoPtCh 4.5mM in Pb 1.0:11 1560C
PtSb Sbd, K,PtCk 4.7 mMin Sb 1.0:1.0 200C
PtSn SnC, KaPtCh 23.0mMin Sn 1.0:4.3 236eC
CoSb Co(OOCCH)+4H0 5.7mMin Co 1.0:3.0 175C
CoShy SbCk 4.6 mMin Co 1.0:45 240C

aFor M:Sn phases, M (Ag, Au, Co, Cu, Fe, Ni) and M= Sn; for Pt-M phases, M= Pt and M = (Bi, Pb, Sb, Sn); for Ce Sb phases, M= Co and

M' = Sb.

KoPtCk (40.11% Pt), Ni(GH302)-xH,O (99+%), SbC} (99.9%),
CO(CzH302)2‘4H20 (980—1020%), Fe(aC&@)Pb(QHgoz)2'3Hzo
(99.0-103.0%), and Bi(N@)s-5H,O (Mallinckrodt Chemical Works).
The reducing agent, surface stabilizer, and solvent were NaBH
(98%), poly(vinyl pyrrolidone) (PVP, MW= 40000), and tetra-
ethylene glycol (TEG, 99%), respectively. All chemicals were
purchased from Alfa Aesar unless otherwise noted.

Synthesis. The nanocrystalline intermetallic powders were
synthesized by a modified polyol process, which has been previ-
ously reported®28 For the M—Sn and Pt+M' systems, the metal
reagent was dissolved in 20 mL of TEG by sonication and magnetic
stirring. SnC}, Sn[CHy(CH,)3sCH(C,Hs)CO;], (for M—Sn) or K-
PtCk (for Pt—M’'), and PVP (170 mg) were then sequentially

dissolved by the same means (see Table 1 for details). After the

solution was vigorously stirred at room temperature under bubbling
Ar for at least 45 min, 25 mg of NaBHtreshly dissolved in 5 mL
of TEG was added slowly. Upon reduction, the solution usually

turns a dark brown or black color and is then heated to the desired
temperature (see Table 1). During the course of the reaction, 1.0

mL aliquots of the heated solution were collected to determine the

appropriate reaction temperatures for intermetallic phase formation.

Powders were precipitated from solution by centrifugation and were
washed thoroughly with ethanol.

Characterization. Powder X-ray diffraction (XRD) data were
collected on a Bruker GADDS three-circle X-ray diffractometer

b
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Figure 1. Powder XRD patterns for nanocrystalline intermetallics (a)3h
[AgsSn, AusSn, FeSp NisSry] and (b) P+-M' [PtBi, PtPb, PtSb, PtSn].
Tick marks below each pattern represent allowed reflections for each
compound.

them at room temperature with NaBHhnd heating them to
various temperatures between 100 and 3DQAliquots taken

at regular intervals provide information about phase forma-
tion, and often several distinct phases are observed during
the reaction, depending on the temperature and time. The
products formed upon reduction and prior to heating are

using Cu K radiation. Transmission electron microscopy (TEM) generally multiphase, and the intermetallic phases are usually
images, selected area electron diffraction (SAED) pattel‘ns, andformed by ZOOOC The react|on t|mes are typ|ca”y Very

energy-dispersive X-ray analysis (EDS) were collected using a
JEOL JEM-2010 TEM. Samples were prepared by sonicating the
nanocrystalline intermetallic powders in ethanol and dropping a
small volume onto a carbon-coated nickel grid. Scanning electron
microscopy (SEM) images were acquired using a JEOL JSM-6400
SEM. X-ray photoelectron spectroscopy (XPS) data were collected
on a Kratos Ultra Axis Hsi 165 XPS using an Al anode set at 15

mA and 15 kV. Samples were prepared by sonicating the powder
in ethanol and drop-coating a small volume onto a clean Si wafer.
Differential scanning calorimetry (DSC) data were collected on a

TA Instruments Q600 SDT under Ar. CHN analysis was performed

by Atlantic Microlabs (Norcross, GA).

Results and Discussion

Synthesis of Nanocrystalline Binary Intermetallic Pow-
ders. TEG was used as a high-boiling solveiig = 310
°C) to allow for the one-pot solution synthesis of nanocrys-
talline binary intermetallic compound&The intermetallics

short, often requiring only the amount of time necessary to
reach the final reaction temperature. The final products tend
to contain 2-5 wt % of polymer residue, as determined by
CHN analysis of several samples.

