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An Efficient Route to Graphitic
Carbon-Layer-Coated Gallium Nitride Nanorods**

By Weigiang Han and Alex Zettl*

The discovery of carbon nanotubes has inspired scientists to
develop a range of potential applications."! Meanwhile, one-
and two-dimensional GaN and its alloys with InN and AIN
have attracted a great deal of attention, since the successful
commercialization of bright blue light-emitting diodes, fol-
lowed later by the demonstration of injection lasers.”* GaN-
based nitrides can be both p- and n-type doped, have direct
bandgaps, and form heterostructures for device applications.
There has recently been a great deal of interest in the prepa-
ration and characterization of nanotube-based nanocompos-
ites to obtain unique physical and/or mechanical properties,
since the properties become increasingly size dependent at
low dimensions."*2l GaN—carbon composite nanotubes with
carbon multilayers and GaN nanorods have been synthesized
by an arc discharge method. The reaction is achieved by DC
arc discharge between a graphite anode filled with a mixture
of GaN, graphite, and nickel powders and a graphite cathode
in a nitrogen atmosphere.”®! Although arc discharge is a
widely used and simple way to generate a variety of carbon
nanomaterials, there are disadvantages, such as low yield,
poor purity, and poor reproducibility. In the production of
GaN-carbon composite nanotubes, the number of carbon
layers is usually large. Recently, Zhang et al. deposited thick
graphitic layers on the surface of Si nanowires by using a hot
filament chemical vapor deposition method.!*!
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In this communication, we report the synthesis of GaN
nanorods coated with graphitic carbon layers by the deposi-
tion of carbon layers (usually less than five), on pre-produced
GaN nanorods using a conventional thermal chemical vapor
deposition method.

GaN nanorods were prepared through a carbon nanotube-
confined reaction.*! Ga,0O vapor was reacted with ammonia
gas in the presence of carbon nanotubes at 950 °C to form
GaN nanorods. The carbon nanotubes act as a template to
confine the reaction. The nanorods have diameters of 5-
60 nm and lengths of up to 30 um. No residual carbon layers
existed around the nanorods. The as-grown GaN nanorods
were put in an alumina crucible, which was placed in the hot
zone of a thermal chemical vapor deposition furnace, under
flowing methane and at 900 °C for 15 min. The GaN nano-
rods, previously light yellow, turned black. The product was
ultrasonically dispersed in ethanol and dropped on a holey
carbon-coated grid for observation by high-resolution trans-
mission electron microscopy (HRTEM) using a Philips
CM200 FEG equipped with a parallel electron energy-loss
spectroscopy detector (EELS, Gatan PEELS 678) and an en-
ergy-dispersive X-ray spectrometer (EDS).

HRTEM images of the sample show that most of the GaN
nanorods have been covered with a few graphitic layers. Fig-
ure la is a low magnification TEM image of three nanorods
covered with a few graphitic layers. Figure 1b is an enlarged
image of the part of Figure 1a indicated by the arrow. It shows

Ly T —

Fig. 1. a) Low-magnification TEM image of three nanorods covered with a few
graphitic carbon layers. b) An enlarged image of (a) as indicated by the arrow.

that there are three layers covering the surface of the nano-
rod. The interlayer distances in the outer shells are about
0.36 nm, which is slightly larger than the value of the (002)
spacing of hexagonal graphitic carbon and for carbon nano-
tubes. The carbon shells in this product had less than five
layers for most of the coated nanorods examined. The carbon
layers extended all along the nanorod and adhered well to the
surface. Their structure could be perfect or distorted. EDS
shows that Ga, N, and C are present in the composite nano-
tubes (Fig. 2a). A typical EELS spectrum from an individual
composite nanotube is shown in Figure 2b (curve 1). K-edge
absorption for carbon and nitrogen, whose distinct absorption
features start at 284 eV and 401 eV, respectively, are revealed
in the spectrum. To determine whether carbon is in the core
or not, we removed the carbon layers by condensing the elec-
tron beam of the microscope onto the carbon layers. After ir-
radiation for several minutes, we found that the carbon layers
had mostly been removed, but the nanorod was still left. We
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Fig. 2. a) Typical EDS spectrum of a carbon-coated nanorod. b) Curve 1 is an
EELS spectrum of the core electron K-shell for carbon and nitrogen; curve 2 is
the corresponding EELS spectrum from the same area after the covered carbon
layers have been removed by electron irradiation.

