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Aluminium nanoparticles, Al(0), are obtained via liquid-phase synthesis
at 25 °C. Accordingly, AlBrs; is reduced by lithium naphthalenide
([LiNaph]) in toluene in the presence of N,N,N',N'-tetramethyl-
ethylenediamine (TMEDA). The Al(0) nanoparticles are small (5.6 +
1.5 nm) and highly crystalline. A light yellow colour and absorption at
250-350 nm are related to the plasmon-resonance absorption. Due to
TMEDA functionalization, the Al(0) nanoparticles are colloidally and
chemically stable, but show high reactivity after TMEDA removal.

Zerovalent aluminium, Al(0), nanoparticles are relevant with
regard to different types of properties and applications. These
include hydrogen sorption, catalysis, low-weight metals and
alloys, thin-film electrodes, or high-energy materials." However,
the synthesis of high-purity small-sized Al(0) nanoparticles
is challenging due to the high reactivity of nanosized alumi-
nium, which can be attributed to the base character of the
metal (electrochemical potential of bulk aluminium: —1.7 eV)?
and the extraordinary oxophilic properties (AHformation
—1677 kJ mol ™" for the oxidation to a-Al,0;).® In contrast to
bulk-Al, small-sized Al(0) nanoparticles cannot be passivated by
a dense oxide layer,* which is typically in a range of 4-10 nm.
The high surface area and the great number of low-coordinated
surface atoms increase the reactivity of Al(0) nanoparticles even
further.’

Until now, Al(0) nanoparticles have been predominately
prepared by physical methods, such as laser ablation, sputter-
ing techniques, wire-explosion method, or ball milling.® Liquid-
phase methods have been rarely described. In this regard,
Haber and Buhro have established a synthesis route based on
AICl; with LiAlH,; forming an alane, which, thereafter,
was thermally decomposed (100-160 °C) to obtain Al(0)
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nanoparticles, 40-180 nm in size.” This strategy has been
adapted since then by several groups.® Most often, aluminium
particles with diameters >100 nm were obtained, often with
broad size distribution and significant oxide contamination. A
direct reduction of AlICl; in toluene/tetrahydrofuran with mol-
ten potassium or lithium naphthalenide ([LiNaph]) was intro-
duced by Rieke et al.® The resulting “activated aluminium” was
used for C-C coupling in organic syntheses, but did not contain
nanoparticles. Moreover, the naphthalenide reduction was
described to be incomplete.'®

Although we were recently successful with the liquid-phase
synthesis of highly reactive metal nanoparticles such as the
group IIIB, IVB and VB transition metals or the lanthanide
metals,'" the synthesis of Al(0) nanoparticles failed so far,
which can be ascribed to the extraordinarily high charge
density and the highly oxophilic character of AI**. Thus, the
reduction of AICl; or AlBr; with lithium naphthalenide
([LiNaph]) in THF, which worked well for other base metals,*
here only resulted in colourless THF complexes (at room
temperature) or even a reductive cleavage of THF (above room
temperature)."

Since ethers are chemically not stable enough as solvents for
the synthesis, we have evaluated a synthesis in aromatic
solvents like toluene (Tol). In this regard, AlBr; was used as
most simple starting material being soluble in Tol. Moreover,
we have selected N,N,N',N'-tetramethylethylenediamine (TMEDA)
as an oxygen-free, aprotic ligand that may sufficiently coordi-
nate to AI** but that may only moderately coordinate the Al(0)
surface due to the steric hindrance of the methyl groups
(Fig. 1). Accordingly, AlBr; was dissolved in Tol followed by
the addition of TMEDA, which resulted in the formation of a
colourless suspension of AlBrz(TMEDA) in Tol (Fig. 1b). The
composition of the AlBr;(TMEDA) intermediate was confirmed
by transmission electron microscopy (TEM), X-ray-powder dif-
fraction (XRD), Fourier-transform infrared (FT-IR) spectro-
scopy, thermogravimetry (TG), and elemental analysis (EA)
(Fig. S1-S4, ESIf). Here, it needs to be noticed that the
AIBr3(TMEDA) intermediate already forms nanoparticles with
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Fig. 1 Scheme illustrating the synthesis of Al(0) nanoparticles with (a) the
formation of a TMEDA-stabilized [LiNaph] solution and (b) the formation of
a AlBrs(TMEDA) suspension, in which the [LiNaph] solution was injected to
obtain a black suspension of Al(0) nanoparticles.

