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Solution Chemistry Synthesis of Intermetallic Gold—Lithium Nanoparticles
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Colloidal nanoparticles of a prototype polar intermetallic
compound, AusLi, were synthesized by reacting Au nanopar-
ticle seeds with n-butyllithium. X-ray and electron diffraction
data are consistent with the L1, (CuszAu) structure type ex-
pected for AusLi. Composition analysis indicates a stoichiom-
etry of approximately AusLiy;, which is within the reported
composition range of the AuzLi phase. The AuzLi nanopar-

ticles decompose in water to regenerate Au. The successful
synthesis of AuzLi as colloidal nanoparticles demonstrates
that polar intermetallic compounds containing highly electro-
positive elements are accessible by using low-temperature
solution chemistry routes and that they are also amenable to
nanostructuring.

Introduction

Polar intermetallic compounds combine electronegative
and electropositive elements to form phases that contain
polycationic or polyanionic metallic clusters or networks.[!
Au-based polar intermetallics are particularly interesting
because of the impact that relativistic effects have on the
structures and phases that form.”J Many examples of polar
intermetallic compounds containing gold are known, in-
cluding the ternary phases BaAu,In,! SrAuln;,®
Rb,Au;TLP! KAuyln,,®! and CasAu;oIns.[’”! Binary inter-
metallic compounds of gold with alkali metals are also
interesting. These alkali aurides exhibit complex phase rela-
tions and structures that are stabilized by relativistic bond-
ing interactions, which are dependent upon the electronega-
tivity of the alkali metal.[®-%]

Most polar intermetallic compounds are synthesized by
the direct combination of the constituent elements at ele-
vated temperatures.'”) The desire for exploratory investi-
gations that facilitate the discovery of new polar inter-
metallic compounds,''! coupled with the desire to access po-
lar intermetallic compounds in nanoparticle form for their
potential use as highly active catalysts,[''l motivates an al-
ternative synthetic regime for accessing these materials.
Here, we report a low-temperature solution chemistry
method for the synthesis of a prototype polar intermetallic
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compound, AusLi (Figure 1). Although it has not been ex-
tensively studied, AusLi is a known phase that has been
reported to adopt the L1, (CusAu) structure type.l'>!3 This
corresponds to the o; phase on the Au-Li phase diagram,
which forms over a relatively wide composition window.!']
To synthesize nanoparticles of AusLi, colloidal Au nano-
particles are synthesized first, and these Au nanoparticle
seeds are converted to Au;Li upon reaction with n-butyl-
lithium (nBuLi). To the best of our knowledge, this is the
first report describing colloidal nanoparticles of a polar in-
termetallic compound containing a highly electropositive
element such as Li. This synthetic strategy has the potential

L12-type Auali

AusLi

Figure 1. (Left) Scheme showing the formation of AusLi by reac-
tion of preformed Au nanoparticles with nBuLi, followed by de-
composition to regenerate Au when treated with water. (Right) L1,
crystal structure of AusLi.
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to be general, which could lead to the synthesis of other
known and new polar intermetallic compounds as colloidal
nanoparticles for applications that include catalysis and
lithium batteries.['!-14]

Results and Discussion

In a typical synthesis (described in detail in the Experi-
mental Section), Au nanoparticles are formed first by the
reduction of HAuCl,-:3H,O with oleylamine in diphenyl
ether at 80 °C (Figure 1). The powder X-ray diffraction
(XRD) pattern in Figure 2 confirms the formation of nano-
crystalline Au with an average grain size of 6.1 nm, as esti-
mated by using the Scherrer equation. The transmission
electron microscopy (TEM) image of these Au seeds, pre-
sented in the inset to Figure 2, shows spherical particles
with an average diameter of 6.2 = 1.9 nm. This is consistent
with the XRD data and indicates that the particles are, on
average, single-domain crystals. The selected area electron
diffraction (SAED) pattern is also consistent with the for-
mation of face centered cubic (fcc) Au.
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Figure 2. Powder XRD data for the Au nanoparticle seeds formed
at 80 °C. A reference pattern for Au is shown below, and the in-
dexing corresponds to fcc Au. A TEM image of the Au nanoparti-
cle seeds is shown in the inset.

