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ABSTRACT

We report on the synthesis and self-assembly of Al,C; nanowires and nanoribbons using lithium as a catalyst. Large quantities of Al,Cs
nanowires (diameters from 5 to 70 nm) and nanoribbons (5-70 nm thick and 20-500 nm wide) tens of micrometers long were synthesized
serendipitously in a solid-state reaction involving Al/C/Li at less than 780 °C. High-resolution electron microscopy revealed that the nanowires
all grew along the c-axis of hexagonal Al,C;, whereas the nanoribbons all grew within the basal plane. The facile syntheses of the Al,Cs
nanowires and nanoribbons suggest similar nanostructures of other carbide and nitride materials may be made using the lithium-assisted
self-assembly process.

One-dimensional quantum wires have recently attracted greatappropriate experimental conditions in a sealed reactor. When
interest because of the novel physics they exhibit and their baking a mixture of Al/C/Li (5/3/1 atomic rati®)at 780°C
potential applications as interconnects or functional compo- for 72 h and cooling it rapidly to room temperature, we only
nents in future mesoscopic electronic and optoelectronic observed formation of hexagonal4&k microcrystals (Figure

devices!? The discovery of carbon nanotuBdss signifi- 1la). However, upon slow cooling at a rate of@/h from
cantly stimulated research activities into the syntheses and780 °C to room temperature, we found surprisingly that a
characterization of one-dimensional nanosystértfsRe- significant amount of the starting materials {120%) was

cently, Pan et al. reported the synthesis of nanobelts of aconverted into nanostructures, as revealed by scanning
variety of semiconducting oxides by thermal evaporation of electron microscopy (SEM) (Figure 1b).4&; microcrystals

the desired metal oxide powders at high temperatiidsre were still formed primarily in the initial high-temperature
we report the serendipitous synthesis of@lnanowires and  baking at 780°C, but only in regions where there were scarce
nanoribbons at mild experimental conditions using lithium nanostructures. Two types of structures were observed,
as a catalyst. Large quantities ofs85 nanowires (diameters  wirelike and ribbonlike, with lengths up to several tens of

from 5 to 70 nm) and nanoribbons<{%0 nm thick and 26 micrometers. The ribbonlike structures revealed by the SEM
500 nm wide) tens of micrometer long were synthesized in often exhibit interesting curved morphologies (Figure-1c
a solid-state reaction involving Al/C/Li at less than 78D e). X-ray diffraction analyses showed that the majority of

High-resolution electron microscopy revealed that the nano- the samples consisted of hexagonal crystallin€AIEnergy-
wires all grew along the-axis of hexagonal AC; whereas dispersive X-ray spectroscopy showed that both the nano-
the nanoribbons all grew within the basal plane. wires and nanoribbons contained primarily Al and C with a
Our original goal was to synthesize solid materials small amount of O. Electron energy loss spectroscopy
containing pentaatomic tetracoordinate planar carbon buildingconfirmed this result and also showed that there was no
blocks, [CAL?7].Y” Our strategy was to induce solid-state lithium in the nanostructures.
reactions in the Al/C/alkali metal tertiary systems under high  Further structural characterization using transmission
temperatures, aspiring to a'MCAIl 2] solid material under  electron microscopy (TEM) showed that the nanowires have
diameters ranging from 5 to 70 nm with a mean diameter
*To whom correspondence should be addressed. E-mail: Is.wang@ around 40 nm. Most of the nanowire was uniform in diameter
prl.gov. along its entire length. The nanowires were all of single
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Figure 2. TEM characterization of AC; nanowires. (a) TEM
image of a typical nanowire revealing the,84 core covered with

a layer of ALO; likely formed during the TEM sample preparation
and transport. (b) HRTEM image showing the (0003) lattice planes
of hexagonal AIC; and revealing the [0001] growth direction of
the nanowire. The HRTEM image also indicated that the (0001)
planes were not always perpendicular to the nanowire axis. The
(0001) planes shown in (b) were at an angle of @@th respect to
nanowire axis. The inset in (b) shows a selected area electron
diffraction pattern with the electron beam perpendicular to the
nanowire axis, confirming the [0001] growth direction of the
nanowires. TEM characterization was performed with a JEM-2010
instrument at 200 kV.

Figure 1. SEM characterization of AC3; nanostructures. (a) SEM

images of hexagonal AC; microcrystals. (b) SEM images of the
as-synthesized AC; nanostructures. (c) Higher magnification SEM _
image showing both nanowires and nanoribbons. (d) SEM image grew along the [1Q0] direction within the basal plane of

of a nanoribbon forming a circle. (¢) SEM image of a nanoribbon the hexagonal ACs. The separations of 0.34 nm (Figure

forming a “nanobridge”. The nanostructures were synthesized ; T i

through high-temperature reactions of Al/C/Li (5/3/1 atomic rafio). 3¢) an(:i_0.2|9 nm (Flggre t3 f(.j) ;or_;frlle @ \?vrt]r? EjllDO)t_pIanefst,h
The reagents were sealed in a tantalum capsule (0.6 cm inneerSpe_C Ively, were laent |e-. € gro irection of the
diameter and 3 cm |Ong) using an arc welder under an argon nanonbbons was a|SO Conﬁrmed by Selected area e|eCtr0n