a mean size of 9.0 £ 3.1 nm (Fig. S1, ESIt). Upon injection of
[LiNaph] and TMEDA to the AlBr;(TMEDA) suspension in Tol
(Fig. 1a), Al(0) nanoparticles were formed, which is indicated by
the instantaneous formation of a deep black suspension
(Fig. 1). TMEDA not only allows to dissolve [LiNaph] in Tol
but also to control the nucleation and particle size of the Al(0)
nanoparticles. Subsequent to synthesis, the Al(0) nanoparticles
were purified three times by centrifugation/redispersion in/
from tetrahydrofuran (THF) or pyridine (Py) to remove remain-
ing starting materials and salts (e.g., naphthalene, TMEDA,
LiBr). Finally, the as-prepared Al(0) nanoparticles were dried
in vacuum (25 °C or 150 °C) to obtain powder samples, or they
were redispersed in Py or THF to obtain colloidally stable
suspensions.i

Scanning transmission electron microscopy (STEM) was
used to examine the particle size and particle-size distribution
of the as-prepared Al(0) nanoparticles (Fig. 2). According to
overview images, spherical non-agglomerated nanoparticles
were obtained (Fig. 2a). A mean diameter of 5.6 £+ 1.5 nm with
narrow size distribution was determined by statistical evalua-
tion of >150 nanoparticles (Fig. 2b). Considering the amount
of Al in the AIBr;(TMEDA) intermediate, a size reduction from
9.0 & 3.1 nm of the AlBr;(TMEDA) intermediate (Fig. S1, ESIY)
to 5.6 = 1.5 nm of the resulting Al(0) nanoparticles is in the
expected range. High-resolution (HR)TEM images confirm the
particle sizes and indicate the crystallinity of the as-prepared
nanoparticles with a well-resolved crystalline lattice throughout
the whole particle (Fig. 2c). A simulated diffraction pattern,
which was generated by Fourier transformation of the HRTEM
image, is well in agreement with cubic bulk aluminium with
a =4.0495 A in the [101] zone axis (Fig. 2d)."* Here, it should be
also noticed that STEM and HRTEM images did not show any
traces of aluminium-oxide species.

Besides selected nanoparticles on TEM images, crystallinity
and surface functionalization of the as-prepared Al(0) nano-
particles were examined by X-ray powder diffraction (XRD)
(Fig. 3a). The observed Bragg reflections are in agreement with
bulk aluminium as a reference. Moreover, Bragg peaks of
eventual impurity phases were not observed. According to a
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Fig. 2 Electron microscopy of the as-prepared Al(0) nanoparticles:
(a) STEM overview image, (b) size distribution according to a statistical
evaluation of >150 nanoparticles on STEM images, (c) HRTEM image of a
selected nanoparticle with lattice fringes, and (d) FFT analysis of single
nanoparticle shown in (c) (zero-order beam marked by white circle).
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Fig. 3 Composition of the as-prepared Al(0) nanoparticles: (a) X-ray
powder diffraction (bulk aluminium as a reference, ICDD-No. 00-004-
0787), (b) thermogravimetry (in argon atmosphere).