The Au seed particles are then reacted with a solution of
nBulLi in diphenyl ether and heated to 248 °C under rigor-
ously air-free conditions. This synthetic procedure is very
closely related to that used to form L1,-type AusFe, Aus;Co,
and Au;Ni,[1>-10] except that no 3d transition metal reagents
are present in this case. Figure 3 shows the XRD pattern
for the AusLi nanoparticles, which clearly shows the super-
lattice peaks expected for the L1, structure type. The rela-
tive intensities also match well with those expected for L1,-
type AusLi. The refined lattice constant for AusLi is a =
3.994(6) A, which is smaller than that of Au (as, = 4.078 A)
and matches more closely with that expected for AusLi
(@puri = 3.973 A)."? From Vegard’s law, the composition
is estimated to be AusLiy g, on the basis of Au and stoichio-
metric AusLi as end members.
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Figure 3. Powder XRD data for intermetallic AusLi nanoparticles,
along with an Ll,-type AusLi reference pattern for comparison.
Powder XRD data of the product after the reaction of Au;Li with
water, shown in the inset, corresponds to fcc Au.

Figure 4a shows a representative TEM image of the
Au;Li nanoparticles, which are agglomerated but generally
retain the spherical morphology of the Au seeds. The
average diameter of the primary particles that comprise the
aggregates is 9.1 = 2.4 nm, which is larger than the size of
the Au nanoparticle seeds. The size increase upon reaction
with nBuLi to form AusLi is attributed primarily to the
higher reaction temperature, which facilitates coalescence
and growth relative to the lower temperature used to syn-
thesize the Au seeds. High-resolution TEM (HRTEM)
images of AusLi particles show lattice fringes correspond-
ing to the 100 (d = 4.0A), 110 (d = 2.8 A), and 111 (d
= 2.3 A) planes (Figure 4b), which is consistent with the
formation of Ll,-type AusLi. The SAED pattern in Fig-
ure 4a is also consistent with the L1, structure of the nano-
particles, the 7100 and 110 superlattice reflections being
clearly evident.

Composition analysis of the AusLi nanoparticles by en-
ergy dispersive spectroscopy (EDS) shows only Cu (from
the TEM grid) and Au, because Li cannot be detected by
EDS (Figure 4c). (Carbon is also observed by EDS, and
this is attributed to the TEM grid and oleylamine.) While
X-ray photoelectron spectroscopy (XPS) and electron en-
ergy loss spectroscopy (EELS) can both detect Li and were
used to characterize the AusLi nanoparticles, the results are
inconclusive because the primary peaks for the Au 5p3/2
and the Li 1s core level region overlap for both of these
techniques.'”-'® Instead, inductively coupled plasma mass
spectrometry (ICP-MS) was used to confirm the presence
of Li in the AusLi nanoparticles. Assuming that the entire
mass of the sample used for ICP-MS analysis corresponded
to AusLi, the lithium content was found to be approxi-
mately 68% of the value expected for stoichiometric Au;Li,
which indicates an approximate composition of AusLig .
This value represents a lower limit, however, because the
presence of surface ligands on the Au;Li nanoparticles
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Figure 4. (a) Representative TEM image of the Au;Li nanopar-
ticles, with the corresponding indexed SAED pattern shown in the
inset; (b) HRTEM image showing lattice fringes corresponding to
the 7100 (d = 4.0 A), 110 (d = 2.8 A), and 111 (d = 2.3 A) planes of
AusLi; (c) EDS data for the AusLi particles, showing only Cu (from
the TEM grid) and Au.

makes the mass of the Au;Li component smaller than the
total mass of the entire ICP-MS sample. However, thermo-
gravimetric analysis (TGA) indicates an average mass loss
of only approximately 2% up to 400 °C, which implies that
an average composition of AusLij; is a realistic estimate.
This sub-stoichiometric composition is within the reported
range of phase stability for AusLil'?l and is also consistent
with the estimated composition of AusLipg based on a
Vegard’s law analysis of the lattice constants.

The Au;Li nanoparticles are air-stable in powder form,
with no significant change observed by XRD over a time
period of 3 months. However, when dispersed in water and
stirred for 1 h at room temperature, the Li is removed, and
Au nanoparticles are regenerated. The XRD pattern for the
product after reaction with water, shown in the inset to Fig-
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ure 3, is consistent with fcc Au and has no evidence of the
L1, superlattice peaks. ICP-MS analysis of the supernatant
shows the presence of Li at a level that is consistent with
the amount that is incorporated into the AusLiy; phase.
The fact that AusLi decomposes in water is consistent with
its polar intermetallic nature, and suggests that this material
could undergo facile Li insertion and extraction.