took the EELS spectrum (curve 2 in Fig. 2b) once again in
the same area and found that the C peak had almost disap-
peared. From this result, we know that carbon is in the outer
layers and the core is GaN, although there is still a possibility
that a very small amount of carbon is in the GaN core. Fig-
ure 3a shows a high-resolution image of a carbon-coated
nanorod with a single carbon layer covering the surface of a
GaN nanorod of diameter ~13 nm. The composite nanotube

Fig. 3. a) High-resolution image of a carbon-coated nanorod with one single
carbon layer covering the surface of a GaN nanorod. b) Carbon-coated nanorod
with three carbon layers covering the surface of GaN nanorod.

was tilted by 55° about the tube axis, and it was found that the
single layer fully covered the surface. Figure 3b shows a high-
resolution image of a coated nanorod with three carbon layers
covering the surface of a GaN nanorod of diameter ~10 nm.
Some very small fullerene-like nanoparticles are also pasted
on the surface of the carbon layers. Figure 4a shows a low-
magnification image of a coated nanorod with saw-like edges
on both the carbon layers and the GaN nanorod. Figure 4b is
an enlarged image of the part of Figure 4a indicated by the ar-
row. This shows that the morphology of the carbon layers can
be straight or curved and is dependent on the morphology of
the GaN nanorods.

As a comparison, control experiments under the same ex-
perimental conditions reported above were performed with
ethane instead of methane and with deposition temperatures
ranging from 700-1000 °C. Only small amounts of GaN nano-
rods were covered with carbon layers. Methane is known to
be the most kinetically stable hydrocarbon and undergoes the
least pyrolytic decomposition at high temperature; therefore
it can be used to grow single-walled and double-walled nano-
tubes using metal oxide as catalyst.'”) Our experiments show
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Fig. 4. a) Carbon-coated GaN nanorod with saw-like edges. b) Enlarged image
of (a) as indicated by the arrow.

that the number of carbon layers can by controlled, to less
than five layers, by using methane as the hydrocarbon source.

By hot filament chemical vapor deposition of carbon on the
surface of a Si nanorod, Zhang et al. reported that when the
temperature was as high as 1000 °C, the Si cores tended to
transform into SiC cores and the carbon layers grown on the
SiC cores were distorted."! Tt is well known that GaN does
not react with carbon, although very small amounts of carbon
might be incorporated into GaN as dopant.m Our experiment
has shown that both the composition and the morphology of
GaN do not change during carbon layer deposition.

Fabrication of nanocomposites based on the tailored mor-
phology of nanorods provides a unique template-based pro-
cess for making nanocomposite materials with carbon layers.
Graphitic carbon layers can act as chemically inert protecting
layers for gallium nitride nanorods. We note that the TEM
studies show explicitly that carbon-coated GaN nanorods are
far less susceptible to electron-beam damage than uncoated
GaN nanorods. Specifically, under beam-condensed 200 kV
electron irradiation, the lifetime of a typical 30 nm diameter
nanorod is approximately doubled with the addition of four
carbon layers. The lifetime is increased further with the addi-
tion of more carbon layers. We also expect other beneficial
effects of carbon coating, such as enhanced stability, for exam-
ple, of such nanorods against photobleaching, when used as
solid-state injection nanolasers. The physical properties of the
graphitic carbon-coated gallium nanorods can be speculated
to be, in general, very interesting.
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Protein Cage Constrained Synthesis of
Ferrimagnetic Iron Oxide Nanoparticles**