Rietveld refinement, the broadening of the Bragg reflections
refers to a mean crystallite size of 7.6 nm, which matches with
the mean particle size obtained by electron microscopy. In
addition, EA and TG were used to examine the surface functio-
nalization. After purification by centrifugation/redispersion in/
from THF, EA indicates C/H/N contents of 24.9% C, 1.5% N,
and 3.5% H. The low N-content indicates that most of the
TMEDA was indeed removed by the purification process, result-
ing in THF as the predominate molecule adhered on the
particle surface. TG analysis of THF-treated Al(0) nanoparticles
shows an increase in weight (6.4%) up to a temperature of
280 °C, followed by a weight loss (in total 5.2%) up to a
temperature of 1000 °C (Fig. 3b). The thermal residue was
identified as Al,O3 via XRD (Fig. S5, ESIt). Thus, the weight
loss due to the combustion of surface-adhered TMEDA and
THF is more-or-less compensated by the weight increase of the
oxidation. If the Al(0) nanoparticles were purified by

This journal is © The Royal Society of Chemistry 2022
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centrifugation/redispersion in/from Py, EA resulted in 39.7% C,
8.7% N and 3.5% H. The C/N-ratio of 4.6 matches with the C/N
ratio of Py (5.0) and now points to Py as the predominate
surface functionalization.

FT-IR spectroscopy confirms the aforementioned findings
related to the surface functionalization (Fig. 4). Thus, TMEDA is
adhered on the surface of the as-prepared Al(0) nanoparticles as
indicated by the observed vibrations that are very comparable
to pure TMEDA. Surface-adhered TMEDA can be removed by
heating in vacuum (Fig. 4a) or by redispersion/centrifugation
in/from suitable solvents (Fig. 4b). Accordingly, the intensity
of the TMEDA-related vibrations (ie., (C-H), v(N-Ccuy)
Y(N-Ccn3)) was significantly reduced after vacuum treatment
at room temperature and even further after heating in vacuum
to 150 °C (Fig. 4a). In regard of the solvents, Tol, THF and
pyridine were evaluated. Hereof, THF turned out to be most
efficient with a significant reduction of the TMEDA-related
vibrations (Fig. 4b).

Suspensions of the as-prepared Al(0) nanoparticles in THF
(0.2-0.5 wt%) are colloidally stable for several weeks without
agglomeration or oxidation. Interestingly, these suspensions
show a yellowish colour, which is especially noticeable when
illuminated with a strong white-light source (e.g. halogen lamp
with glass fibre, Fig. 5a). This colour can be attributed to the
Al(0) nanoparticles since a colourless supernatant is remaining
after centrifugation. The findings were quantified via UV-Vis
spectroscopy (Fig. 5b). Here, the yellow colour can be related to
a specific absorption at 250-350 nm). Such shift of the plasmon
resonance into the visible due to quantum confinement is often
observed for very small metal particles with gold as the most
prominent example'* and was also described in the ultraviolet
to blue spectral range for Al(0) nanoparticles.®>'*> Here, it must
be noticed that the exact wavelength position of the plasmon-
resonance absorption not only depends on the particle size but
also on the specific surface functionalization. In fact, the
plasmon-resonance absorption of Al(0) nanostructures was
already used for sensing as well as to enhance the light
absorption of silicon.'® However, these Al(0) nanostructures
were yet typically established via gas-phase deposition or
reduction of Al,O; nanoparticles, and they exhibit sizes of
10 to 100 nm.">"°
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Fig. 4 Surface functionalization of the Al(0) nanoparticles: (a) vacuum
treatment, (b) redispersion/centrifugation in/from different solvents (with
TMEDA as a reference and selected vibrations as indicators).
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Fig. 5 Optical properties of Al(0) nanoparticles: (a) suspension in THF, (b)
UV-Vis spectrum.