To demonstrate the breadth of this synthetic technique for
accessing nanocrystalline binary intermetallics, we chose to
focus on the M-Sn (M = Ag, Au, Co, Cu, Fe, Ni), PtM’

(M" = Bi, Pb, Sb, Sn), and CeSb systems. Table 1 presents

a summary of the reagents and temperatures necessary to
form phase-pure intermetallics in these systems, and Figure
1 shows representative XRD data for the intermetallic
products. XRD data for selected-Mbn phases are shown

in Figure 1a. All of these compounds are pure phases, within
the detection limits of our laboratory diffractometer, and
agree well with simulated XRD patterns based on prior
literature reports. A8n, a known superconductor with

= 2 K,®and AgSn can be stabilized at 17&. These alloys

are synthesized by dissolving the reagents in TEG, reducingcrystallize in the Mg structure type (hcp), which Ag, Au,
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Figure 2. Powder XRD patterns for (top) Coghnd (bottom) CoSb. Tick Figure 3. Powder XRD patterns for the products isolated as a function of
marks below each pattern represent allowed reflections for each compound.heating temperature in the €$n system, along with simulated patterns
(based on literature references) for (bottom}&y and (top) Cu1Sm1. At

and Sn do not adopt. ACu-type FeSy which is an 125 °C, the pattern matches that of §&ums. Upon further heating in the
antif t with k thick d d & of presence of tin, the pattern transforms to that expected farSBu,
lferromagnet with a known thickness dependencenor jngicating additional tin incorporation in the crystalline product. (The peaks
in thin films3° forms as a pure phase upon heating for 30 near 36.5 and 73°726 in the intermediate-temperature samples, labeled
min at 130°C. Monoclinic NgSn, forms at 195°C, which with an asterisk (*), correspond to a £ impurity, which results from
L . . L] nanocrystalline Cu that has oxidized during sample handling under ambient
is significant because of the potential for using nanocrys- congitions.)
talline NisSn, as an anode material in Li-ion batteri@s.
Nanocrystalline NiSny has been produced by ball milling
for up to 30 h3! and a direct solution route to a similar
material may prove useful for battery applications.

Similarly, Pt=M' intermetallics can also be synthesized
using this rapid low-temperature solution approach (Figure
1b). As expected based on their respective binary phase
diagrams, PtBi, PtPb, PtSh, and PtSn adopt the NiAs structure
type3? PtBi and PtSn, of interest for their catalytic proper-
ties333form phase-pure intermetallics near 280. PtPb is
known to be a superconductor withh = 7.2 K in layered
thin films3* and we were able to access this phase at 165 5
°C. PtSb can be stabilized by 20C. In addition to the E———— bttt
M—Sn and Pt+M' systems, other binary intermetallic 0 20 30 40 S5 60 70 80 90
systems can be accessed. For example, CoSb and; Cash 2-Theta (degrees)
both be accessed in the €8b system (Figure 2). Co$ls Figure 4. Powder XRD patterns for the products isolated as a function of

-k h | . % and h heating temperature in the €8n system, along with simulated patterns
a well-known thermoelectric prototyﬁ f"m reports _ave . (based on literature references) for (bottom)s;&® and (top) CoSn.
shown enhanced thermoelectric properties as the particle sizeetween 190 and 208C, the pattern matches closely with that expected
decrease® Methods for making nanocrystalline CaSb for CosSrp. Upon further heating in the presence of tin, the pattern
h icall . ball milli Ivoth | transforms to that expected for CoSn, indicating additional tin incorporation
owever, typlca y require ball milling or so vothermal  iy'ine crystalline product.
reactions with reaction times of 72%h.

The Co-Sb system (Figure 2) demonstrates that multiple .
phase-pure intermetallics can be accessed in the same systerig used (1:4 for the CeSn system). At 190C, the solution
However, in some cases, two distinct intermetallic com- with a nominal stoichiometry of G&n, forms a crystalline
pounds can be synthesized in a single reaction with a fixed product that matches that of €3rp. The peaks are broad,
nominal composition. For example, in the €8n system  but the most intense peaks of £So, match those observed
(Figure 3), a 1:5 ratio of Cu:Sn yields NiAs-type £3ms at for the sample heated to 19C. Furthermore, the SAED
125°C and Cuy;Smy; at 275°C. As the solvent temperature  pattern for CeSry heated to 190C (Figure 5a) matches
increases beyond 12%, more Cu is incorporated into the that expected for NBrp-type CaSn, indicating that Cer

CoSn (sim.)