atmosphere. The sealed capsule was placed at the center of a quartiffraction (Figure 3c inset) and their characteristic faceted
tube that was insert.ed in ahorizontal tube furnace, which maintained ends (Figure 3b inset). Figure 4 displays an atomic model
an argon flow during baking. The AT microcrystals (a) were ¢ the hexagonal AC:2° and the various crystal planes that
obtained at 780C for 72 h and cooled rapidly to room temperature. - - -
Nanowires and nanoribbonsle) were obtained upon slow cooling were observ_ed in the nanowires and nanon_bbons, as ‘_Ne” as
at a rate of 3°C/h from 780°C to room temperature. SEM their respective growth directions along thexis and within
characterization was performed with a LEO DSM 982 Gemini the basal plane.
digital field emission scanning electron microscope. Carbide nanowires have been synthesized previously using
carbon nanotubes as templatesvariety of nanowires has
outside (Figure 2a). The oxide layer was likely formed during been made using nanoparticles as catalysts in a vapor
the TEM sample preparation and transport. High-resolution liquid—solid proces$! Recently, nanobelts, similar to the
TEM (HRTEM) showed that the nanowires all grew along nanoribbons found here, of several semiconducting oxides
the [0001] direction. The HRTEM image shown in Figure have been synthesized by high-temperature evaporation of
2b revealed clearly separations of 0.83 nm for the (0003) the corresponding oxide powders and condensation on an
planes of hexagonal AC;.1%?° Selected area electron dif- alumina substrat¥. The facile formation of A|C; nanowires
fraction (Figure 2b inset) with the electron beam perpen- and nanoribbons in the Al/C/Li system at the current mild
dicular to the nanowire axis confirmed the [0001] growth conditions was totally unanticipated. To probe the formation
direction of the nanowires. However, the (0001) planes were mechanisms, we carried out several control experiments
not all perpendicular to the nanowire axis, with angles as using different starting materials, but keeping the same Al/
small as 80 in some nanowires. Cl/Li ratio and under the same experimental conditions: (1)
In addition to the relatively large ribbonlike structures Li,C,/Al/C, (2) AlLi alloy/Al/C, and (3) Al,C4/Li/Al, as well
revealed by SEM (Figure 1), TEM showed that the majority as (4) Al/C without lithium. In both (1) and (2), similar
of the nanoribbons have widths smaller than 200 nm and nanostructures as in the AI/C/Li tertiary system were
thicknesses similar to the nanowire diameters. Individual observed. But no nanostructures were found in (3) and (4),
nanoribbons also have rather uniform thickness and width and in fact, no reactions took place betweegGAland Al/
(Figure 3a). The nanoribbons were distinguished from the Li in (3) and Al and C in (4) under the current low-
nanowires by their characteristic ripplelike features in the temperature conditions.
TEM images caused by strain from the bending (Figure 3a,b). Aluminum and graphite were known to react to form@y
Similar ripplelike TEM features were observed in the recently above 1000°C.22 Under the current lower-temperature
synthesized oxide nanobelfsThe Al,C; nanoribbons were  conditions, lithium is clearly the most important ingredient
also covered by a thin layer of ADs, similar to that observed  for the activation of graphite and for the formation oft,&4
on the nanowires. HRTEM showed that the nanoribbons all and the nanostructures. At 78, lithium reacts with
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Figure 3. TEM characterization of AC; nanoribbons. (a) TEM \ .. PY [1100]
image of a typical nanoribbon with a 65 nm width. The nanoribbon >
thickness, which was not directly measured, ranged from 5 to 70 @ growth
nm, similar to the distribution of the nanowire diameters. (b) Higher dlregftlon
magnification image of the nanoribbon revealing the@lcore .

and an A}O; surface layer. The inset in (b) shows a typical end of > nanoribbons
the nanoribbons. Cross sectional TEM images also confirmed the 0.288 nm

rectangular shape of the nanoribbons. (c) HRTEM image of the ) )
nanoribbon showing the (20) lattice planes. The inset in (c) shows ~ Figure 4. Hexagonal crystal structure of Als, showing the lattice

a selected area electron diffraction pattern with the electron beamPplanes observed in the nanostructures and the growth directions of
perpendicular to the nanoribbon. The hexagonal diffraction pattern the nanowires and nanoribbons.

confirmed that the nanoribbon grew within the basal plane gEAl . . .
(d) HRTEM image of a different nanoribbon, showing theGa)L other types of materials. The current lithium-assisted self-

lattice planes and again suggesting the growth direction was within 2ssembly process may allow many other carbides as well as
the basal plane. The actual growth direction was between th€]101 nitride nanowires and nanoribbons to be synthesized. The

and [1100] directions at an angle of10" with the [1100] direction.  nanoribbons add a new dimension and tool set for building

graphite to form LiC, crystal€ and, most importantly, vapor ~ Nanoelectronic devices. Characterization of the electronic and
phase G-Li molecules. At this temperature, small GLi  transport properties of nanoribbons as a function of width

molecules, primarily Clg, CLis, and CLi, were shown to ~ @nd thickness would be extremely exciting.

be the major C-containing species in the vapor ofLiin
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