Finally, the reactivity of the Al(0) nanoparticles was evalu-
ated. Interestingly, the as-prepared nanoparticles with TMEDA
surface termination are stable in air (Fig. 6a). After heating in
vacuum to 150 °C, however, Al(0) powder samples become
highly reactive and show instantaneous ignition when in con-
tact to air (Fig. 6a). This finding is in agreement with FT-IR
spectra that indicate a removal of surface-adhered TMEDA after
heating to 150 °C. In contrast, the as-prepared Al(0) nano-
particles show direct reaction with water (Fig. 6b). Thus, addi-
tion of water to a nanoparticle suspension in THF resulted in
the formation of H, after 5-10 seconds and total decolourisa-
tion of the suspension within some minutes. This behaviour
also confirms the absence of aluminium oxide passivation
layers on the as-prepared Al(0) nanoparticles, which would
otherwise be non-reactive after heating as well as upon addition
of water.? In sum, this also gives the opportunity to control the
reactivity of the Al(0) nanoparticles with low reactivity in the
presence of the TMEDA surface functionalization and high
reactivity after the removal of the surface-adhered TMEDA.

In summary, aluminium nanoparticles, Al(0), were obtained
via room-temperature liquid-phase synthesis in toluene. AlBr;
was reduced by lithium naphthalenide ([LiNaph]) without the

a) Powder sample

Al(0)
| powder
Al(0)
nanoparticles
in air

Ignition

Al(0)

nanoparticles - ﬁ ; ..... HZI\
in THF [ I | I ‘

Fig. 6 Reactivity of the as-prepared Al(0) nanoparticles: (a) powder sam-
ple in contact to air prior and after heating (150 °C, 3 h), (b) suspension in
THF prior and after addition of water.
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need for the widely used alane-type precursors. N,N,N’,N’-
tetramethylethylenediamine (TMEDA) was used to make
[LiNaph] soluble in toluene, to control nucleation and size,
and to guarantee the colloidal and chemical stability of the
Al(0) nanoparticles. The as-prepared Al(0) nanoparticles exhibit
unprecedented small-size (5.6 + 1.5 nm), narrow size distribu-
tion, and high crystallinity (a = 4.0495 A). A light yellow colour
(absorption at 250-350 nm) can be related to the plasmon-
resonance absorption. TMEDA as a surface functionalization
can be removed from the particle surface by heating (vacuum,
150 °C) or by washing with pyridine or THF, which also allows
to influence the reactivity of the Al(0) nanoparticles (no reaction
in air in the presence of TMEDA; spontaneous ignition after
removal of TMEDA). The new synthesis strategy (e.g., simple
aluminium halides as starting materials, TMEDA for stabili-
zation) and the high particle quality in terms of size, size
distribution, and crystallinity open up new perspectives for
application (e.g., H, sorption, catalysis, low-weight metals,
high-energy materials).
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i Experimental. [LiNaph] solution. 42 mg (6 mmol) of lithium were
added to a solution of 400 mg (3.1 mmol) of naphthalene in 80 mL of
Tol. 1 mL (6.6 mmol) of TMEDA were added to the solution with intense
stirring. Here, TMEDA is required to make [LiNaph] soluble in Tol.
Moreover, it needs to be noticed that glass-covered stirring bars need to
be used since Teflon-covered stirring bars react with [LiNaph]). The
formation of [LiNaph] was visibly indicated by the formation of a deep
purple solution after addition of lithium. The solution was stirred for
2 days to guarantee complete dissolution of all lithium prior use. Al(0)
nanoparticles. 500 mg (1.9 mmol) of AlBr3 were dissolved in 20 mL of
Tol to form a yellowish solution. 300 pL (2.0 mmol) of TMEDA were
injected with intense stirring, which resulted in the formation of a
colourless suspension. Thereafter, the aforementioned [LiNaph]
solution was injected and instantaneously lead to a black suspension.
After centrifugation (20000xg), the Al(0) nanoparticles were resus-
pended/centrifuged in/from THF or pyridine to remove remaining
starting materials and salts. The as-prepared Al(0) nanoparticles were
redispersed in THF or dried in vacuum to obtain a dark grey powder
samples.
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