Intensity (arbitrary units)

Co;Sn, (sim.)
©

N [S] g
X
N b3 aQ o

CusSry lattice, and CwSry; begins to nucleate by 17%C. Snp is indeed the crystalline phase, and the peak broadening
As the temperature is raised further, more Cu is incorporated,in the XRD data is due to nanocrystalline domains. (This is
and Cu;Sny; becomes a pure phase. confirmed by TEM micrographs of the particles, which will

A very similar reaction occurs in the €&n system, as  be discussed later.) Upon further heating of the nominal Co
CosSnp is stabilized at a lower temperature, while CoSn can Sn. sample, the nanocrystalline €3n phase converts to
be stabilized at a higher temperature. Figure 4 shows CoSn. The XRD pattern for nanocrystalline CoSn matches
temperature-dependent XRD data for the-Gm system,  the simulated data, and the SAED pattern is also consistent
along with simulated XRD data for G8rn, and CoSn. As  with the formation of CoSn (Figure 5b). These data clearly
in the Cu-Sn system, the formation of @, vs CoSn can  support the idea that the formation of two distinct crystalline
be controlled by temperature when the same ratio of reactantgphases in the same system can be controlled entirely by
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Figure 5. Selected-area electron diffraction patterns for nanocrystalline
(a) CaSnp and (b) CoSn.

Figure 6. TEM micrographs for nanocrystalline (a) €3, (b) CoSn, (c)
CosSne (high resolution), (d) CoSn (high resolution), (e) PtPb, (f) PtBi, (g)
FeSn synthesized at 130C, and (h,i) FeSrns synthesized at 125C,
showing the presence of a tin oxide shell surrounding a crystallinesFeSn
core that shows lattice fringes.

temperature and that this reactivity is facilitated by the
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Figure 7. (a) XPS data for the Sn 3d peaks for Fe8rertical lines show
the Sn 3¢z and 3d, peaks for SP); (b) DSC trace from a 1:6 Fe:Sn reaction
quenched immediately when the temperature reached°C25rior to
complete crystallization of FeSifsee text for interpretation of endotherms
and exotherms; in the plot, exothermic is up); (c) DSC trace for FeSn
(phase pure, synthesized at 130), PtPb, and PtBi.

40—
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powders synthesized at 16% consist of a mixture of
spherical and irregular rodlike shapes with average particle
sizes that range from approximately-180 nm with resolv-
able lattice fringes. PtBi powders show much larger patrticles,
most likely due to the higher temperature required to nucleate
the intermetallic phase (241C).

FeSn yields larger particles, with diameters that can
exceed 50 nm. The Fegpowders are highly irregular, much
like those of the Ce Sn system. However, many of the FeSn
particles appear to have a cerghell structure. Because of
the large excess of Sn required to yield the FeiBter-
metallic, our initial hypothesis was that the shell might be
SnQ. XPS was used to characterize the surface of the
powder (Figure 7a). The Sn 3d peaks are clearly shifted away
from standard Shvalues (marked by vertical lines). The
higher binding energies indicate the presence of oxidized

nanocrystalline phases and the low-temperature solutiongp Ejther SA or Srf* could be present since they are

environment. Such rapid low-temperature reactivity is un-
precedented for bulk solid-state systems.

Morphology of Nanocrystalline Intermetallics. While

generally indistinguishable because of the large peak width
and the small difference in binding energy between the two
oxidation stated® Regardless, this provides good evidence

the low-temperature solution route has allowed us to accessthat the shell is comprised of some Sn€pecies. This

a variety of binary intermetallic compounds by exploiting

phenomenon appears in the-€8n system as well, as o

the reaction conditions, we have not focused specifically on Sn, annealed at 500C under Ar shows crystalline Sr®y

controlling the morphology of the intermetallic products,

XRD. This is consistent with the SAED pattern for Sop,

although there is precedent for doing so with this synthetic which shows a wide, diffuse band that matches the most

method!123-26 We have found, however, that the as-

intense peaks for an amorphous tin oxide phase.

Synthesized pI’OdUCtS do exhibit interesting nanocrysta”ine The DSC trace (Figure 7b) from a 1:6 Fe:Sn reaction

morphologies. TEM micrographs for €y, CoSn, FeSp
PtPb, and PtBi are shown in Figure 6. Both;8w (200
°C) and CoSn (265°C) appear to be highly irregular

(purposely carried out with excess Sn) that was quenched
immediately when the temperature reached %e.qg., prior
to complete crystallization of Fegmshows several thermal

networks of fused particles. Lattice fringes (insets to Figures events. A broad exotherm can be seen with peaks at 280