By Mark Allen, Debbie Willits, Jesse Mosolf, Mark Young,*
and Trevor Douglas*

The field of biomineralization has highlighted the possibili-
ties of materials synthesis based on molecular interactions
between supramolecular organic assemblies and inorganic
materials.!! For example, the protein assembly of the iron
storage protein, ferritin, provides a size-constrained reaction
for the synthesis of both natural and synthetic inorganic nano-
materials.>”) Similarly, it has been shown that the protein
cage structures of viruses can act as a constrained reaction en-
vironment for nanomaterials synthesis,®*! and that the protein
can be modified to alter the mineralization specificity.'” In
both the virus and the synthetic ferritin systems, the interior
surfaces have regions of high charge density, which act as sites
for synthetic mineral nucleation. The utility of this approach
to nanomaterials synthesis lies in the molecular nature of
these cage-like architectures, which results in the formation of
size-constrained materials with narrow size distributions. Here
we report on the use of a twelve subunit protein cage for the
constrained synthesis of ferrimagnetic iron oxide nanoparti-
cles of 5 nm diameter.

The unusual ferritin-like protein from the bacteria Listeria
innocua has been shown to form a twelve subunit cage struc-
ture surrounding a 5 nm diameter interior cavity.'"'? This
small cage structure has the capacity to hold only 500 Fe
atoms as a nanoparticle of a ferric oxyhydroxide."*'* This
cage provides a new size regime for nanomaterials synthesis
that approaches the molecular size regime and holds the
promise for fine tuning size-dependent materials properties.
In the present work we have cloned the ferritin-like protein
(FLP) from L. innocua into an E. coli expression system, and
used the overexpressed recombinant protein cage for the size-
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constrained synthesis of nanoparticles of the ferrimagnetic
iron oxide maghemite (y-Fe,O3).

The FLP from the bacteria Listeria innocua was cloned into
an inducible E. coli heterologous expression system. The FLP
was purified as previously described and analyzed by size ex-
clusion chromatography (SEC), transmission electron micros-
copy (TEM), and dynamic light scattering (DLS). SEC indi-
cated an assembled protein with a M,, of 220 kDa. Protein
samples negatively stained with uranyl acetate and imaged by
TEM revealed a cage-like structure, with an outer diameter of
8.5+0.6 nm, and an inner diameter of approximately 5 nm
(Fig. 1a). The dimensions of the recombinant protein cages
were confirmed by DLS, which indicated a particle diameter
of 9.2£0.4 nm) (Fig. 1b).
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Fig. 1. a) TEM of the L. innocua FLP cage purified from E. coli, stained with
uranyl acetate, and b) DLS of the purified recombinant L. innocua FLP cage
(inset: correlation function and fit).

The L. innocua FLP has previously been shown to mineral-
ize Fe as a nanoparticle of an as-yet-unidentified ferric oxyhy-
droxide."* Thus it is clear that under physiological condi-
tions the protein can process Fe'! to form size-constrained
materials. We have investigated the Fe mineralization in the
FLP cage under the non-physiological conditions of elevated
temperature and pH and controlled oxidation. We have
shown that the FLP will mineralize nanoparticles of y-Fe,O3
encapsulated within the protein cage. Treatment of the pro-
tein at pH 8.5 and 65 °C with 400 Fe! per protein and substoi-
chiometric amounts of H,O, resulted in the formation of a
homogeneous solution with a deep-brown coloration. The re-
action was run unbuffered and the H* generated as a result of
the oxidative hydrolysis reaction was monitored and titrated
dynamically to maintain the reaction at pH 8.5. In this way we
could quantify the reaction stoichiometry and determine that
two equivalents of H* were liberated per Fe!', consistent with
Reaction 1.

2Fe*" + H,0, — Fe,05+4H"+2H,0 1)

When negatively stained with uranyl acetate and imaged by
TEM, mineralized preparations of the L. innocua FLP dem-
onstrated that the intact protein cages surrounded the mineral
nanoparticle (Fig. 2a). The iron oxide nanoparticles could be
imaged in unstained mineralized samples as shown in Fig-
ure 2b. The measured iron oxide mineral particle size
(4.1£1.1 nm diameter) is consistent with the interior dimen-
sions of the protein cage. Selected area diffraction collected
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