The formation of AusLi by a synthetic protocol that is
closely related to that used to form the L1,-type AusM (M
= Fe, Co, Ni) intermetallics is also interesting.[!>1°] EDS
analysis, including detailed refinement of the EDS data,!'”]
indicated substoichiometric Fe, Co, and Ni in the AusM
nanoparticles, suggesting a true composition of
Aus;M, .['81 The fact that AusLi forms under similar condi-
tions implies that Li may be incorporated in the AusM; .
nanoparticles, perhaps existing as AusM;_,Li,.

Conclusions

We have shown that colloidal Au nanoparticles can serve
as a template for lithium insertion by reaction with nBuLi
to form L1,-type AusLi. This represents a solution chemis-
try route to a prototype polar intermetallic compound con-
taining a highly electropositive element. As a complement
to traditional synthetic routes, this alternative low-tempera-
ture synthetic strategy may lead to the synthesis and discov-
ery of other polar intermetallic compounds, including other
alkali metal systems with use of reagents such as sodium
naphthalide. The successful synthesis of a polar intermet-
allic compound as colloidal nanoparticles also demon-
strates that this rich class of solid-state materials is amena-
ble to nanostructuring by using solution synthesis tech-
niques.

Experimental Section

General: All reactants were prepared in an Ar-atmosphere glove
box, and the reactions were carried out under ultra-high-purity
(UHP) Ar with standard Schlenk techniques. Oleylamine (70%
technical grade) was purchased from Sigma Aldrich, and
HAuCl,:3H,0 (99.99%), n-butyllithium (nBuLi, 2.5 M in hexane),
and diphenyl ether (99 % reagent grade) were purchased from Alfa
Aesar. As-received HAuCl,3H,O and nBuLi were transferred to
and stored in an Ar-atmosphere glove box. Diphenyl ether and
oleylamine were dried by heating to 110 °C for 1 h under vacuum
to remove any excess water and transferred into the glove box by
using a freeze-thaw degassing method, and stored with 3 A molecu-
lar sieves. Extreme caution must always be taken when using nBuLi
because of its air-sensitive nature. XRD data were collected with a
Bruker Advance D8 X-ray diffractometer using Cu-K, radiation.
Lattice constants were refined with the Chekcell program. TEM
images, EDS spectra, and SAED patterns were collected with a
JEOL-2010 LaBg microscope operating at 200 kV with an EDAX
solid state detector. Samples for TEM, EDS, and SAED were pre-
pared by redispersing the nanoparticles in hexanes and drop coat-
ing onto a carbon-coated copper grid. ICP-MS data were collected
with a Thermo Fisher Scientific X Series 2 with collision cell tech-
nology. TGA was performed with a TA Instruments SDT Q600
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instrument with alumina crucibles, 5-10 mg of sample, and a heat-
ing rate of 2 °C per min under Ar.

Synthesis of AuzLi Nanoparticles: Inside an Ar-filled glove box,
HAuCl,3H,0 (50 mg) was placed in a 50 mL 3-neck flask. Next,
diphenyl ether (10 mL) and oleylamine (250 pL) were added to the
3-neck flask. The 3-neck flask was sealed by using a condenser with
an airflow adapter on top, a thermometer adapter with a mercury
thermometer, and a 14/20 rubber septum. Also in the glove box,
diphenyl ether (5 mL) and »BuLi (2.0 mL, 2.5 M in hexane) were
added to a 50 mL Schlenk flask, which was sealed with a rubber
septum. Both the sealed 3-neck flask and the sealed Schlenk flask
were removed from the glove box. The 3-neck apparatus was soni-
cated for ca. 30 min until all of the metal salt was dissolved. At the
same time, the Schlenk flask was connected to a Schlenk line under
ultra-high-purity Ar, and the hexanes were removed from the
nBuLi solution by vacuum for 30 min in order to prevent danger-
ous overpressure during injection. After that, the 3-neck flask was
attached to the Schlenk line, flushed, and evacuated with Ar three
times. The 3-neck flask was then filled with Ar, and the reaction
was performed under an Ar blanket. The 3-neck flask was heated
to 80 °C over the course of 40 min and stirred for an additional
20 min, at which point the nBuLi solution was released from vac-
uum, filled with Ar, and injected into the 3-neck flask with a metal
syringe. Finally, the solution mixture in the 3-neck flask was heated
to reflux at 248 °C over 75 min, after which the heating source was
turned off and the reaction was allowed to cool to room tempera-
ture. Work-ups were performed in air, and ethanol was added to
the reaction to quench any unreacted nBuLi.
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