6a and 6b) highlight the crystalline nature of the nano-
particles, but clearly show polycrystallinity with small

and 290°C. A sample heated to 28% under flowing Ar
revealed a mixture of SnO and FeSy XRD, suggesting

domains. By observation of many TEM micrographs (without that the SnQ@ shell is SnO rather than SaOThe higher

using statistical analysis), particle sizes appear to range fromtemperature endotherms most likely correspond to decom-
5 to 20 nm, while the crystalline domains appear to range in

size from 3 to 15_ nm. This is qualitatively c_ons_istent with (38) Themlin, J.-M.. Chtds, M.; Henrard, L.; Lambin, P.: Darville, J.:
the broad peaks in the XRD data presented in Figure 4. PtPb  ~ Gilles, J.-M.Phys. Re. B 1992 46, 2460-2466.
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Figure 9. SEM micrograph of intermetallic Fegnolloidal crystal replica
synthesized by templating against a colloidal crystal of monodisperse 600
nm polystyrene spheres.

magnifications) nanocrystalline intermetallic powders.

position of' FeSpand SnQ.%? Additional DSC studies C_)f nanocrystalline intermetallic thin films are accessible using
intermetallic FeSp(phase-pure and crystalline, synthesized simple drop coating methods.

at 130 °C), PtPb, and PtBi, shown in Figure 7c, show
disordering or decomposition endotherms at temperatures
near or slightly lower than their bulk values, as determined
from their respective phase diagraffs. In this paper, we demonstrated that the polyol process can
Intermetallic powders obtained through traditional solid- be used to synthesize nanocrystalline powders of many late
state synthesis methods yield micrometer-sized (or larger)transition-metal and post-transition-metal intermetallic com-
particles due to the sintering that is inherent at high pounds. In some cases, multiple crystalline products can be
temperatures. Figure 8 shows representative SEM imagesaccessed during the progression of a single reaction, sug-
of PtBi, FeSn, and CoSn powders synthesized using the gesting unusually facile low-temperature solution-mediated
polyol process. The nanocrystalline powders form spherical reactivity of the nanocrystalline intermetallics. The polyol-
aggregates with diameters of 10050 nm, and these derived intermetallics form nanoscale crystallites that range
aggregates tend to form densely packed monoliths. In all in size from 5 to 100 nm, depending on the system and
cases, the intermetallics formed through the polyol processsynthetic conditions, and are amenable to solution-processing
form dense nanocrystalline powders that are difficult to capabilities, such as colloidal crystal templating.
obtain using traditional high-temperature methods. The successful synthesis of a large library of nanocrys-
Solution Processing of Nanocrystalline Intermetallics. talline intermetallics using the polyol process has several
It is well-known that metal nanocrystals and nanocrystalline important implications. First, since the polyol process is
powders synthesized using solution routes offer advantagesknown to yield exquisite control over nanocrystal shape and
over traditionally synthesized bulk powders in terms of size!?*2%itis reasonable to anticipate that future synthetic
solution-based materials processing capabilities. For example modifications will yield similar results. Such an accomplish-
polyol-derived metal nanocrystals can be used to form thin ment would provide access to a wide range of nanomaterials
films and patterned nanostructures on a variety of sub- for advanced technological applications and would also
strates?*°and a variety of templated nanomaterials, includ- facilitate careful size-dependent studies of many important
ing nanotube4? inverse opald®*! and hollow nanoscale  physical phenomena. Second, intermetallic nanoparticles
capsules? can be accessed using standard solution tech-synthesized through this or related methods could prove
nigues. Because of the difficulty in obtaining solution- useful for studies of catalysis and structdeetivity relation-
dispersible nanocrystalline intermetallic compounds, similar ships on high surface area intermetallic surfaces, providing
solution-processed intermetallic nanomaterials have remainedhat the surface chemistry can be appropriately modified and
rare. In Figure 9, we show that intermetallic Fe®@anoc- controlled. Third, many emerging applications will increas-
rystals can be infiltrated into a polystyrene colloidal crystal ingly rely on nanocrystalline intermetallics for improved
and converted into a highly porous FeSnverse opal by properties, e.g., ductility, hydrogen storage capacity, and
dissolving the polymer template in toluene. Similar results thermoelectric efficiency? and the synthetic route described
can be obtained using other nanocrystalline intermetallics in this work may provide a facile approach for accessing
as precursors. Preliminary evidence also suggests thatsuch nanomaterials. Fourth, solution-based routes are com-
mon for accessing nanocrystal-derived thin films and tem-

(39) Guo, Q.; Teng, X.; Yang, HAdv. Mater. 2004 16, 1337-1341. plated nanomaterial$;**42 and these nanocrystalline ma-

(40) Sehayek, T.; Lahav, M.; Popovitz-Biro, R.; Vaskevich, A.; Rubinstein,
|. Chem. Mater2005 17, 3743-3748.
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